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PREFACE

The work described in this report was authorized under Contract No.
DAAL-03-91-C-0034, Task Controi No. 83027, Delivery Order No. 0623. This
work was started in February 1992 and completed in December 1933.

The use of trade names or manufacturers’ names in this report does not
constitute an official endorsement of any commercial products. This report may
nct be cited for purposes of advertisement.

This report has been apnroved for release to the public. Registered users
should request additional copies from the Defense Technical Information Center;
unregistered users should direct such requests to the National Technical
Information Service.
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PHYSICOCHEMICAL EVALUATIONS OF SELECTED SOLVENTS
FOR USE IN DECONTAMINATING AGENT:
MULTIPURPOSE (DAM) FORMULATION

SECTION 1

INTRODUCTION

The U.S. Army Edgewood Resesrch Development and Engineering Centar
{(ERDEC) has a requirement for a research effort structured to investigate, identify,
and test new solvents for polymer-thickened agent dissolutiors that meet the
Decontaminating Agent: Multipurpose (DAM) formulation requirerments. The DAM
formulation is currently being ceveloped as a substitute. for DS2. The DaM
formulation contains:  high test hvpochicrite (HTH) (calcium hypochiorite),
N-cyciohexyi-2-pyrrolidinone (CHP), and water. Recent tests with the DAM
formulation have identified several problem areas regarding CHP; hence, a
replacement for the CHP constituent of the DAM formuiation is sought.

The overall objective of this program was twofuld:
* To identify new organic sclvents to substitute for A-cyclohexyl-2-pyrrolidinone.

» To conduct labcratory tests to identify tne physical and chemical properties of the
new solvents as thev relate 10 deccntamination.

A number of requirements have been established for both the organic solvent
and the DAM formulation. The basic requirements for the solvent system used in
tha DAN. tormulation are:

* The sclvent must not react appreciably with high test hypochlorite (HTH).
* The solvent must dissolve thickened agent (i.e., TGD, THD).

= The solvent must not form a separated phase when mixed with water and HTH.
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To mest overall property/performance reguirements, the DAM formulation:

* Must not present any uncontrolled safety or health hazards at any point in the life
cycle when reasonable care is exarcised in handling and use.

* Must be nonflammable at any operational temperature {~32° to 49°C).

* Must be compatible with equipment, vehicles, and aircraft painted with chemical
agent-resistent coating (CARC), and cherrical protective clothing.

» Must be easily mixed both mechanically and manua'ly and not require constant
agitaticn.

» Must be capable of decontaminating the exterior of all nonabsorbing materials to
a minimum acceptable value (MAV) of not less than S0% as effectively as DS2
with performance objective of 100% as effective as DS2. These levels of
decontamination shall be against all probable threat cl.emicalbiological agents

including toxins.

« Will not leave any signature by visual, infrared, ultraviolet, thermal, or radar after
rinse (if needed).

* Must have a mixed DAM temperature range of 0° to 43°C.

» Must be stable and effective it salt or brackish water is used for mixing or rinsing.
* Must have a packaged, covered shelf life of 2 to 5 years.

« Will have a pot life of at least 5 hr.

+ Must be compatible (not interfere) with standard and developmental detector
davices such as the Chemical Agent Monitor (CAM) and M8 and M9 Paper,

Chemical Agent after rinsing.

The requirements related to evaluation of reactivity to active agents was not
to be demonstrated in this program. Also, compatibility with chemical agent

1-2
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monitors was not to be demonstrated. A thickened agent simulant, 5 wt % K-125
polymer dissolved in diethylmalonate, was used in place of actual agents for
demonstration purposes.

The research approach consisted of a series of sequential tasks, which are
summarized as follows:

* |dentify by literature search and market survey commercially available and
environmentally safe organic solvents to substitute for CHP which has a high
probability of meeting requirements for DAM.

» Select and/or synthesize the best candidate organic solvents that have the
potential of meeting . .2 requirement characteristics.

* Determine the best analytical procedures and 1est methods to study the new
solvents selected or formulated to determmine whether they can possibly meet the
DAM formulation solvent requirements.

* Test the solvents selected or formulated against the DAM formulation solvent
requirements using simulants only.

* |dentify the best formulations using the resuits from the tests performed and
provide 1 L of each of the best candidate solvents.

The remainder of this final report is organized as follows. Section 2
describes the experimental work. Section 3 presents the results and a discussion
of the results. Section 4 provides a summary of the investigation and conciusions
drawn from the research. References and four appendices are provided at the end
of the report.
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SECTION 2

: EXPERIMENTATION

The materials, test methods, laboratory procedures, and evaluation
techniques employed during the course of this exploratory development program are
described in this section.

2.1 CHEMICALS, REAGENTS, AND SOLVENTS

The sources of the chemicals, reagents, and solvents used in this research
program are identified in this section.

2-Methyl-2-propanol (ten-butyl alcohol), 99%, Aldrich Chemical Company,
Miiwaukee, Wisconsin

2-Pyrrolidinone, 99%, Aldrich Chemical Company, Milwaukee, Wisconsin

1-Methyi-2-pyrrolidinone, practical grade, Eastman Kodak Company,
Rochester, New York

1-Hydroxyethyl-2-pyrrolidinone, 98%, Aldrich Chemical Company, Milwaukee,
Wisconsin

Polyvinylpyrrolidinone, K-30, GAF Corporation, New York, New York

1-Octyl-2-pyrrolidinone, 98%, Aldrich Chemical Ccmpany, Milwaukee,
Wisconsin
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1-Dodecyl-z-oyrrolidinone, 99%, Aldrich Chemical Company, Milwaukee,
Wisczasin

1-Cyclohex,i-2-pyrrolidinone, GAF Corporation, New York, New York

tert-Amyl z.zohol (2-methyl-2-butanol), reagent grade, Fisher Scientific
Com -any, Fair Lawn, New Jersey

2,5-Dimethy-2,5-hexanediol, 97%, Aldrich Chemical Company, Milwaukee,
Wiscansin

2-Methoxye -yl ether, 99%, Aidrich Chemical Company, Milwaukee,
Wisczrisin

2-Ethoxyeth '~ ether, 98+%, Aldrich Chemical Company, Milwaukee,
Wiscr.asin

Diethylene :lycol dibutyl ether, 99+%, Aldrich Chemical Company,
Milwa .xee, Wisconsin

1,1.3,3-Tetramethyl urea, 899%, Aldrich Chemical Company, Milwaukee,
Wiscensin

Succinimide, 8%, Aldrich Chemical Company, Milwaukee, Wisconsin

N-Methyl sczcinimide, 9S%, Aldrich Chemical Company, Milwaukee,
Wiscersin

Triton X-10C, 3ohm and Haas, Philadelphia, Pennsylvania
p-Dioxane, J. T. Baker Chemical Company, Phillipsburg, New Jersey
v-Butyrolactona, 89+%, Aldrich Chemical Company, Milwaukee, Wisconsin

2-Pipericone (&-Valerolactam), 99%, Aldrich Chemical Company, Milwaukee,
Wiscerisin
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3-Methyl-2-oxazolidinone, 99%, Aldrich Chemical Company, Milwaukee,
Wisconsin

1-Methyl-2-piperidone, 99%, Aldrich Chemicai Company, Milwaukee,
Wisconsin

. Sulfolane (tetrahydrothiophene-1,1-dioxide), Eastman Kodak Company,
Rochester, New York

3-Methylsulfolane  (3-methyltetrahydrothiophene-1,1-dioxide),  Phillips
Petroleum Company, Bartlesville, Oklahoma :

Diethyl malonate, 89%, Aldrich Chemical Company, Milwaukee, Wisconsin

Acryloid K-125 polymer, Lot No. 3-6326, U.S. Army Chemical Research,
Development and Engineering Center, Aberdeen Proving Ground,
Maryland

Calcium hypochlorite, 65.0% (minimum) Ca(OCl),, Bio-Lab, Inc., Decatur,
Georgia

2.2 ANALYSIS OF AQUEQUS HYPOCHLORITE SOLUTIONS

The analytical procedure of ASTM Method D 2022, "Standard Test Methods
of Sampling and Chemicai Analysis of Chiorine Containing Bleaches,” which is
based on oxidation of I” to ° by active (-OCl)” and subsequent titration of this I° with
standard (0.1 N) thiosulfate solution, was inttially used without modification.

’ In order to simplify and accelerate analysis of the data obtained, a 277-step
data analysis program was prepared for a Texas Instruments TI-59 programmable

. calculator and printer. A typical printout from this program is presented in Figure 1.
Photocopies of the printouts were placed into a project notebook for record-keeping
purposes.
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Data Line No. Item

60293. 1 Date
1645, 2 Time
3370.056 3 Sample
4.001 4 Wt, g
0.1011 5 Norm
8.4 6 1 BR
41.3 7 2 BR
32.9 8 MLT
11.79466974 9 GC/L
58.95860905 10 % ACL
23.7822585 11 GH/L
59.44078605 12 % HPC

Line 1 Date of analysis

Line 2 Time of analysis

Line 3 Sarnple ID No.

