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OBJECTIVE OF THE RESEARCH

The principal objective of this research project is to synthesize high
octane ethers, primarily methyl tertiary butyl ether (MTBE) but also higher
tertiary ethers, directly from H,/C0/CO, coal-derived synthesis gas via
alcohol mixtures that are rich in methanol and 2-methyl-l-propanol
(isobutanol). The overall scheme involves gasification of coal,
purification and shifting of the synthesis gas, higher alcohol synthesis,
and direct synthesis of ethers.

The last stage of the synthesis involves direct coupling of synthesis
gas-derived methanol and isobutancl that has been demonstrated by us [l] to
occur over superacid catalysts to yield 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 MIBE from the
two alcohols is maximized and MIBE is minimized. This will be achieved by
the proper choice of reaction conditions, i.e. intermediate pressures, and
acid catalysts (organic or inorganic) that are stable at temperatures under
which it might be possible to promote the carbonium ion reaction coupling of
the two alcohols to MTBE more effectively than the oxonium ion or ester
reaction coupling to MIBE.

Both organic and inorganic catalysts 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 combined process will
extend to 1000 hr and detailed analytical data for all products will be
provided. The project is divided into the following three tasks:

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

Task 2. Inorganic Catalysts for the Synthesis of High Octane Ethers
from Alcohols, 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 five carbons of the
unsymmetric G,-0-C, ethers originate from coal-derived synthesis gas.

SUMMARY OF TECHNICAI PROGRESS

Industrial acid and superacid resin catalysts were obtained and testing
of these materials under standard sets of reaction conditions to compare the
activities and selectivities for forming the unsymmetric 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 that 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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f{12.6 atm) with & melhanol/Iscvbutanel = 2 resctant mixture. While the
Mafion-H catalyst does form the MIBE prodnct fairly selectively under the
resction condiriers urilized, the Amberlwsc-15 ratalyst formed HIBE, MTRE,
and dimethylether (OME)} under the same reaction conditions. In additlon,
significantly larger guantitles of the €, hydrecarbon products were obeerved
over the foberlys:s-15 catalyst at 123°C and 13 €& atm then over the Nafion-H
catalvsc.

A new Hewleti-Packard (HP) paes chromatographis (GC) analytical system
with automated injection walves has been interfsced wich a FC-based datas

stacion, atnd rew Chrom Perfect software has been 1ostalled. The Chrom
Perfeet seltware 1o a complete package rthat greatly facllitates GO data
management and manipulation. It alse outputs corrected and scaled

chromatograms and product yield tables.

The temperature dependence of ether synthesis was ecarried out over the
Hallow-H wicrosaddles (M3) catalyst. The principal preduct formed under the
rather cevere Tesction condliclons of 1100 psig pressure and temperatures in
tha range of 123-157°C was the expected MIBE furmed directly by coupling the
methanolfizobutansl reactants, In addicion, significantly larger quaniillies
of the dimethvlether {DME) and hydrocarben products were cbeetved than wers
obtained under milder reactien conditions. Desetivation of the catalyst was
menitered. after certylny oub various tests over a periad of 2420 hr, with
intermittent perisds of standing under nitrogen at ambient conditiems, the
yields of MIBE and MTEE at 123°C had decresased by 25% and 41%, respectivaly.
This testing demonstreted that the Nafiom-H MS catalyst will exhibit very
good stasbllity up to temperaturcs clese to 160°C,

Experimental testing and thermeodynsmis calculations have been carvied
out Te probe the effect of tewperature wn the yields of the ethers and
hydrocsrbone that can be produced from methancl and isecbutanmcl. Tt ls shown
that MTBE is a thormedynamically Zawvorad preduct, but kimerie limitarions
are plaving & vele in controlling the experimentally obtained products.

In order to gain insight into the role of the surface emecldity Iin
promoting the seleetive coupling of the alechols to form the unsymmetrlic
ether, the strengths of the acid sites on the catalysts were probed by
calorimetric titratioms with bases in non-aguecus aolutions, It was
observed thal iLhe acld strenpgth of the sulfonlc groups in the Mafion-HE
catalyst had & ouch more homogeneous distributien when titrated with
prridine in the solvents than did the Amberlyst-15 reslin,
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INTRODUCTION

A. Background of Cg-Cg Ether Synthesis

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

CH;0H + HyC=C-CHy = H3C-0-C-(CH3)3 (1)
oAy
CH40H + HqC-CH=C-CHy ~ H3C-O-C-(CH3)2 (2)
éH3 CH,CH4

These two ethers constitute the fastest growing use of methanol
produced from synthesis gas, along with petroleum-derived i-C, (isobutene =
2-methylpropene) and i-Cgq (2-methyl-1-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]. 1In addition, they both are co-solvents for
small amounts of methanol in gasoline [6]. In these syntheses, ethanol can
be used in place of methanol to yield the ethyl form of the ethers.

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

Product RON/MON
MTBE 118/101
TAME 112/99
TMP 95/92
I0 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 MIBE
synthesis (from methanol and isobutene) reaction is exothermic. The rate of
the synthesis is enhanced by pressure, and the pressure alsoc aids in the
removal of unreacted methanoel in the debutenizer tower, where 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 methancl is removed by absorption in
glycol rather than by distillation.
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The first MTBE plants were built in Europe {(In Italy in 19/3 and in
West Germany in 1976), while the first plant in the U.5. beagan production in
1974 [E,lﬂ-l!], E}l thae end of IQBSI Lhare wepe 14 MTERE plﬂnts in uperal:ion
in the T.S5., and al}] but twe of Fhose used Telarively roncentratad steam
cracker faadstark ae a sourca aof rthe C, Yreactant [E]. Howavar, it is
possible te synthesize the entire feedstock from coal-derived synthesis pas,
and its utilization Iz the primary objective of the propozed rTesearch.