Line 4 Weight of HTH in grams (grams per 100-mL sample size)

Line 5 Normality of thiosulfate solution

Line 6 Initial burrett reading, mL

Line 7 Burrett reading at end point

Line 8 Milliliters of titrant used

Line 9 Grams of active chlorine per liter

Line 10 Percent of active chlorine remaining

Line 11 Grams of active HTH per liter

Line 12 Percent of active HTH remaining

Figure 1. TI-59 printout of HTH analysis.
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An initial study was conducted of HTH solutions in deionized water and
synthetic seawater (Carolina Biological Supply Company, Burfington, North
Carolina). The results of these studies are presented in Table 1. The stability of
the HTH in both ueionized water and the synthetic seawater was high. An analysis
of variance (AQV) of the 19 da‘a points showed that only three isolated low-value
data points were outliers (points more than 2 sigma different than the mean). The
following AQV resuits were:

X (mean) = 71.08, the weight percent Ca(OC!), in the bulk HTH
o (std. dev.) = 0.648

Coefficient of deviation (CD) = 0.913%

Range (X = 20) = 69.76% 10 72.35% Ca(OCl), by weight

With a coefficient of deviation of less than 1%, the data show that the HTH
is stable in both deionized water and synthetic seawater. The mean value of
71.06% purity is acceptable as an analysis of this batch (25 Ib) of HTH.

The data shown in Table 1 indicate that the synthetic seawater used in this
stability study had no statistically significant effect on the stability of HTH for up to
24 hr. All tests were performed at room temperature {23° to 26°C [73° to 79°F)).
As this was a synthetic seawater containing only the major and trace element saits,
there was no organic component present.

2.3 OXIDATIVE STABILITY OF SOLVENT SYSTEMS

A laboratory test method was developed for evaluating the oxidative stability
of solvent systems in concentrated aqueous hypochiorite solutions by determining
the rate of hypochlorite consumption. The procedures given in ASTM Method
D 2022(89), "Standard Test Methods of Sampling and Chemical Analysis of Chlorine
Containing Bleaches," were utilized. The test method was developed by examina-
tion of the stability of several candidate solvent components in 4% aqueous HTH
at room temperature. The concentrations of the subject solvent components were
kept tetween 5 and 30 weight or volume percentage to ensure enough organic
material was present to completely exhaust the HTH present in the overall mixture
if it was reactive. The general procedure used was as follows.
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Table 1. AQUEOUS SOLUTION STABILITY
AND ANALYSIS OF HTH

% Change in

Time (hr) | % Active HTH | g Active Cl/L Cl content
A. HTH in deionized water, initial conc. =
7.604 ¢/200 mL (38.02 g/L)
0.5 70.85 26.72 -
2.0 70.94 26.75 <1
4.0 70.94 26.75 <1
6.0 71.13 26.82 <1
B. HTH in deionized water, initial conc. =
4.028 ¢/200 mL (20.14 g/L)
0.5 70.86 14.16 -
2.0 71.56 14.30 +1
4.0 70.86 14.16
6.0 70.86 14.16
24.0 71.36 14.23 <
C. HTH in synthetic seawater, initial conc. =
8.014 g/200 mL (40.07 g/L)
0.5 €8.38 27.18 0
2.0 71.59 28.45 4.7
4.0 71.77 28.52 4.9
6.0 71.94 28.59 5.2
24.0 68.92 27.59 0.8
D. HTH in synthetic seawater, initial conc. =
4.020 g/200 mL (20.1 g/L)
0.5 71.00 14.16 -
2.0 €8.16 13.59 -4.0
4.0 71.00 14.16
6.0 71.00 14.16
24.0 71.35 14.22 <1
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1. Prepare an 8 wt % solution of HTH in deionized water ensuring that complete
solution of the soluble portion of the HTH is obtained.

2. Prepare an aqueous solution (if possible) of the organic compound (10% to
60%). Heat mildly to expedite initial sclution. If a positive heat of solution
raises mixture temperature, cool to room temperature before going to the
next step.

3. -After the two solutions are stable and cooled to room temperature, mix
5C-mL portions of each. Watch for heat generation and separation into two
or more phases.

4. Start anaiysis for residual HTH within 10 min of start of mixing. Repeat HTH
analysis at 0.5, 2.0, 4.0, and 6.0 hr elapsed time or until HTH concentration
is less than 50% of the starting concentratlon

One of the first solvents selected for determination of its stability in a 4 wt %
aqueous HTH solution was N-cyclohexyl-2-pyrrolidinone (CHP). Two initial solutions
were prepared: A was 30 mL CHP and 20 mL deionized water; B was 50 mL
deionized water containing 4.0 g HTH. The two porticns were combined and mixed.
A stable one-phase sclution was obtained. A 5-mL aliquot sample of this mixture
was then added to 70 mL deionized water (following the ASTM D 2022 method);
5.0 mL glacial acetic acid was then added, followed by 2.0 g KCI. At this point the
deep purple color of free iodine should be developed. (It was with all solvent
candidates except CHP.) With CHP, a dark brown voluminous precipitate was
formed. Apparently a water-insoluble iodine-CHP complex was formed which
grossly interfered with the observation of the titration end point.” Even in the
presence of th= soluble starch indicator, no end point could be observed.

It was found that the addition of 25 vol. % ethanol to the 70-mL diluent base
produced solution of the iodine-CHP complex and color generation. Upon titration,
this solution respended to addition of the soluble starch indicator and a sharp end
point was observed. It was also found necessary to change the order of the
addition of the 5.0-mL sample, acetic acid, and Kl to the 70-mL fluid in the titrating
mixture. It was observed that the sample should be added last to the water, ethyl
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alcohol, acetic acid, Kl titrant solution to prevent oxidation of the ethanol by the HTH
before reaction with the K.

The validity of the modified ASTM D 2022 test method was checked to
confirm that the procedurai modification had produced no signiticant changes in the
quality of the test results. The validity was confirmed by conducting the following
series of comparative determinations. A series of three 5X replicates of 4 wt %
HTH solutions in deionized water was anaiyzed using the 70-mL titration diluent
solution of 100% deionized water, 75/25 deionized water/EtOH, and 50/50 deionized
water/EtOH. Thus a total of 15 HTH purity deteminations was performed. The
results are presented in Table 2. It is evident from using this ethanol addition and
new mixing order procedure that the results obtained are equal to the results
obtained in pure water. It should also be noted that the range of these 15 values
fall within the range of the previous purity de‘erminations for the same batch of
HTH.

Table 2 EFFECT OF EtOH/DI WATER TITRANT BASE SOLUTION
ON HTH ANALYSIS

Base solution ‘
25 vol. % EtOH 50 vol. % EtOH

Sample No. 100% Di water* 75 vol. % DI water 50 vol. % DI water

- 1 70.48° 70.48 T 71.61
2 70.48 70.03 70.03

3 70.25 70.48 70.25

4 70.48 70.48 70.71

5 69.80 70.25 70.25

X 70.30 70.34 .70.56

o 0.30 0.20 0.63

Cceff. of dev. (%) 0.43 0.28 0.89

AQV of all 15 samples

X =70.41

o =042

Coeff. of dev. = 0.60%

Range = 639.21 to 71.61 {no outliers)

ARG B R RN A R S MRS S N TSR R

* Deionized water.
® Data shown as wt % Ca(QCl), in dry HTH powder.
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24 CALCULATION OF SOLUBILITY PARAMETERS

The energy of the cohesion forces between molecules in a fluid (or solid) is
dependent upon molecular structure and is equivalent to the latent heat of evapora-
tion. These cohesive energies can be attributed to three types of attractive forces:
(1) dispersive, (2) polar, and (3) hydrogen bend. The data and procedures reported
by Van Krevelen (Ref. 1) were used to derive the partial {energies related to the
three attractive forces) and total energy in terms of (J)'?/(cm)*? where "J* is the
equivalent cncigy in Joules and "em® is the molar volume cm/mol. The partial and
total values are used to provide numerical values related to the solvent properties
of the compound(s) under study. The total energy is the square root of the sum of
the squares of the three partial values. The procedures were used to select candi-
date solvents for investigation and for evaluating the molecular design of new
synthetic products.

Key references to the major techniques for calculating solubility parameters
are presented in Appendix A.

25 CHARACTERIZATION OF POLYMER/SOLVENT INTERACTIONS

A 100-mg sample of K-125 polymer and 5 mL of scivent were placed in a
screw-cap bottle (4 cm high by 2 cm in diameter). The bottle was placed on a roller
assembly and subjected to tumbling agitation for 16 hr at 25°to 27°C. The polymer/
solvent mixture was observed at 30, 60, 120, 240, and 980 min. All polymer/solvent
interacticns (swelling, agglomeration, dissolution) were noted and the times
recorded.

2.6 MELTING POINTS OF SOLVENT MIXTURES

The melting points of water/sulfolane/3-methylsulfolane mixtures were
determined using the following apparatus and procedures.

The metting point tube consisted of a 6-in length of 4- x 6-mm glass tubing,
one end sealed, fitted with a Type E 10-mil diamr:ter thermoccuple located 0.75 in
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from the tube bottom (sealed end). The mixture under test was charged to a
1 1/2-in height in the melting point tube. The filled tube was then immearsed in a dry
ice/Dowanol PM (propylene glycol monomethy! ether) mixture in a 500-mL dewar.
Care was taken to ensure that the temperature-sensing thermocouple remained in
position. The temperature of the sample was monitcred by an Omega Model 650-E
digital temperature indicator (in °F). This indicator has a 1-mV/°F output that was
fed to an Omega Model No. 620-2M strip chart recorder. The recorder controls
were set so that the recorder would indicate temperatures from 40°F (4°C) down {2
~B0°F (-51°C) at a sensitivity of 10°F/in of chart. The chart was driven at 60 cm/hr.

The sample under test was cooled to -90° 10 ~100°C, the tube removed and
immediately placed in 3-in-thick Styrofoam block containing a 2 1/2-in-deep 0.5-in
diameter hole. The sample was allowed to slowly warm to at least 32°F without
being disturbed in any fashion. The rate of warming was recorded between -80°
and 32°=.

The time-temperatura response of this test device is a smooth hyperbolic
curve, decaying if there are no melting or phase changes occurring over the operat-
ing temperature range. If melting occurs, the warming rate rapidly becomes nearly
zero and produces a flat *knee” in the time-temperature response plot presented by
the strip chan recorder. The true melting point can be determined by drawing a
straight line through the flat "knee" of the plot and cne through the response curve
above the melting point (20°F range). The intercept of these two lines corresponds
very well with the visual disappearance of the last solid particles ‘» the melt, which
is the normally reported melting temperatura.

2.7 OXIDATIVE REACTIVITY WITH THICKENED SIMULANT

Direct measurement of the temperature of the reaction mass (50 ul of
thickened simulant and 100 pl of the DAM formulation) proved to be an effective
method for estimating the relative reaction rates of the formulations under study.
After several trials, the following apparatus procedures were developed.
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2.7.1 Apparatus

Kimax® No. 45048 6- x 5§0-mm au'ture tubes were found to be ideal for this
purpose. A pair of 0.010-in diameter T¢{lon-insulated, "E"-type thermocouples, in
*bucking" order, was prepared. One couple is the ice point reference; the other, the
sample temperature detector. The cutput voltage from this couple pair was ampli-
fied (Texas Instruments TL082 dual operational amplifier based gain unit) 294 times
to provide an output of 10 mV/°F (18 mV/°C). This sensitivity was within a 20.5%
accuracy limit between the temperatures of 70° and 85°F (21.1° and 29.4°C). The
temperature-proportional voltage was fed to the input of an Omega Model No. 620
2M 10-in strip chart recorder. When set on the 100-mV sensitivity range, this
arrangement provided a range of 10°F at 1.0°F/in of chart width at a readable
sensitivity of £0.05°F. This range was ideal for this purpose as trial runs had shown
that temperature increases of 4° to 8°F were to be expected using the culture tube
reaction with the 50/100-uL. sample size.

2.7.2 Procedure

Fifty microliters (0.05 mL) of the K-125 thickened diethyl malonate agent
simulant was charged inio the bottom of the culture tube using a 1-cc¢ insulin syringe
and a 2-in-long, 18-gauge needle. Care was taken to ensure that all the simulant
was placed in the bottom of the cufture tube with none smeared on the side of the
tube. Six or seven tubes were loaded for use in each evaluation of a single batch
ot DAM formulation. Sample tubes were handled with forceps to prevent addition
of heat from handling. Each tube was placed in a holder consisting of 2-in-thick
polystyrene foam containing 1/4-in holas (bored with a cork borer). The samples
were held there until needed. After standing in the holders for 30 min (for
temperature equilibrium with room conditions), a single tube was then placed into
a test holder consisting of a 2-in cube of Styrofoam with a 1 1/2-in-deep, 1/4-in
diameter hole. The sample "E" thermocouple was then inserted into the culture tube
so that the thermocouple weld bead was contacting the center bottom of the tube.
The cther thermocouple junction was immersed in a water-ice mixture in a glass
dewar to provide a 32°F (0°C) reference. The chart recorder pen was adjusted to
plot the test sample temperature on the 1-in line above chant zero and the charn
drive started. The sample in the 2-in cube holder was then tited about 30 degrees
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off vertical, and 100 uL (0.10 mL.) of the DAM formulaticn urder study was slowly
injected down the culture tube so that it washed gently over the surface of the
thickened simulant. A 1-mL insulin syringe with a 1-in, 18-gauge needle was used
to inject the DAM formulation. The reaction starts within 2 or 3 sec as indicated by
anincrease in sample temperature. The sample temperature was recorded until the
peak temperature was reached, and 0.5°F cooling from this maximum was
observed. The chart drive was turnad off at this point and tha recording pen lifted
from the chart. The sample-sensing thermocouple was then removed from the
culture tube, washed first in water and then in acetone, and dried. The chart drive
was operated at 3 cm/min. A typical reaction time/temperature plot is shown in
Figure 2. Tha total reaction times ranged from 3 to 4 min. Three data points were
extracted from each time/temperature plot a< follows:

1. Maximum Temperature Rise

Measure (in inches) the vertical distance from the start line to the peak cf the
plot. Multiply this value by 10°F/in to calculate the temperature rise.

2. Reactivity Rate Index

Draw a straight lina from the start point (where temperature rise first occurs)
to a point on the plot corresponding to one-half (1/2) of the total peak height
from the start line. Calculate the slope of this line in terms of °F/min. This
slope is an index of the speed of heat release, thus the reaction rate.

3. Time to Maximum Temperature

Measure the distance (in cm) on the longitudinal length of the chart plot from
the start to the point ccrresponding to the peak temperature. Multiply this
value by 20 sec/cm to obtain the time, in sec, to maximum temperature. This
value is also an indirect measure of reaction rate.
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Figure 2.  Reaction timeftemperature plot for reaction of sulfolane DAM
formulation with thickened agent simulant.
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SECTION 3

RESULTS AND DISCUSSION

The experimental results obtained during the course of this exploratory
development program are presented and discussed in this section.

3.1 SELECTION OF CANDIDATE SOLVENT SYSTEMS

Review and analysis of pertinent information obtained from ERDEC
communications, literature surveys (see Appendix A), and industriz! contacts (see
Appendix B) provided the basis for a general approach to solvent salection.

* The crganic solvent components must be relatively stable to oxicative attack by
hypochiorite.  An effective pot life of at least 6 h is required of the DAM
composition. The molecular structure of the organic components must be such
that there are no or only very limited readily oxidizable reactive groups (i.e.,
tertiary hydragens, readily oxidizable hydroxy groups, aldehydes and the like).

* The major components of a suitable DAM system must consist of a highly polar,
aprotic organic solvent similar in properties to the N-cyclohexy! pyrrolidinore that
has been previously investigated. The molecular weight of this solvent must be
sufficiently high to limit its vapor pressure and subsequent flash point to 110°F
(43°C) as a minimum.

* Ancillary compounds such as surfactants (i.e., Triton X-100) and couplers
(i.e., tertiary butyl alcohol, TBA) must have similar vapor pressure and flash point
properties. In addition, these compounds must be completely miscible in fresh
and sea waters.
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e Control of the balance of the three complex solubility parameters
(8 =[(8) + (5,2 + (8,)*1" ) must be maintained to control solubility properties.

» The solubility parameter values of the solvent will define its ability to form a
stable, one-phase solution of the solvent, water, the ancillary compounds and the
calcium hypochlorite (HTH).

The complex solubility parameters for the K-125 polymeric thickening agent
and a series of A-substituted pyrrolidinones, pyrroles, and succinimides were calcu-
lated to provide a basis for selection of promising solvents. The techniques for
calculating these values were based on those descrited by D. W. Van Krevelen
(Ref. 1), who developed an equation that utilizes :he complex parameters of both
soivent and polymer to develop a A3 (difference in mean solubility parameters)
value as follows:

where: 84p = dispersion force contribution to the polymer 8, ,
345 = dispersion force contribution to the solvent §; 4

and so on for the polar and hydrogen bonding components.

/2

Brp = [Busl + (Bef + (7] © and
brs = [(Sd.s>2 * (8,4 + (@.s)z]jn

For good solubility of a polymer in a solvent, the mean solubility parameter
difference should be equal to or less than 5 (s 5). These relationships provide a
convenient method for estimating the solvent's potential.

The K-125 polymer used as an agent thickener is a mixture of
methylmethacrylate (MMA), n-butylmethacrylate (nBuMA), and n-propylmethacrylate
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(nPrMA) homo polymers. The calculated (Ref. 1) complex solubility parameters for
these three polymers are shown in Table 3.

Table 3. COMPLEX SOLUBILITY PARAMETER
FOR K-125 POLYMER

Molar
. P, volume,

Polymer g/ce cc 84 3, S O
PMMA 1.17 88.5 16.5 5.7 9.0 19.7
PnPrMA 1.08 118.7 16.6 4.1 7.7 18.8
PnBuMA 1.05 135.2 16.6 3.6 7.2 18.4
1:1:1 mix of above 1.10 113.5 16.6 4.4 8.0 18.9

The 1:1:1 mix ratio is an assumption as the ratio was not known at the time
thesa calculations were made. However, as the complex solubility parameters of
these three polymers are quite similar (A5, = 2.8), changes in the mix ratios would
have very little affect on solubility characteristics.

Calculation of the A3 value between the K-125 mix for diethyimalonate and
cyclohexylpyrrolidinone (CHP) yielded values of 2.8 and 3.1, respectively. The
ready solubility of K-125 polymer in these two solvents has been repeatedly
demonstrated in the past. These observations validate this theoretical method for
estimating the potential of a model solvent for dissolving the K-125 polymeric
thickening agent.