B. Statement of the Problem

Beginning in the 1970a, envitenmental concertns led to & phasing osut of
lead in pasoline. To malntaln the octana level of gasoline, approaches such
as adding oxygenates, e g. ethars and alcohels, and light hydrocarbons, e_g.
butane, to the gasoline were taken. However, thers sre now health and
envirormental concerns and legislative pressures to reduce the volatilley of
gaselinge, and this hae ferced the reduction of the light hydrecarbons in
gasolite, especislly it the summer scason and in the seuthern part of the
U.5. There i1z also legislation te Teduce the level of carcinogenic
arpmaties such as benzene to very low levels. Even substituted arcmatics
such as toluene, which congtitute 27-28% of curcent gasolines, are sevara
catcinogens. These high ectane components must be replaced, and HMTEE and
mizxtures of alcohols have beem utilized te fulfill this need.

However, the supply of MTBE i1es limited by the availakbility of
isobubtene, which s produced as a by-produet of several precesszes,
especially from petroleam reflnery catalyecle erackers., There arve about 182
rafinorias Iin tha U,5, and the nuwbar of fluld estalytic cracking (FCC)
unitge has remained cnn%tant at 52 eince 1981 [13], These FGC units have a
capacity of =800 000 m”/day, and the average product selectivities include
50 wtk gasoline and B witk Eﬁs [13]. Thux, the availskility of iscbutene for
the manufacture of MTEE has been limited using this principal scurce and
other smaller (but more costly [8]) sources such as dehydration of t-butanal
and dahydrogenation of iscbutane have been developed '12,14].

It would be wery advantagecus te develep another route to the synthesis
of MTBE and other eihers that would not be supply limited and that did net
depend upon Imported peitroleum, Our research program will inwvestigate and
devalap a proceseE for producing high oetans ethers from alocchele wia 3
catalyric route beginming with coal, as ipdicarad in Scheme 1 on the nexr
page., Stage One and Scage Two have haen demonstrarved on a commerical scale
and Stage Thras has recently besn developad unday DOE-sponsarad ressarch
[15-22] for slkali-promoted catalysts that produce a mixture of alcohals
concslisting predominancly of rthe 4 and branched ¢, ccoponente,
Specifically, the alcoholg are formed from low ratio HEJCG synthesls pas,
typleal of that produced by ecal gasifiers, at madarate temperaturaes
{=325°C) and pressures (=100 atm},

Conzideting Stage Four, we heve recently demonstrated that the € and
branched €, sloohols formed {(welhanwol + 2-methyl-l-propancl) can be direetly
coupled to form a high acrana ethar or produce san Ischburene end slechol
mixtura suitable fer manufaccuring MTBE. [1]. Speclfically, & mixture of
methanol and 2-methyl-1-propanol has been shown [1] to form the
methyliscbutylether (MIBE, also designated as l-methoxy-2-methylpropane}

24




8CHEME

1

U.5. Coa

1

Stage One

Lurgi or Texaco Gasifier

Purification and Shifting

H,/CO/CO
Syn%hesis as
Stage Two
Clean
Synthesis Gas

Stage Three

Higher Alcohol Synthesis

Mixture of Alcochols,
Primarily Methanol
and Isobutanol

Stage Four

Direct Synthesis of Ethers

MTBE

and Other Octane
Enhancing Ethers

25



- Catalyst = MaflenH - MO
MIEE
74} J{fﬁf
2.0
E
"
R K+
&3
e iz - Butenes
S
0.8 /;f/fj///g
04 . - D Dntanes
. . ADIBE
= ""__H_H —_—
el 4oo0 410 az 4A0

Temperakre K

FIGORE 3. Effect of temperatura on the formarion rate of the cthers and
olefins formed over the microzaddle-form of the Mafion H resin at
75 atm, where the =zleohol partial pressurs was 6 ate, The
alcohol fesd (methanel/2 methyl-l-propsmel = 2/13 rate was 15.6

mol kg catfhr

These experiments demonstrated that reacrtion (3) occcurred fairly
selectively at high pressures, while at low pressures 1gobutene was [urmed
from Lsobutanol over the sams ratalyst, Egquation 4. As pointed out above,
it {s well-established [6-B,10] that iscbutens can be further coupled with
methancl to produce methyltertiarybutylethar (KTBE), Egquation 5. At the

CHAON + HglGmC-(GH3), ~ HyC-0-C-(CHs)y ()

higher pressures, dimsthylether was also foTmad as & gide produchk, but the
RaEfen resln selectively produced the methylisobutyl-ether /dimethylether
palr relative to the slkenes and dlisobutylether (DI2E), as ghovm 1n Flpure
1. However, at higher temperatures Lhe C; and Gg alkenes are producad at

Increaaing rates.