The complex solubilty parameters calculated for the N-substituted
pyrrolidinones, an N-substituted pyrrole, an A-substituted succinimide, and two
sulfolanes are presented in Table 4. The methyl-capped ethylene oxide adducts
look quite interesting. They retain the same solubility parameters with increasing
molecular weight, a highly desirable property for control of flash point and perhaps
skin and eye irritation problems. The A-substituted succinimide compound has very
high polar and hydrogen bonding parameters, which makes it an interesting solvent
class if its other physical properties were appropriate.
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Table 4. COMPLEX SOLUBILUTY PARAMETERS
FOR SELECTED SOLVENTS

(S5INJ*/ em*?)

Compound 84 3, Sy &
A. N-Pyrrolidinones
1. N-Methy! 17.4 11.4 8.3 22.2
2. N-Cyclohexyl 18.0 6.8 6.6 20.3
3. N-(C,H,0-)CH, 17.5 8.7 8.6 21.3
4. N-(C,H,0-),CH, 17.5 8.0 8.7 21.1
5. N-(C,H,0-),CH, 17.6 7.9 8.8 21.2
6. AN-(C,H,0-),CH, 17.6 8.0 8.8 21.3
7. MN-C,H,OH 16.9 11.0 15.6 23.2
8. A-(C,H,0-)H 17.0 8.0 134 233
9. A-Dodecy! 16.1 3.8 4.9 17.2
B. A(C,H,O-)H pyrrole 16.2 6.8 8.2 19.3
C. A:-Methylsuccinimide 174 134 95 239
D. Sulfolanes
1. Sulfolane 17.6 19.7 7.6 27.5
2. 3-Methylsulfolane 17.9 16.6 7.0 25.4




3.2 OXIDATIVE STABILITY OF SELECTED SOLVENTS

The 6-hr stability of selected solvents in an agqueous solution containing
4 wt % hypochlorite was determined for some 40 solvents and solvent mixtures.
Oxidation of the solvent was followed by monitoring the level of active chlorine in
the test mixture. The results ranged from near instantaneous oxidation to less than
4% loss of available chlorine after 6 hr exposure. A complete summary of the test
results is presented in Tables C-1 through C-3 and in Figures C-1 through C-9 in
Appendix C.

Those solvents showing better than 60% retention of available hypochlorite
are presented in Table 5 and Figure 3. The reference solvent 1-cyclohexyl-2-
pyrrolidinone (CHP) is the least oxidatively stable of the liquid solvents. The
alcohols were rejected because they are not solvents for the K-125 polymeric
thickener. The only potential solvents to replace the 1-cyclohexyl-2-pyrrofidinone
were sulfolane and 3-methylsulfolane. It is interesting to note that t-butyl alcohol
exhibited the highest resistance to oxidaticn by aqueous hypochlorite of all the
solvents examined. This stability probably reflects the shielding effect of the three
methyl groups around the hydroxyl functionality.

The two sulfoianes are excellent candidates for use in the DAM formulation.
In addition to their superior oxidative resistance, both compounds have very low
vapor pressure (< 1 torr) over the temperature range of 0° to 60°C (32° to 140°F).
The boiling points of the sulfolanes are above 200°C at 1 atm, and a mixture of the
two compounds can have a melting point as low as =15°C (5°F) with an usable fluid
range. The limited toxicological data (Ref. 2) shows that the compounds have low
acute toxicity and are only mildly irritating to the skin and eyes. Their compatibility
with chemical agent monitors (CAMs) is unknown. The very low vapor pressure of
these compounds suggests that they may have only a very limited impact. These
two compounds are typical of aprotic, strongly polar high boiling solvents.




Table 5. STABILITY OF STABLE SOLVENTS
IN 4% AQUEOUS HTH

Percent of original HTH
at indicated time*®

Solvent Ohr 05hr 2hr 4br 6 hr
t-Butyl alcohol 101.2  100.1 101.2 100.4 ND
N-Cyclohexylpyrrolidinone 84.5 91.9 89.0 8856 83.7
2,5-Dimethyl-2,5-hexanediol 89.9 83.9 85.2 85.0 ND
Sulfolane 97.5 95.4 95.8 94.9 94.6
3-Methylsulfolane 94.8 94.2 842 935 92.9

Concentration of hypochlorite in water control at O hr = 100%.
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3.3 PYRROLIDINONE-BASED SOLVENT SYSTEMS

The oxidative stability of tae following seven pyrrolidinones was svaluated
using the standard aqueous hypochlorite test: (a) 2-pyrrolidinone (2-P), (b) poly-/V-
vinyl-2-pyrrolidinone (PNVP), (¢) 1-methyl-2-pyrrolidinone (NMP), (d) 1-cyclohexy!-2-
pyrrolidinone (CHP), (e) 1-hydroxyethyl-2-pyrrolidinone (2°-HE-2-P), (f) 1-octyl-2-
pyrrolidinone (NOP), and (g) 1-dcdecyl-2-pyrrolidincne (DDP). The results of the
tests of the five water-soluble pyr-olicinones are shown in Figure 4, and the results
for the two partially soluble pyrroiidinones, NOP and DDP, are shown in Figure 5.

Only CHP exhibited suffic:ant oxidative stability to meet the DAM stability
requirement, i.e., retention ot > 6 )% of the hypochlorite content 4 hr after mixing.
All other pyrrolidinones failed to possess the desired stabiiity and/or solubility
requirements. Therefore, it app=ared that formulation studies and/or synthetic
designs would be required to ach:eve the desired physicochemical properties.

3.3.1 Formulation Studlies with MAlkyl-2-pyrrolidinones

N-Octyl- and N-dodecyl-2-oyrrolidinone showed very limited solubility in
aqueous solution as reflected by their low solubility parameters. A series of
formulations was made using eithar +-butanol or 2,5-dimethyl-2,5-hexanediol as a
cosolvent to aid in increasing water solubility. Only modest increases in the
solubility of water in these two pyrolidinones were created by the cosolvents. For
example, neat Atoctyl-2-pyrrolidinane (NOP) will dissolve 0.45 mL water per mL
before phase separation.

A 25 wt % solution cf 2,5-dimethyl-2,5-hexanediol in N-octyl-2-2yrrolidinone
would dissolve 0.55 mL water before phase separation occurred. Similar but
smaller amounts of water were soluble in N-dodecyl-2-pyrrolidinone (DDP) and
cosolvent mixtures. Under no conditions was it found possible to prepare stable-
water NOP or DDP solutions with cosolvents that would remain in a single-phase
state if there was 1% or more HTH in the water portion. Phase separation occurred
almost instantaneously on ar tition of HTH. Water dissolved in the pyrrolidinone
solvent, even with highly polar cosolvents, cannot support the solution of the ionic

HTH.
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Attempts to prepare water-based solutions of these two pyrrolidinones all met
with failure in the presence of any substantial volume of water (> 50 vol %), and
also failed if more than 1% HTH (by weight based on water content) was present.
Tne data shown in Figure 5 are based on a two-phase system kept under constant
stirring with a magnetic mixer. These results show that neither of these
pyrrolidinones have much stability in the presence of HTH. Further work with these
solvents was abandoned.

3.3.2 Design and Synthesis of Stable Pyrrolidinones

Two oxidatively stable pyrrolidinone structures were designed for synthesis
and evaluation studies: (a) 1-tbutyl-2-pyrrolidinone and (b) 1-[2(2,5-dimethyl-5-
hydroxyhexyl)}-2-pyrrolidinone.  The rationale for the structural designs and
proposed synthetic routes are presented as follows:

3.3.2.1 1-t-Butyl-2-pyrrolidinone

Review and analysis of the oxicative stability test data presented in Table C-1
of Appendix C indicate that structural steric hindrance of the oxidizable entity (i.e.,
the -OH group of +-butancl and 2,5-dimethy!-2,5-hexanediol, and the cyclohexyl ring
placement on the N atom of pyrrolidinone) provides piotection from oxidation. This
consiceration provided the basis for designing an oxidatively stable group to replace
the cyclohexyl ring. Such a group could be tailored to provide the desired complex
solubility parameters. The fair stabilty of N-methyl-2-pyrrolidinone is a good
example of the shielding effects. A tertiary butyl group on the pyrrolicinone nitrogen
should provide enhanced oxidative stability. This compound, 1-t-butyl-2-pyrrolidi-
none, has been reported in the literature (Refs. 3-5). lis synthesis used the same
high-pressure (50 to 200), high-temperature (250° to 280°C) gas phase reaction
used to produce the cyclohexy! derivative. The starting materials were 2-amino-2-
methylpropane (t-butylamine) and y-butyrolactone. Since no commercial source
could te identified, the synthesis of this compound was attempted by the reaction
of selected salts of 2-pyrrolidinone with ~butyl chloride as represented by the
following equation:
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N Cl
M CH3—(|)-—CH3
CHj

o
Q + CHS—C’}CHa e O + MCI
N
!

Where: M = Li, NaorK

B 1 SEV chap sre 010583

The synthetic procedures and results are reported in detail in Appendix D.