Tt should be pointed out that dimethylether is nor necescarily an
wndeglrable pruduct because it can be easily geparated from the higher
molecular welight ethers and 1s a wvery useful chemical intermediate Eor the
comverslon te other useful producla, It can alse be used as the reactant In
the Mcbil methanol-to-gasoline (MTG) synthesis process utlillzing ZSM- 5

ranlite.
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TECHNICAL PROGRESS

A. Selection of the Catalysts

Task 1 of this research is centered on acid organic resins, principally
those containing -S0,H acid functional groups. The two general groups of
these resins are

(i) polystyrene ion exchange resins, and
(i1) fluorocarbon sulfonic acid (FSA) polymers.

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

F F F
[
-G---C---C-
[
F [X], F Dow Chem. Co.; n =20
| duPont; =n = 1,2,3 with X = -0-CF,-CF-
0 i
| CF3
CFoCF,504H

B. Experimental Testing of the Catalysts

During the course of this research project, the catalysts will be
tested for ether synthesis from binary methanol/2-methyl-1-propanol and
methanol/ethanol/propanol/2-methyl-1-propanol mixtures in the vapor phase in
a continuous flow stainless steel bench-scale reactor system that is
automated so that testing can be carried out under continuous operation at
designed experimental conditions. A schematic of the 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
heating elements and maintains a very constant steady state temperature.

A typical catalytic test is the use of methanol/2-methyl-l-propanol =
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 composition 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 GC, NMR,
and GC/MS.

The dedicated Hewlett-Packard Model 5890 Series II gas chromatograph
(HP GC) has automated heated Valco sampling valves, both thermal
conductivity (TCD) and flame ionization (FID) detectors, and both packed
column and capillary column capabilities, and is interfaced and controlled
by a PC data station (complete Gateway 2000 personal computer system) using
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a complete package of menu-driven chromatographic software (Chrom FParfect)
from Justice Innovatioms, Inc. At the game time, the GO 1s interfaced wlth
5 Hewletr-Fackard Model 3396 Series II recorder/integrator, which can also
produce = hardeapy of each chromstogram and listing of the assoclated
integrated peak arzas. The initial testing of the caralysis was carried out
while the new GG and PC/seftware purtlons af the reaction system were belng
installed.

The more recent catalyst testing was carried out with the new
analvtical GC/data station, and & 25 o % 0.32 mm ID wall coated wpen tube
(WCOT) capillary column with a chemically bound 5.0 p thilck wethyl silicen
coating was putchased from Chrompack Inc. The Inlet system Incorporated the
standardspllt/splitless capillaty (njecter with an automated gas sampling
valve Ipstalled bectween the regulated hellum supply and the injectar common
supply. This arranpement delivers the gas sample inte the &€ Injecter

exactly as 1f it were Injected manually by syringe. Howevar, thils
configuration deez make the split and splitless injectien modes Identical
for autuomaled sumpling. Since these injecticns deliver a homogenecus gas

phase sample, the splitless mode ol pperalion [& unnecessary.

A synthetic mixture composed of water, DME, methanol, tertlary butanel,
MTBE, MIBE, and Isohgtannl was Injected, and a chrematogram was collected
for use as a fqualitative standard for retention time assignments. Fipure 5
ghows  the B trace and the peak assipniments thsat resulted.

Izacing of Hafion-H Microsaddles

Methanol and isobutanel were utilized as reactants by I(njeening thewm asg
liquids by means of & Gilsonn high performance liquid chromatography punmp
into a nitrogen gas stream at a deslgphated pressure, 136 atm (200 psig) in
the inirial expeaciments Lo bw deserlbed.  The Inlet and cutlet lines were
heated to prevent condepsation of the reactanc alcohols and the products.
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FIGURE 5. Chromatogram of a synthetic mixture of reactants and products.

Prior to this test, the Nafion-H microsaddles (1100 EW obtained from C.
G. Processing, Inc. of Rockland, DE) was pretreated with acid to insure that
all exchangeable sites were in the acid form and that any organic impurities
were removed. The pretreatment consisted of three consecutive washings with
3 N HNO5 at 80°C for 3 hr each. After the final equilibration, the resin
was filtered, washed with distilled water, and dried.

After weighing 2.00 g of the dried Nafion-H M3 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 mixture of methanol and isobutanol was then
injected in the N, stream at a constant rate to yield the following inlet
conditions:

Component Molar Flow {(mol/hr) Partial Pressure (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 £/hr.

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 methanel
(methanol /isobutanol = 2). Consideration of the selectivity demonstrates
that 60 mol$ of the product consisted of the unsymmetric MIBE product.

Testing of Amberlyst-15

The Amberlyst-15 resin was tested for ether synthesis from alcohols,
and in this case 1 g of catalyst was used and the feed rate of the reactants
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FIGURE &. Product Yialds Over the Pretremted Rafion-Hl #15 Gatslyst.

was adjusted smcrardingly (melar flow rate - 0.25 mol/hr; pressure = 200 peig
with 22,4 peilg of the alcohel mixture}. The yield of products ie shown ln
Fipgure 7, where it 1s evident that DME was the major produat. It ig ghowm
that as the temperature waz Increased from 113°C to 173°C, the yilelds of all
products Lnereased. It i1z evidenL from Figure 7 that the blggest influence
of temparature on the product yields was to increase the selectlvity towerd
the G, hydrocarbon preducts, butane and burenes. These hydrocarbens
comstltute =25 mols of the products formed ac 123°C, along with =45 mals of
DME and =30 mols MTBE + NTBE. During this testing, a packed analytical
column {Poropak O} was used for the GO analysls, and MIBE and MTEE wers not
gseparated under the analytieal conditlons used. However, subsequent GC/HS
analyzis of the product demenstrated that both MIBE and MTBE were present in
the product fn comparable quanticies.