3.3.2.2 1-[2(2,5-Dimethyl-5-hydroxyhexyl)]-2-pyrrolidinone

The stabilty of CHP over a &hr pericd is sufficient to mest goal
requirements, but this material is a comeal irritant and in addition appears to "foul”
the chemical agent moniter, greatly reducing its (th2 cdatector’s) usefulness. It is
quite interesting to note (rom GAF data sheet) that 1-(2-hydroxyethyl)-2-
pyrrolidinone is only a minimal irritant. An explanation of this behavior would be of
value. However, the hydroxyethyl pyrrolidinone has very low oxidativa stability.

A compound of particular interest is 2,5-dimethyi-2.5-hexanediol. This diol
has very good resistance to oxidation by Ca(OCl),. lts structure is essentially a
dimer of tertiary butanol, whizh is also very oxidatively stable. These observations
suggest that a sclvent molecule containing the diol structure as an N-substituted
group on the pyrrolidinone ring might have all the required propertiec including
insensitivity to the chemical agent monitor because its molecular waight is
substantially higher than CHP. The molecular structure of the proposed solvent is:
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1-[2(2,5-Dimethyl-5-hydroxyhexyl)}-2-pyrrolidinone

The calcuiated solubilty parameters are: 8, = 16.0; §, = 5.7; §, = 11.3; and
5, =20.4.

The A% between this solvent and the 1:1:1 K-125 mixture was found to be
3.6 which is well within the good solvent (< 5) range. This proposed solvent would
be a good subjent for future synthesis work.

3.4 SULFOLANE-BASED SOLVENT SYSTEMS

The excellent resistance of sulfolanes to degradation and reaction in aqueous
HTH solution (see Figure 6) and the near complete solubility of K-125 in these
solvents dictated that these solvent systems be subject to a detailed evaluation for
their suitability as a DAM base solvents. The advanced developmental work was
focused on studies of sulfolane (tetrahydrothiophene-1,1-dioxide), 3-methyisulfolane
(3-methyl tetrahyo.'oth'iophene-1 , 1-dioxide), binary mixtures of these sulfolanes, and
ternary mixtures of the two sulfolanes plus water. The developmental studies were
structured to define three important parameters of the sulfolane-based solvent
systems: (a) solvation of K-125 polymer, (b) freezing point/composition
relationships, and (c¢) reactivity with thickened simulant.
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3.4.1 Solvaiion of K-125 Polymer

Sutfolane was found to be a "near" solvent for the acrylic thickener, K-125,
at a 5 wt % concentration. On mixing, the polymer powder was initially highly
swollen, and then, in 24 hr, a cloudy solution was obtained. This solution, however,
was unstable and reverted to a two-phase mass consisting of a relatively low
viscosity fluid and a thick, rubbery gel phase. This separation occurred 72 hr after
mixing on standing at room temperature. Apparently, the high solubility parameter
(8; = 27.5 J"¥/cm™?) prevented complete solution. The formation of a gel structure
suggests that only very high swelling of the polymer mixture occurs in sulfolane.

The insertion of a single methyl group onto the three (3) position of the
tetrahydrothiophene-1,1-dioxide molecule made a substantial change in solubility.
The K-125 polymer dissolved as fast in 3-methylsulfolane as it did in diethyl
malonate and N-cyclchexyl-2-pyrrclidinone, less than 16 hr under tumbling agitation.
The solution obtained was a crystal-clear, color-free, viscous fluid exhibiting stringy
flow. It was apparent that 3-methyisulfolane was an excellent solvent for the K-125
thickening agent.

An examination of the interaction with K-125 powder with three solvents,
N-cyclohexyl-2-pyrrolidinone (the reference solvent), sulfolane, and 3-methyl-
sulfolane in aqueous (35 vol % solvent) solution showed very interesting results.
Nearly immediate swelling of the K-125 polymear powder (0.1 g in 5 mL of solvent
water mixture) particles was observed with all three solvent/water mixtures. It was -~
obvious within 30 min that the 3-methylsulfolane solution was causing the most
rapid swelling of the polymer powder. After 2-hr exposure time, the particles in the
pyrrolidinone and sulfolane solutions were notably increased in size (2 to 3X) with
no evidence of particle agglomeration. Particles in the 3-methylsulfolane were
sticking to each other and were highly swollen. Cn standing overnight (16 hr), the
polymer particles in the N-cyclohexyl-2-pyrrolidincne and sulfolane were more
swollen (= 5X) but were not agglomerated. Swelling effects in these two water-
solvent mixtures were essentially equal. Swelling and agglomeration in the
3-methylsulfolane/water mixture were substantially higher.

The high swelling of the K-125 polymer particles in the aqueous
3-methylsulfolane solution suggests that 3-methylsulfolane would be the superior
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DAM solvent of the three investigated. Such swelling should ensure that the
3-methyisulfolane would rapidly penetrate the thin skin of polymer found on an agent
droplet even when in an aqueous solution containing HTH. The ability to rapidly
penetrate a thickened agent droplet under these conditions should lead to faster and
more complete decontamination.

3.4.2 Meiting Point/Composition Relationships

The two sulfolanes, 3-methylsulfolane and sulfolane, have rather high melting
points when pure, -2° and 27°C, respectively. Commercially available liquid
sulfolane is marketed with 3 to 5 vol % water, which lowers the freezing point to
= 7°C (45°F). The effect of water content in sulfolane on the mixture freezing point
is shown in Figure 7. At 10% water, the freezing point is 0°C (32°F). The melting
points of mixtures of sulfolane and 3-methyisuliolane have been reported by Shell
International Chemical Company Ltd. (see Figure 8). Mixtures of 3-methylsulfolane
containing between 42 mol % (45 wt %, 46.9 vol %) and 65 mo! % (67 wt %, 68.7
vol %) 3-methyisulfolane show a meflting point minimum in the -15°to -17°C (5° to
2°F) range.

A low melting point (= —=30°C [-22°F]) component *A" (the organic soivent[s])
of the DAM formulation is one of the required properties. The amount of water
required to produce maximum freezing point depression in the 60 vol % (58.6 wt %,
55.9 mol %) 3-methylsulfolane, 40 vol % (41.4 wt %, 44.1 mol %) solvent mixture
was dete mined.

Nine mixes of 60/40 vol % 3-methylsulfolane/sulfolane containing from 1.2 to
25 vol % water were prepared. The melting teraperature of each mixture was
determined in triplicate using the apparatus and procedure described in Section 2.6.
The mean of the three determinations was recorded as the melting point. Figure 9
presents a typical melting point determination time-temperature plot. The minimum
melting temperature occurred at a water content of 11.0 vol % with a mean melting
point of -25°C (-13°F) as shown in the plot of water content versus melting
temperature shown in Figure 10.
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Figure 7. Melting point of sulfolane/water mixtures.
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Figure 9. Typical melting point determination: time/temperature plot.
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It should be noted that this method was sufticiently sensitive to show the presence
of two different metting points that occur at water concentrations above 11%. The
upper melting point was recorded and used in preparing the plot presented in
Figure 10.

3.4.3 Oxidative Reactivity with Thickened Simulant

The final phase of laboratory work to be performed was the development and
use of a simple calorimeter to demonstrate the relative reactivities of the four DAM
formulations with K-125 thickened simulant. The compositions of the four

formulations were:

1. Relerence Formulation

30 vol % N-cyclohexyl-2-pyrrolidinone
20 vol % water
50 vol % of 8% by weight aqueous HTH solution

2. Minimum Freezing Point Formulation

31 vol % "A" component consisting of
11.0 vol % water
35.6 vol % sulfolane
53.4 vol % 3-methylsultolane ’
19 vol % water
5n vel % of 8% by weight aqueous HTH solution

3. Sudolane Formulation

30 vol % sulfolane
20 vol % water
50 vol % of €7 by weight aqueous HTH solution
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4. 3-Methylsulfolane Formulation

30 vol % 3-methylsulfolane
20 vol % water
50 vol % of 8% by weight aqueous HTH solution

Each of these four formulations supplies an effective 4 wt % solution of HTH
that is quite stable, retaining 93% to 95% of its reactivity for 6 hr at room
temperature for the suifolane formulations and 88% for the CHP formulation.

Attempis to access the effectiveness of these formulations against a
thickened agent simulant (5 wt % K-125 acrylate polymer mix in diethyl malonate)
using both the dynamic mechanical anaiysis (DMA) spring damping method to esti-
mate reaction mass viscosity, and the drop of agent simulant falling in the DAM
formulation met with failure. The DMA spring method failed because the device was
not sensitive enough to show any changes in viscosity on contact with a drop or two
of the DAM fermulations. A drop of the thickened simulant would float on the
surface of a colummn of the suliolane and 3-methylsulfolane/suifolane formulations
while it would sink into the CHP and 3-methylsulfolane formulations preciuding a
uniform evaluation of the formulation reactions to the thickened agent. The high
density (= 1.2 g/cc) of sulfclane produced this behavior. The failure of the two
proposed evaluation procedures forced a search fur an alternative procedure. The
use of differential scanning calorimetry (DSC) was examined. It was found that the
reactions were very fast; by the time the microsample pan was weighed and loaded
with — 10 mg of thickened simulant and 20 mg of the DAM formulation and was
placed in the DSC cell, the reaction was nearly complete and the sample was
cooling. Attempts to direct load the pan while it was in the DSC cell were too
imprecise and provided only very erratic results.

Direct measurement of the temperature of the reaction mass (50 pL of
thickened simulant and 100 ul of the DAM formu'ation) proved to be an effective
method for estimating the relative reaction rates of the formulations with thickened
simulant. The results obtained using the direct heat of reaction measurement
technique on the four trial formulations is presented in Table 6. Six replicate
determinations were made for each formulation. In only one case, the sulfolane
DAM formulation, was the data so scattered that one test result set cculd be
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Table 6. OXIDATIVE REACTIVITY TEST RESULTS

Reaction property

React. rate index, Seconds
Formulation Max AT, °F °F/min toMax T
3-Me DAM, n=6
¢ +4.68 6.47 167
o] 0.370 0.523 15.9
CofD ' 7.90% 8.29% 9.52%
Sulfoiane DAM, n=5+1 putlier
b4 +5.62 6.36 113
o] 0.368 1.22 4.15
CofD 6.56% 19.3% 3.68%
3 Me/S DAM, n=6
b4 +5.84 8.63 140
o 0.301 0.482 10.6
CofD 5.14% 5.59% 7.61%
CHP DAM, n=6
X +4.04 472 161
c 0.680 0.888 17.2
CofD 16.2% 18.8% 10.7%

X = mean test value
o = standard deviation
C of D = coefficient of deviation




rejected on the basis that two of the three parameters measured were more than
two sigma (2 o) different than the mean value for the six tests. This one test was
declared an "outlier® and was not used in calculation of the formulation tests X, o,
and C of D calculations.

In terms of the two most important test resuits, the maximum temperature
rise (AT Max) and the reactive rate index (°F/min) showed that the 3-methyl-
sulfolane/sulfolane cosolvent formulation (3 Me/S DAM) was significantly faster
(nearly 2X) than the A-cyclohexyl-2-pyrrolidinone (CHP) formulation. The two
formulations based on 3-methylsulfolane (3-Me/DAM) and sulfolane (S/DAM)
reacted significantly faster than the CHP formulation. Reactivity measurements of
this type should be performed in a constant temperature (£1°F) chamber.

The data obtained do indicate that all three of the trial formulations are
superior to the CHP formulation in terms of relative oxidative reactivity. This test
procedure should be readily adopted for use with thickened agents under "surety”
laboratory conditions because relatively small (50 pL or less) sampies are required.
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SECTION 4

SUMMARY AND CONCLUSIONS

41 SUMMARY

The major areas of investigation and the principal results obtained in each
area are summarized as follows.

4.1.1 Analysis and Stability of Aqueous Hypochlorite

Modification of the analytical procedures of ASTM Method D 2022(89),
*Standard Test Methods of Sampling and Chemical Analysis of Chlorine Containing
Bleaches,” produced analytical results statistically identical with the standard
methad. The batch of commercial high test hypochlorite (HTH) obtained from
Bio-Lab, Inc., was found to be 71.06 £ 0.648 wt % Ca(OCl),. Nominal2and 4 wt %
solutions of this HTH were found to be equally stable for at ieast a 6-hr period in
deionized and synthetic seawater. Statistically, no degradation (loss of active
chlorine content) was found at the end of this test period.

4.1.2 Selection of Candidate Solvent Systems

The use of solubility parameters to estimate the solvent ¢ .Jperties of organic
fluids proved to be of value in selecting fluids that would dissolve the K-125 acrylate
polymer thickerier. The data and procedures for interpreting the importance of the
three partial components (8,, §,, §,) described by Van Krevelen (Retf. 1) was used
to calculate the solubility parameters of the K-125 polymer mix and to estimate its
solubility in selected solvents. These techniques were also used to assist in
selecting the structure of a candidate solvent for attempted synthesis. Solubility




parameter considerations combined with structure effects or a compound's
resistance to oxidation provide a rational approach to solvent selection for this
demanding application.

4.1.3 Oxidative Stability of Salecied Solvents

As described in Section 3, thare were only four solvents in addition to the
N-cyclohexyl-2-pyrrolidinone that had adequate resistance to oxidation in agueous
4% HTH. The two alcohols were not suitable in terms of their low flash point (t-butyl
alcohol) or physical state (2,5-dimethyl-2,5-hexanediol, mp = 88°to0 90°C). The two
sulfolanes, tetrahydrathiophene-1,1-dioxide and 3-methyltetrahydrathiophene-1,1-
dioxide, were supericr to all the pyrrolidinones examined. The melting points of
these two solvents were tco high {27° and -2°C, respectively) for consideration in
light of the low temperature stability goals required for long-term field storage.
Fortunately, mixtures of these two solvents with small amounts of water (= 10 vol %)
produced a mixture with 8 -25°C {-13°F) melting point closely approximating the
-30°C (-22°F) low temperaturs goal.

The oxidative stability of a mixture of these two solvents (60 vol %
3-methylisulfolans, 40 vol % sulfoiane) in 4 wt % HTH agueous solution was better
than 97% retention of HTH oxidative activity for 6 hr. Thus the solvent mixture is
the prime candidate for replacement of A-cyclohexyl-2-pyrrolidinone.

4.1.4 Low Melting Point Solvent Mixture

In order to have a field use-compatible solvent for the DAM system, the
target freezing point for . '3 compenent was set at -30°C (-22°F). This low melting
point is required to ensure that storage containers do not require heating prior to
use in making the "A" (solvent 60 vol %, water 40 vol %) component of the DAM
formulation. As described in Section 3 of this repont, it was possible to produce a
low melting fluid mixture of the two sulfolanes and water that had a melting point of
~25°C (-13°F). The composition of this mixture was 11.0 vol % water, 35.6 vol %
sulfolane and 53.4 vol % 3-methylsuifolane.
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4.1.5 Solubility of K-125 Polymer in the Sulfolanes

In order to produce effective decontamination c¢f a surface covered with
thickened agent droplets using a water-solvent-oxidant decontaminant, the solvent
must swell and penetrate the droplet and the layer of polmeric thickener that forms
at the air/droplet interface. Solubiiity of the polymeric "hickener in the soivent(s)
portion of the DAM formulation is of prime importance. Both of the sulfolanes
proved 1o be solvents for the K-125 polymeric thickener a* a 5.0 wt % concentration.
Complete, stable solution of K-125 was observed with 3-methyisulfolane. This
observation was somewhat surprising in light of the high solubility parameter of this
compound. The total solubility parameters of sulfolane is 27.5 J"?scm™?, that of
3-methylsulfolane is 25.46 J"?ecm™? while the &, for K-125 was calculated at
19.7 J"ecm™?. This large difference infers that the K-125 would be insoluble in

these two compounds. Calculation ot the A3 by Van Frevelen’s method (Ref. 1)
yielded values of 12.3 for 3-methylsulfolane, 15.3 for sulfslane, and 13.5 for a 60/40

solvent blend. When the A% is 5 or less, the solvent-pol 'mer system is considered
to have good solubility. Despite these estimates, 3-methylisuifolane proved to be a
*good” solvent for K-125. Sulfolane could only be considered a “near” solvent, as
the solution obtained was unstable and reverted to a gei with time.

Examination of the effect of 35 vol % aqueous mixtures of both
3-methylsulfolane and sulfolane on K-125 polymer powder showed that the greatest
swelling and particle agglomeration was produced by 3-methyisulfolane. Sulfolane
and N-cyclohexyl-2-pyrrolidinone at the same concentra‘ion in water produced less
swelling and very little particle agglomeration.

These observations suggest that 3-methyisulfolarie wou!d be the best DAM
solvent in terms of oxidative stability and power to dissuive the polymeric thickener.
However, in order to mieet the low melting point requirement, it is necessary to use
a mixture of 3-methylsulfolane, sulfolane, and water. Cptimization of this mixture
should be directed toward incorporating the maximum possible amount of the
3-methylsulfolane.




4.1.6 Reactivity of Candidate DAM Formulations

Measurement of the degree and rate of heat generation on exgosure of a
static 50-uL portion of thickened simulant (5 wt % K-125 in ¢isthvimaicnate) to a
100-uL. portion of candidate DAM formulations in a micro test tube provsd to be an
effective method for comparing different formulations. This rather srude, but
effective calorimeter readily demonstrated that the sulfolane formulatic~s were at
least 50% more reactive than the N-cyclohexyl-2-pyrrolidinone (referenc:) formula-
tion. A synergism was observed with mixed sulfolane formulation when the rate of
heat generation {reaction) was about 30% greater than the two singie solvent
sulfolane formulations and nearly twice as fast as the reference formulzsion.

As the 100-uL. DAM formulation gently flowed (without mixing: over the
exposed thickened simulant surface, this test procedure provided a mezsure of the
DAM formulation’s ability to penetrate the simulant air interface (with the thickener
film being allowed 30 min to form) and to react with the simulant. This simple test
thus allowed the generation of a numerical rating of formulation activity it a regime
simulating field conditions. The resuits obtained showed, unequivocali;, that the
sulfolane-based formulations were at least equal to the N-cycichexyl-2-py:rolidinone
formulation and perhaps as much as 50% faster. Based on the results obtained,
a component "A” solvent formulation, consisting of a mixture of 3-methylsulfolane,
sulfolane, and sufficient water to produce a minimum melting point, is reccmmended
for replacing the N-cyclohexyl-2-pyrrolidinone formulation. The specific formulation
for the "A* solvent is:

3-Methylsuifolane 53.4 parts by volume
Sulfolane 35.6 parts by volume
Deionized water ~ 11.0 parts by volume

A 1-L quantity of this solvent mixture was prepared and shipped to ERDEC
for evaluation.
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4.2 CONCLUSIONS

Significant conclusions derived from this investigation, which are directly
related to the sulfolane solvent system (3-methylsulfolane/sulfolane/water mixture)
and the DAM formulation requirements, are presented as foilows.