These experiments shew that the Awmberlyst-15 resin Is & mere active
catalyst then is che Haflon-H MS. However, the selsctivity 1 shifted
toward the symmetric DME and unsymmectle MTBE rather than the higher
molecular weight unsymmstric MIBE product that is desired.

Pow Chemical Co Fluorocarbon Resin/Sic Cacajver

The Dow ratalyst consisting of the fluorocarbem sulfonle acld (FSA)
polymetr on SiC was Lested under steady state condlirions that werea utilized
with the prevlpusly described catalysts. The preparation of this catalyst
for testing involved crushing of the 1 mm x 3 mm holiow cylindrical pellets
as recelved and sieving to 9-20 Mash.

Because each individual pellet was not homogeneous and resembled a
lighcly frosted cake, there was some concern about generatlng =
representatlve batch of crushed catalyst for taating. Specifically, the
underlying SiC suppert seemed to shatter into a fine powder leaving behind
largs, resillent flakes of the FSA polymer sticking to sons remaining 551G
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FIGURE 7. Product Yields Over the Amberlyst-15 Catalyst.

support. It is possible that the differing fracture characteristics between
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 catalysts. Those conditions are the
following: temperature = 123, 150, 175, and 123°C, pressure = 200 psig,
GHSV = 250 mol/kg cat/hr, molar flow of N, = 0.22254 mol/hr, and molar flow
of methanol = 0.01864 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 where the catalyst was more active. Average
product yields were calculated only from those injections for which the GHSV
was well-equilibrated. Averaged product yields are plotted in Figure 8.

From Figure 8, it can be seen that increasing the reaction temperature
increased catalyst productivity. Upon increasing the temperature from 123°C
to 150°C, DME, MIBE, and the Cy4 all increased in yield at a comparable rate.
However, the largest increases in product yield upon increasing the
temperature further to 175°C, expressed as mol product/kg cat/hr, were
observed for DME and the C, products. This figure also show that the
temperature effect is reversible and indicates that the catalyst did not
degrade at high temperature.

C. Preparation of a MIBE Standard

Since MIBE could not be found as a commercial analytical standard with
which to calibrate the GC retention time of this compound and the GC/MS
fracture pattern, as compared with MTBE, it was necessary to synthesize MIBE
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s a pure reagenc. A momber ol synthesis methods were utilized, and 1t was
found chat tha following procedure pave the best purity of the MIBE product.

In this sodlum alkoxide preparation methuwd, MIBF was produced by the
classic Willlameon synthes{s that comblres an alkyl hallde with an alkexide
=alt En Farm an ether snd a halide salt. Using thls approach. methyl fTuodide
and sollum 2-methyl-1-propoxide were combined to form MIBE. Hewever, since
ne commercial source of sodium 2-methyl-1-propoxide was located, it was
recesgary to prepare the compound in situ by reacting Z-methy-1-butanel with
metallic aodium, as shown In Equatlon 6. Once sadlun 2-methyl-1-propoexide
was formed, the methyl isdide was introdueced to form HIBE and sodlue 1odida,
Equation 7. The guanitities and physical properties of the reactancs are
glven in Table 7, where B P — lmlling peint.

MHa HDGHEGH{EHj}2 - NaDCHch{CH3}2 + 1/2 Hayt (&)
CHyI 4 NafOH,CH{GHy)p =  GHaOCHCH(CH,)p +  Mall {7}

TABLE 2. Qusntitics and Physlcal Fropertiss of the Reactants and Troducis
of the MIBE Synthesls Reaction Using Metallic Sodlom,

REACTANTE Hnles Mol Wt, Mess(g} DPensityigsml}t Yol.{ml} B F,
1-BulH 1.72% T4 1280 O 801 159 _B 108
Ka 0,870 23 0.0 .97 20.6 92
CIIBI U, B 142 123.5 2,274 T4 &2

PEODUCTS
MIBE 0. 370 B& 75 .73 104 7 SE
Hal 0BG Lag 130.5 3.6RT 35 A 17304



Procedure. The apparatus used consisted of a glass reaction flask
containing a thermometer, a distillation water-cooled sidearm, a septum,
ports for mnitrogen 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 pre-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 isobutanol was drawn into a
syringe and then slowly injected into the flask through the septum. After
several min, the isobutanol injection was repeated and continued until the
total volume of 159.8 ml of isobutanol was transferred. The nitrogen flow
was periodically confirmed. It was sometimes necessary -to encourage the
reaction between the metallic sodium and isobutanol, 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 cool 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 ice 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 (*methyl iodide is
very poilsonous*) 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 Iinduction period. The ice level was adjusted to compensate for
melting and another 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 several hundred g of activated
alumina and stered without distillation.