4.2.1 Health Hazard—Favorable

Sulfolane is only moderately toxic by subcutaneous injection with an LD,
value of 3.5 g/kg body weight in rabbits. LDs, by ingestion was 1.9 to 5.0 g/kg.

Sulfolane is a minimal and transient eye and skin irritant. inhalation of vapors
is not considered dangerous as the vapor pressure at ambient temperatures is very
low (boiling point is 287°C). Inhalation of aerosols should be avoided.

The data on 3-methylsulfolane are very limited and should be established
prior to field use of any DAM formulation containing this fluid. it would be expected
from the similarity in structure and the similarity in physical properties that its
toxicological properties will be quite like those of sulfolane.

4.2.2 Flammabllity—Acceptable

The flash points of these two solvents are very high; sulfolane at 165° to
178°C (329° to 35z°F) and 3-methyisulfolane at 163°C (325°F). Thus these two
solvents will create no significant fire hazard at ambient temperature.

4.2.3 Compatibility with Coatings—Unknown

Not considered in this investigation.
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4.2.4 Mixabllity—Acceptabla

The two solvents are completely miscible in water and are of low viscosity,
= 10 cP at ambient temperature. Their densities are in the 1.2 g/cm® range which,
with their fluidity, should not lead to problems in low intensely mixing operations.

4.2.5 Decentamination Efficiency—Unknown

Determination of this property was not within the scope of this program. No
testing with surety compounds could be performed.

4.2.6 RHResidual Eﬁects—Favorable

As the two sulfolane solvents are completely soluble in water, very little
residue will be left after the final water rinse of a decontaminated surface. The
sulfolanes should be superior to the pyrrolidinones, because there is far less chance
for oxidized solvent preducts to be formed.

4.2.7 Mixed DAM Use Temperature Range—Acceptable

The high thermal and oxidative stability of these sulfolanes suggest that
temperatures as high as 60°C could be tolerated. At that temperature, the HTH
theimal decomnosition rate would be quite high, however.
4.2.8 Salt and Brackish Water Compatibility—Acceptable

No precipitation of other instability problems are expected. Stability in
synthetic seawater was demonstrated.
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4.2.9 Storage Stability—Acceptable

The thermal and oxidative stability of these twwo sulfolanes indicate a long
stable storage life even in the presence of 11% water. Only the problems
associated with storing a "wet" soclvent mix need be considered in selecting storage
containers.

4.2.10 Effective Pot Life—Acceptable
As demonstrated in oxidative stability tests, DAM formulations based on the

binary sulfolane solvent mixture and a 4 wt % concentration of HTH, the effective
pot life at ambient temperature was more than 6 hr, exceeding the 4-hr goal.

4.2.11 CAM Compatibility—Unknown

This area of compliance could not be evaluated during this program. In light
of the very low ambient vapor pressure (< 0.01 Torr) of these two solvents, it is
expected that any interference with CAM sensitivity would be minimal.
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APPENDIX A

LITERATURE SURVEY




A cursory examination of the literature was undertaken to ascartain potential
solvent candidates. Two major classes of compounds, the N-substituted
pyrrolidinones and sulfolanes, were searched in more detail. The N-substituted
derivatives of a 5-member ring with two heteroatoms, i.e., 2-oxazolidinone, were
briefly visited. Two primary referer.ces on solubility parameters and several
additional recent publications on three-dimensional solubility parameters were

reviewed.

N-Substituted Pyrrolidinones

A number of N-substituted pyrrolidinones were evaluated as potential solvent
candidates. To broaden this material base, information on N-substituted
pyrrolidinones not commonly available was searched for as well as their methods
of preparation and their physical properties.

Technical Bulletin 2300-003R2, "N-Substituted Pyrrolidinones,” GAF Corporation
(1981).

Gaftield, W., L. W. Keefer, and P. P. Roller, "Synthesis of the Selective Bladd:ar
Carcinogen N-(n-Butyl)-N-(3-carboxypropyl) Nitrosamine,* Organic Preparation
Proceeding International, 9, 49-52 (1977).
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Sulfolane

Sulfolane, tetrahydrothiophene-1,1-dioxane, is a colorless, highly polar, water-
miscibie, relatively unreactive chemical. The chemical stability and success of
sulfolane in our solvent formulation evaluations dictated that we identify other
potential derivatives of sulfolanes as possible candidate solvents. The following
selected citations on sulfolane were evaluated to this end. The 3-methy! derivative
was identified as meeting many of our solvent criteria. The literature was very
limited on the 3-methy! analog; however, excerpts of an internal report from Shell
Intemational provided detziled informaticn unavailable in the open literature. This
information is appended.

Technical Information of Sulfolane Bulletin 524, Special Product Division, Chemical
Department, Phillips Petroleum Company.

Technical Bulletin 1C:71-20, Sulfolane, and SC798-80 Shell Sulfolane-W, Shell
Chemical Company, Industrial Chemicals Division.

Lindstrom, M., and R. Williams, "Sulfolanes and Sulfones,” Kirk-Othmer,
Encyclopedia Chemical Technology, 3rd ed., Vol. 21, 961-968.

Seiders, R. P., "A Study of Novel Microemulsions Containing Dialky!l Sulfones as
Unconventional Cosurfactants,” Report Research Division, Chemical System
Laboratory, Aberdeen Proving Ground, Maryland, pages 11-17.

Seiders, R. P., "Sulfones as Unconventional Cosurfactants in Microemulsions."
Symposium Macro- and Microemulsions, No. 17, 265-273, American Chemical
Society (1985).

Seiders, R. P., "Fundamental Studies of Microemulsions,” Chemical Systems
Laboratory Repont, Aberdeen Proving Ground, Maryland, pages 203-206.

Burwell, R. L., and C. H. Langford, "Solvent Characteristics of Tetramethylene
Sulfone,” J. Amer. Chem. Soc., 81, 3799-3800 (1959).
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Soc. (C), 2176-2180 (1967).
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Series, Vol. 10, Pergamon Press, Oxford, England (1993).

Loev, B., "Suifolane Derivatives," J. Amer. Chem. Soc., 66, 4394-4393 (1961).

Oxazolidone

The oxazolidones are a family of S-member rings containing nitrogen and
oxygen heteroatoms separated by a carbonyi functionality. They could be thought
of as cyclic urethanes. They can be readily prepared by reaction of isocyanates
with epoxides. A literature search was conducted by CAS numbers looking for a
combination of cyclohexyl isocyanate with the common epoxides of cyclohexane
oxide, ethylene oxide, propylene oxide, and styrene oxide. These would yield N-
cyclohexyl oxazolidone for comparison to N-cyciohexyl pyrrolidinone. There were
no references to any of these desired compounds from 1967 to present. The N-
methyl derivative, 3-methyl-2-oxazolidinone, was commercially available from
Aldrich. It was evaluated in our active chlorine test and found to be less chemically
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stable than the corresponding N-methyl pyrrolidinone. This family of compounds
was therefore abandoned as potential solvent candidates.

Solubility Parameaters

The basic references of Van Krevelen and Barton provided the basis for
evaliating the solubility parameter of our solvent mixtures. In addition to these,
several other recent studies using the three-dimensional solubility parameter
concept to ascertain miscibility and soiubility of polymer blends were also utilized.

Van Krevelen, D. W., Properties of Polymers, Elsevier, New York, pages 76-88 and
pages 200-220 (1982).

Barton, A. F. M., Handbook of Solubility Parameters and Other Cohesion
Paramsters, 2nd ed., CRC Press (1991).

David, D. J., and T. F. Sincock, "Estirnation of Miscibiiity of Polymer Blends Using
the Solubility Parameter Concept,” Polymer, Vol. 33, 4305-4514 (1992).

Coleman, M. M., C. J. Serman, D. E. Bhagwagar, and P. C. Painter, "Polymer
Reviews, A Practical Guide to Polymear Miscibility," Polymer, Vol. 31,.1187-1203
(1990).

Zellers, E. T., "Three-Dimensional Sciubility Parameters and Chemical Protective
Clothing Permeation. 1: Modeling the Sociubility of Organic Solvents in Viton
Gloves," Journal of Applied Polymer Science, 50, 513-530 {1893). '

Zellers, E. T., and G. Zhang, "Three-Dimensional Solubility Parameters and
Chemical Protective Clothing Permeation. |l: Modé!ing Diffusion Coefficients,
Breakthrougi: Times, and Steady-State Permeation Rates of Organic Soivents in
Viton Gloves," Joumna. of Applied Polymer Science, 50, 531-540 (1993).

Vakdat, N., “Solubility of Binary Liquid Mixtures in Polymeric Materials," Journal of
Applied Polymer Science, 50, 1833-1841 (1993).
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APPENDIX B

INDUSTRIAL CONTACTS




Suifolane and 3-Methyisulfolane

There are two producers of sulfolane, Phillips Petroleum Compahy,
Bartlesville, Oklahoma, and Shell International Chemical Company, England. Shell
cnce produced sulfolane in the United States but has recently closed its U.S. facility
and now produces sulfolane only in England.