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

D. GC/MS Identification of MIBE and MTBE

MIBE and MTBE are isomers that can be difficult to separate by gas
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 (0.25 mm ID x 15 m in length with 0.25 p film thickness) at
35°C) of the reactor outlet stream was carried out for each initial
experiment after the GC/MS was calibrated using standard samples of MIBE
(prepared as described in the previous section) and MTBE (obtained
commercially), as well as methanol and isobutanol. The fragmentation
patterns for these two ethers are distinctly different, with MTBE having
intense m/e peaks at 73.0 (the CAHQO- fragment), 57.1, 40.9, and 29.0 and
MIBE having its principal intense m/e peak at 45.0 (the -CH,-0-CHjy
fragment).
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E, TFemporaturce Dependence of Erher Swnthegic and Catalygf Stabildty

The objective Is to determine the effect of temperaturc on the yields
arnd selectivities of products when methanol and lsebutanecl are pumped over
Hallen-H wlerosaddles (M3) at high pressure,

Catslvyet Tasting. A secend sample of the duPont Nafion-H MR catalyse
{1.003% g) was used sz recelved from C.C, FProcessing, Imc. of Rockland,
DL and was mixed with 10 ml of 3 mm Pyrex beads as dlluent. The Teactor
contalning the catalyst was conmected to the testing unit and flushed with
nictragen for ceveral hours Lo remowe any residual oxygen or water.

Afrer adiusting the helium-nitrogen carrler gas mixcure toa the desired
flow rate, the reactor was pressurized and then the reactor was heated to =
designated temperature. Once thermal eguilibrium was acnleved, one or Two
blank injections ware made to check for a smooth GC baseline. The Z:1 melsr
methanol/iscbubarne? solution was then pumped into the Ho/He gas feed at a
previously rcalenlated rate usimg a Gilson Medel 312 pump. Thae Hafion
catalvet was tested undetr the following conditinms;

TABLE 3. {atalytic Test Conditions

Peaetor Temperature 173, 137, 147, 157, 123°C
Bescrer Pracsure 1100 psig
Tetal CHEV 248 molskg cat/hr
Catalvst Weight 0,0010039 kg
Hitrogen flow 0,0205 mol/hr
Helium flow 0.21027 mol/hr
Methanol Llow 0.01222 mol /hr

12 172 molfkg cat/hr
Ipobutanol flew Q.0061] molshr

£.086 mol/kg cac/hr

Besults, The catalyst was malntained ar each temperature for atleast
48 hr se that a ctaeady state could be verified. The effects of temparaiure
on preduct yields for the reactlion cenditionz shewn in Table 3 {note that
the pressure 1s 1100 psip rather than the Z0U psig pressure used previeusly)
are shown 1n Flgure 9, where DME iIs dimethylether. C4 are butenea, tBulH 1s
tertlary butanol, MTEE is mechyl tertlarybutyl ether, and MIBE Is methyl
izahutyl ather,

The leng term deactivatiom of the Nafion-H M5 was tested at 123°C with
the same preasure and teactant flews rates ae shown in Table 3. The
catalyst had been subjected to many different reaction conditions, e.g. even
MTRE decomposition studies, after being loaded intoc the stalnleas ateal
reactor. These inclwled perloeds of standing under E? at anbient temperature
and pressure, The times given rellect total time in the resctor, not tetal
reartion time at elevated temparatures and pressures. The rasulcs of the
deactivation study bkeginning and ending act 123°C at high pressure (1100
psig) when the catalyst was 0-24, 360, and 2420 hr in the reactor are shown
in Figare 10, The tests ir Figure 1 up te 157°¢ are represented in the
First 450 hr 1o Flgure 10, Other tests were conducted and then the catelyst
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Yleld {mol/kg cat/hr)

3.0
-—=— DME
¥ tBuOH
-5~ MIBE

0.6

0_ [ — = B
123 137 147 157 123
Temperature (G)

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 test at 360 hr is probably not under true steady-
state conditions. Fluctuations occurred in 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 50%, 4l%, and 25% for DME, MTBE, and MIBE,
respectively.

Avg. Yleld (mol/kg cat/hr)

1.0

—— DME

0 360 2420
Time (hr)

FIGURE 10. Deactivation of the Nafion-H MS Catalyst Under the Reaction
Conditions in Table 3.
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The activarion energies for the different
products wara calculated by assuming that the yields are propertional to the
Tables 4 and 5 list
activaticn enovglcs for the majer products ohsgerved to he feorxmed
Haficn-H M5 catalysc under the rathetr severe reaction condicieons
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DHE

and MIBE have
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over the
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TABLE 4. Apparent Activation Energiss for the Ethers and t-Butanel Using
the Arrhentius Equation.
¥ = hxila Y- hxiz -
| DME £3uai KIBE MIBE UTRE DIBE
T (k) 14T log ¥ield | lag ¥i=1d | Ing vield | log ¥lald | log vield | log Yield
430 0.002326 n.z71 - 1.n - 0,981 D, 468 - 1.05% - £.307
420 0.003381 - 0.631 - 1.410 - 0.356 T, 280 - 1.168 - 0.775
410 £.002430 | - o.20s% - 1.385 F.0738K - 1.531 | - a.g9z |
396 £.p02525 | - 0.563 - v.3u6 | - p.1&7 - 1.pa2 - 1.138
Slope log we L/T| - 47151 - Bole 5467 - 11m7 - a120 - 13RS
Botimrien M BEalsnol 13:0 6.7 25.0 14 .8 104 17.8
TARLE 5. Apparent Activation Enevgiez for cthe C, and Ca Compounds Formed
During Ethetr Synihesis via Alcohol Coupling {(Calculated by Using
the Arrhenius Equation).
% - Axis ¥ = Axia B
isobutens | 1-Butens 2-Butane | isnCctenel {isofictened
oK) 1/T lag ¥ield | log Yield | ltog ¥ield | log ¥iela | lag viela
430 9.902325 - 3.034 - 0.R3¢ - L0995 | -g.31%8 | - ©.771z
[P 0002381 - 0.36% - 1.480 ~ 1.897 - 1.m49 - 1.813
41 0.002435 - l.083 - - -
LT 2.002525 - 2.306 - - -
Slopns Loy va 1/T - listel - 13274 -14582 - 2AT6%0 - 1R3"5
Byrriveglon " FOA1/ Mol 54,1 §9.9 .7 126 #6.1
F, MTBL Decomposition Study

The rLenperalura deprpdenee study of ether synthesiz via coupling of
methannl and iszobutanol over the Waflon-H ME caralysr wss intercruptad by an
Lo determine the majer producce formed when MTBE

MTBE pumplny wexpeclmeol
decomposed on the catalvec,
to be optimized in future studies for

rhe

AR

gvnthesis of HTBE.

Thia experlment wlll allow reaction conditions
MTBE was



injected into the inert gas stream pumped over the Nafion-H MS catalyst at
123°C under 1 atm of pressure at three different flow rates. The results
are given in Table 6. It is evident that MIBE very readily 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 yields
clearly show that MTBE 1is 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 it is directly synthesized from the alcohols.

TABLE 6. Formation of Products via MTBE Decomposition.

Yield at different GHSV, 123°C and 1 atm (101.327 kPa)
Catalyst: Nafion-H MS
Catalyst weight: 0.0010039 kg

GHSV GHSV GHSV
Compound 230 496 1748
(mol\kg cat)\hr) (mol\kg cat\hr) {mol\kg cat\hr)
MTBE 1in 6.11 12.22 46,55
MTBE out 0.73 .20 1.93
Water 0.98 0.39 0.30
DME 0.84 0.22 0.26
MeOH 5.39 10.21 44,17
Isobutene 7.55 7.90 43,08
1-butene 0 0 0
2-butene 0 0 0
n-butane 0.03 0 0
MIBE 0 0 0
Isooctenel 3.38 .41 0.33
Isooctene? 1.18 0.14 0.12
Isooctenel 0.47 0.06 0.01
Isooctened 0.80 0.08 0
Isooctene5 2.13 0.25 0.11
c-12 31.07 0.42 1.03
c-12 0.68 G 0.01

G. Thermodynamic Considerations for Ether Synthesis from Alcohols: MIBE vs
MTBE

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 isobutanel. This invention
pointed out that a "new" acid catalyzed chemistry is occurring at the acidic
sulfonic groups at the surface of the Naflon resin. Kinetic studies

39



obtained for the same catalyst system [23] showed that the chemiscry is
walnly characterized hy the follewing Eeatures: (a) a bimolecular process &f
the gacalyst surface is necurreing, i.a. the ether is formed =after
interaction of twe separaie surface-held intermediate complexes, (b} the
interaction between the sulfonic acid groups end che adsorbing alechels is
competitive and a preferencea for Iscbutanol exisrs, and (c) the pature of
the adsorbed transition state complex Is eof primary Importance in
deternining whick ether will be fermed. If the complex wera carbonium-like,
MTBE would be expected to be Formed via an initial dehydration of isobutanel
to isobutene and subsequent reaction of the isebutene with methanol. If
instead the transition state cowmplexes would be oxonium or aster complexes,
then MIBE would be formed from iscbutanel and methanol. The exact nature of
the Lransition state complexes in the formatlon of MIBE is yer to be proven.
More receurC catalytic tesks (discussed here) with the Hafion-H resln showed
that MTBE could sleo bLa found in small conecentratieonsa in the product etream,
Testing results obtained with the Amberlyst-15 resin under simllar
econditions showed that MIBE and MTEE were both present as producis but in a
mara equal ameunt.

Both reartion mechanisms probably occur at the surface of the Nafion-H
and Amberlyst-15 recins. Since the experimental testing conditions weore
equal for both catalysts, one can conclude ihat the nature of the local
enviromment around the sulfonic acid groups plays & role In determining
which process will be favored.

Since ome of the major commetrclal uses of non-petwolewm derived €
athers, as being lnvestlpared in this research, would be as additives to
gazoline to maintaip or improve the high octane rating of thisz gasoline, It
is ezcential that their sctane enhancement behavior be kmown. An extenslve
study describing the effect of the additiom of oxygenates on the research
octane nunber of a vegular gascline was published in 1986 by Spindelbalker
and Schmidr [24]. DIfferenc alkylbutylethers, imecluding MIBE and MTBE, were
included in this study as represented io Table 7.

TABLE 7. Effect of Small Additions of alkylburylathers and
Butanals on the Dctane Humbers of a Gasoline Basestock
with B?.4 ROK and 76.6 MON {from Referemce 24},

Tepe of Butylethet % adaed AREN AMON
1-Hethoxy-butane =} -1.1 =21

10 -3.7 R

2 -Msthoxny-butane 3 -1.1 -0.1

10 -2.4 -5

2-Ethoxy-butane 5 -1.0 +0.1

10 -2.0 0.0

2-Ethoxy-2-m2thyl-propane 5 +0.5 +3. 8
(= ETBE} 19 +2.1 +2.2




1-Methoxy-2-methylpropane 5 -1.0 -2.1

(= MIBE) 10 -1.9 . -3.0
2-Methoxy-2-methylpropane 5 +1.3 +1.4
(= MTBE) 10 +3.4 +2.8
1-Butanol 5 +1.7 +1.1
10 +3.1 +2.2

2-Butanol 5 +1.4 +1.0
10 +2.9 +2.3

Iscbutanol 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
effect 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. This indicates that MTBE is a preferred
product over MIBE, and catalysts and reaction conditions should be sought
whereby the yield of MTBE is maximized.

Two ways can be proposed to achieve this goal: (a) by the
isomerization reaction of MIBE to MTBE after 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
methanol 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 when one compares the previously described behavior of
Nafion-H and Amberlyst-15. Therefore, an intensive study to characterize
the acid sites was undertaken as outlined in our technical reports.

It is also important to know whether the right experimental conditions
are being used to achieve or optimize the synthesis of MTBE via ome or both
of the above mentioned pathways. The importance of the right experimental
conditions was proven by recent studies in the field of MTBE synthesis from
isobutene and methanol over catalysts like Amberlyst-15 [25,26], which
indicated that the decomposition of MTBE to isobutene and methancl is an
important factor at higher temperatures. 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 ether syntheis over acid resin catalysts were
formulated and studied.

(1) What is the overall thermodynamic effect of the reactor temperature and

pressure on the different reactions occurring during the Cg ether
synthesis from isobutanol and methanol?
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£21  Which reactlons ave excthermic and which are endothermic?

{3y 1Is it pessible tuv make predictions abhour the selective conversion of
{eohutatol and methanol imte MTEE by applying hasie  thermodynamle
principles fer a specific set of experimental comdition=?

Pescrlption of the Hethodology. The Fellowing scheme, shownn in ¥igure
11, can be drawn 10 deserlbes tle waln veactiomns thal can occur durlng the
reaction of ischuranol and methannl owver acidic catalyscs. In this simple
scheme, the twe assumptiors made were: {a) the only dehydratlon preduct of
{gohutanol ¢onsidered is ischbutene, although one could expect that n-hulenes
ceuld alse be formed in the dehydratiom proezss [26], and (b)) secoudary
reactions such as the formation of octemes, ete. ore pmot eoncldered In this
first reactinn schene.

[1]

Methanol + Isobutanaol » MIBE
[2]
Y
|sobutene (4]

[5]

[3] M
h J = MTEE
DME

Figure l1. Synthesis Reactioens of WTBE, DMF, and M1BE from Alcohols.

tu Indicated by this scheme., the five different reactlons Chat c¢an occur
simultancously are:

12] Hethanel + lscbutanol —~ MIBE + HEU

[2) Ispbutanol + laobutene | HyD
[3] 1isobucene + Methanol -+ MTAEL

[4] MIBE -+ MIBE

[5] Methanal + Hethanal + DHME + H,0,

The remctien labels [1] will be used further in the tebles te refer “o a
cperific reactlon. Twe sotandard reference works [27,2E] were used ak
references for the thermodynamic calcuilations.

Effect of Tegperature, The enthalples, free energies, snd entroples at

rvoom temperature and 1 atm fer the different reactions were ohtalined using
the thermodvmamic values of the different compounds as glven by the TRC
Thermodynawle Tables for Hon-Hydracatbon and Hydrecarboen Compounds [29].




. The enthalPies ‘of the reactions (piAHproducts - riAHreaptants) of
Figure 11 are given in Table 8. All the reactions are exothermic except

the dehydration of isobutanol to isobutene and H,0 (Reaction [2]).

TABLE 8. Enthalpy of Reaction in kecal/mol

Reaction Enthalpy of Reaction (kcal/mol)
[1] -5.53
(2] +5.78
(3] -15.61
(4] ‘ 4.3
(5] _5.68

Figure 12 represents a more general overview of the enthalpy changes
that can occur during the synthesis of MTBE or MIBE from methanol and
isobutanol. As shown, MTBE + H,0 are the thermodynamic favored products for
the reaction scheme outlined in Figure 1l. Considering the enthalpy
changes, an increase in temperature will have a disadvantagous effect on the
two reaction pathways to MTBE, i.e. the MIBE synthesis and its eventual
subsequent isomerization and the MTBE synthesis from isobutene and methanol.
More detailed calculations via the relationship of Van’t Hoff should still
be performed.

Through the thermodynamic relation of AG; = AH; - TAS;, it is possible
to determine which effect the temperature tas on the free energy 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 temperature, the values given in Table 9 for
the free energies changes (AG;) can be obtained.

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

Reaction AHy aS; AGy (kcal/mol}
(kecal/mol) (cal/mol-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] -15.61 -42.1 -3.05 1.23 5.44
[4] -4.3 -5.1 -2.77 -2.26 -1.75
[5] -5.68 -6.0 -3.90 -3.28 -2.68

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 [1]) becomes less
exo-energetic at 400K, and Table VIII shows that at 500K, this reaction has
become endo-energetic. The same trend exists for the MIBE synthesis from
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isobutene and methanol (Reaction [3]), where the reaction has already become
endo-energetic at 400K. On the other hand, the three remaining reactions
(isobutanol dehydration, MIBE isomerization, and DME synthesis) are always
exo-energetic in the studied temperature-range.

The calculation of the standard free energies for the different
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 Temperature (K)
298.15 400 500
[1] MIBE synthesis 16.57 1.59 0.396
[2] Isobutanol dehydration 10.80 128.52 550.26
[3] MTBE synthesis 172.06 0.210 0.004
[4) MIBE isomerization 107.25 17.17 5.82

The calculated thermodynamic data make it possible to make the
following conclusions: (1) an increase in the temperature will disfavor the
carbonium-ion pathway because 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.

Effect of the Total Pressure on the Reaction Equilibria. Initial
studies were carried out to obtain information about the effect of the total

pressure on the reaction equilibria, and only the following two reactions of
the previously shown reaction scheme (Figure 11) would be influenced when
studied independently.

[2] Isobutanol -+ Isobutene + Hy0
[3] Isobutene + 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 temperatures 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 were calculated for single reaction sytems and show

the pronounced effect of pressure and temperature on these two reactions.
However, more studies would be certainly required in which all the main
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reac!ions are considered at the same Slme since they would influence each
vtlwr. For example, the presence of wethanol in the feed would influence
the degree of decemposition of HTBE at reaction equilibrium. In addition,
the caleulations can be loproved by considering the effect of non-ideal gas
behavior and introducing fugeclty coefflclents Iinte the calculations.

H. Detarmination of the &rid Strength of 4eld Polvmers

The number of aeidic sites on o selid ratalyst Is ecxpreosscd as the
nurber of milliequilivalents of acid sites per upitc weight of catalyst
(req/e), and the two methodz being employed in thic research are:

(i} ion exchange/acid-base titratien, and
t11i) thetmometric amine titratien te the eguivalence peint.

The amine that is typlcally wsed [30.31] 1s n-but¥lamine, snd we have also
utilizad this hass,

The ztrreppih of aeidie sites can be obtained by

{1} the determination of the Hammett aeldity funetion Ho' ard
rii} enthalpimetric titratioen.

We have empleyed the latter method wicth a Sanda Facts 2000
thermotitrater, which give temperature vs volume of titrant (for continusue
addicion} or timc of equilibrarion for cach wolume of rirrent added (for
batch addition experiment). The temperature iz monltoered with a thetrmlstor
immersed in the titrand solution, & g. 25 mal of arganic salvent in which 1-
2 g of the acid that iz to be analyzed, that is contained in an adiabatle
tltratlon vessel, A deteiled descriptionm of the theory and applicatione of
this method Is given In Eeferences 32 and 33, The thermal ticration data
can be used to obtaln thermedynamlc information about the stremgth of the
aeld groups being snalvzed.

Enthalpimetric Titrations of smberlyst-15. Thermometric titrations of
vacuum-dried (110°C, 5 bhr) Amberlyst-153 samples {0.5-1.0 g} wera carried out
In a wvarilety of solwents including cyelobesmane and in acetonitrile, which
were predistilled to remove traces of IHaQ and acetlc aphydride. FPyridine
was used as the titrating base, which was added hatch-Tlike (In 0.7 o 1 nl
amounts), and the heat releases were monlcored as a temperature change of
the solvent slurry. Each of the temperature Increaces could exactly be
determnined using the software packape comneeted wich the Sanda Facts 2000
Thermetltrator, and subsequently the AT valucs were conveorted lnte anthalpy
values for the speaifie acid-baszs reastiom,

The results of the titrations of Amberlyst-15% in different zolvenlts
wilth pyridine are represented in Figore 14, The zresults in Figure l4 glve
the folleawlmg Llnfermaticon: (1) rthe acid base ticration could be parformed
with an endpoint veathed and {[2) the aeid strength of the sulfonic aecid
groups in the Ambervlyat-15 realn showed a hetetogeneous diatribution.

Eprthalpimerric Titrations of Wafion H=ME Rasin. In a typical
expariment., about. 7 g of rthe vacvom-dried {150°C, 24 hr) Hafion sample wac
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Figure 14. Enthalpimetric Titrations of Amberlyst-15 with Pyridine in
Different Organic Solvents.

placed inte 20 ml of predistilled acetonitrile or acetic anhydride and
allowed to swell. The titrant was added batch-like (in 0.5 to 1 ml amounts)
and the heat releases were monitored as a temperature change of the
acetonitrile solution. The results were treated in the same way as for the
Amberlyst-15 titrations for comverting the AT values into "enthalpy" wvalues
for the specific acid-base reaction. No correction was yet made to include
the endothermic dissociation of the acetonitrile-sulfonic acid complex. The
results for the Nafion H-MS titrations are represented in Figure 15.

The titration results, partially shown in Figure 15, gave the following
information: (1) the acid-base titration could be performed in acetonitrile
until equilibrium is reached but could not be completed in acetic anhydride
where only about 75% of the acid sites could be titrated, (2) the calculated
acid strength of Nafion-H as measured by the enthalpy/mol of the acid-base
reaction is larger in acetic anhydride than in acetonitrile (whether this

6-—(Enthalpy} {kcal/mol}

"\\ —— Acefonitrile  —— Acetic anhydride
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Figure 15. Titration of Nafion-H-MS with 1 N pyridine in various solvents.
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difference should only be contributed to the endechermie disscelation of the
acetonitrile-sulfonlc acid greup complex fs vet unelear), and {3} the a:id
atrength of the sulfonic preups in the Nafinn-MF catalyst seemed to have a
vary homogansous disrribution when tirrated In aceteonltrile Ln contradietion
with the results obtained for the Amberlyst-15 resin. Im azetic anhydride,
some difference can be seen in the acid strenglh as represented by the
enthalpy valuer but this is net so pronounced as for the Amberlysc-15 resin.
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