The methyl derivative, 3-methyisulfolane, was recently produced as a
developmental chemical in England, but it is no longer in production. Considerabie
information was obtained from an internal report of Shell's, and since this
information was not available in the open literature, it has been included in this
report. Some of the figures and tables mentioned in the Shell text were not
included, and none of the references cited were included.

If demand were appropriate, their process could be restarted with an
estimated cost (9/93) of ~ $6/kg on ton quantities.
The Sheli contact in England was Mr. Mike Day, overall coordinator for all of
Shell»Synthetic Chemicals, telephone: 71-934-5448, fax: 71-934-3558.
Phillips Petroleum Company presently supplies the 3-methyisulfolane as a

developmental chemical. Their prasent price is — $20/Ib as a specialty chemical.
The contact at Phillips was Mr. John Roberts, telephone: 918-661-5178, fax: 918-
661-8379. The 3-methylsulfolane used in our studies came from Phillips.

Pyrrolidinones

The pyrrolidinones are no longer available from the GAF Corporation. They
are now available from ISP (International Specialty Products), telephone:
1-800-323-2272. ISP does not supply the dodecy! derivative anymore; they,
however, do supply the N-cyclohexyl pyrrolidinone. The N-tert butyl derivative was
not available, even as a specialty chemical.
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typical physical properties of

Sarmula CaHgS02
“lolecutar Wesant 120.17
Appearance Ciear Liguid
Soecific Gravity, 20/4C 1.261
100/4C 1.2012
Density, Ibs/gal, 60°F 10.5
Density, g/mi1, 80°F 1.2786
3oiling Point, °F £45
“-sezing Point. °F /99 8+ wt. % Sulfotanes 78.8
Siash Point, °F 230
/apor Pressure. mmmgq.. at 202°F 14.53
320°°F 21.85
392°F 25.23
110°F 115.1
300°F 2214
Jiscositv, ¢3. at 30°C 10.3
30°C 3.1
100°¢C 2.5
120°C T
njelodge 1.0
Zatractive tngex 30°CC 138
—e37 91 Yaponization Stuslb. more, at 21298 27.000
2929¢ 26.500
—e3t Cagacity 2F L.guic.8tu/th, 9% 3z 2129°F 240
292°F 2.48
~eat or Susion, Bw/ib 332
Zierectric Constant 130°C) W0
Zaefficient ot Thermat £xoansion a2 82°% oer °F 233 x50
“hermar Conguctivity {2}, Stusthr 1Se. Fu (OF &0
30 2.107 438
30 2.098 14
100 2.114
e 2,112

*i This vatue calculatea from the emoirical equanon a = 0.000333 ~ 2.3 x 107 7 1820
wnere a = zpefficient o7 exoansion
- = termperature. °€ in tne aopucaole range ot 37°F 0 400°F Zase temoerature 15 S2°F wnien 15 ne
Tetting poINt 9T dure sultolane.
The suifolane usea in the congucIivity test contained 1.2 wt. ° water as ceterminec Dv freezing point ang Karl

(g8 ]

Sisner water anaivsis.

RS

{2} Seiow tne freezing soNt.
.4} The sutioiane used 1N INIS CONQUETIVITY test was the same as in Note 2 exceot 11 containec 4.5 wt. % benzene ~

2.2 wt. Y5 toluene.
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The 3-methylsulfolane was commercially available, and was
further purified by distillation. Its purity was greater than 99.5 &,
which was determined by the same GLC analyses as are used in the determin-
ation of the purity of sulfolane.

(b) Density ‘
We measured the liquid density of 3-methylsulfolane in a
calibrated high-pressure pyxnometer®. The results are reported in Table I.

In Fig. 1 our data and those of Vaughné are ccmpared with
the values calculated by the PPP-7 program. The thres sets of data show
a good agreement.

(e) Viscosity

We measured the viseosity in a standard Ubbelohde viscometer.
The results are as follows:-

t, °C Viscosity, cP
KN .s/m2
37.8 7.4877
60.0 4.388
s8.9 2.149
In Fig. 2 our experimental values are plotted together with
those measured by Vaughn and the values calculated by PFP-7.

(&) Vapour pressure

We determined the vapour pressure of 3-methylsulfolane in
the temperature range 160-290 °C in a static way, as described in ref. 9.
The results are given in Tadble II together with an Antoine equation
which was derived from the experimental data. In Fig. 3 the experimental
ta are plotlad together with the calculatad ones.

(2) Refractive index

The refractive index was determined in a standard Abbe
refractcmeter. The following values were obtained:

t, °¢C Refractive index
20 1.8779
0 1.4750
40 1.4708
0 1.4687
&0 1.4632
70 1.4595

(f) Physical property data sheet

From the experimental data obtained we selected the vapour
pressure, density and viscosity as input for the PPP-7 program. The
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eritical propertias were calculated by Lydersen's method'O.

The heat of fermaticn and heat capacity for the ideal gas
state were calculated following Bensan's method as described by Chuehl!l.
Thne calculated gas and liquid properties are given in Table III.

II-3. Vamour-liguid equilidbria of the S-methylsulfolane-water system

Since no data of the system J-zethylsulfonane-water were
availahle, and water will almost invariably be present in the sulfolane
extraction process, we determined the vapour-liquid equillbria for
this system. For this purpose we adopted the P-x method, i.e2. we
measured the total pressure of several compositians as 2 functien of
temperature. The experimental procedure was identical with the one we
used for the system sulfolans-watar).

The data obtained are listed in Table IV. The derivation of
the activity coefficients 1s described in the theorztical section.

IT-4. Mutual solubilities of S-methylsulfolane~hydrocarbon systems

The knowledge of the mutual solubilities of hydrocarbon-
solvent systems is of essential importance in extraction caleculations.
Therefore we determined the mutual solubilities of 3-methylsulfolane
with four n-alkanes, cyclohexane and methyleyclohexane. We could not
includs alkylbenzenes, since n-pentylbenzene is still completely
miscible with 3-methylsulrfolane. The procedure we used was the cloud-
point method. In it, known amounts of Je-methylsulfolane and hydrocaroon
were added in a thermestatted vessel. The temperature of the vessel
was raised until the liquid was c¢lear. Then the temperature was
lowered slowly, until the first trace of a haze was observed. The
temperature was measured with a thermoccuple, within + 0.05 °C.

The results are reported in Tables V and VI. In the theoretical
section the calculated values are compared with the experimental data.

II-5. 3-Methylsulfolane-sulfolane systems

(a) Solid-liguid cquilibria

As sulfolane has & rather high melting point it couwld for
practical reasons (plugzing of pipes) never be used as a pure solvent.
This 13 one of the reasons why sulfolane in commercial operation always
has a small water content. Thercfore, if one was to use mixtures of
sulfolane and 3J-methylsulfolane the addition of water would no longer
be necessary. To demonstrate this we measured solid-liquid equilibria

in the system sulfolane-J-methylsulfolane.

The mixture of the two sulfolanes was slowly cooled down st
a temperature far below the actual melting point until crystallization
suddenly started, giving a sharp rise in temperature. From that moment
the cooling was stopped and the sample allowed to heat up very slowly.
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At the instant whan the last trace of solid phase disappeared there
was a sharp change in the slope of the time-versus-temperature plot.
This temperature was taken as the point where the liquid phnase was in
equilibrium with the soclid phase.

Qur results are given in Tadble VII and plotted. From
the plot it is obvious that sulfolane has a solid-phase transition
point at 14.56 ©C. This was also reported by Janellil2 who measured
solid-liquid equilibria in the system sulfolane-benzene, and by Della
Monicall. Both authors give a transition point of 15.45 ©C. It can also
be concluded that sulfolane and J-methylsulfolane form a i-to-l
complex in the solid phase. In the region of approx. &0 %m d-metnyl-
sulfolane thare are some indications in the diagram that cemplexes of
other compositiaons are formed. However, we feel that our measurcments
are not sufficiently accurate to draw any further conclusions.

(b) Limiting activity coefficiants of hydrocardons in J-methvlsulfolane
and 1ts mixturses with sullslane

Limiting activity coefficients of solutes in a solvent are
of direct importance both for the information they give on the solvency
and selectivity properties of the solvent and for the derivation of a
complete description of solute-solvent systems. In eariier work! we
already measured the limiting activity coefficients of fourteen hydro-
cardbons in 3-methylsulfolane and in 1ts mixtures with sulfolane at
30, 60 and B0 °c.

III. THEORY

IIZ-1. General

In parts 1 and 2 of this series of report52'3 we first used
the combinatien of the analvtical solution of groups (ASOC) method and
the non-random two-liquid (NRIL) equation for the description of
liquid-vapour and liquid-liquid equilibria. The NRTL parametesrs are
derived from limiting activity coefficients obtained by ASCCG. In the
ASQOG method a proper count of the various groups in the molecule is
required. For every hydrocarben and for sulfolane we gave group counting
rules as well as the ASCG parameters. If we want to extend our companent
list with 3-methylsulfolane, we may introduce a new group, but this will
necessitate a considerable amount of experimental work (see refs. 2,3).
A much simpler method will be to use the ASOG technique and the sulfolane-
hydrocarbon parameters already available. If we loock at the structure
of sulfolane and 3J-methylsulrolane, it will be clear that we may count
J-methylsulfolane as a number of sulfolane groups (not five as we cid
for sulfolanes but less) and a number of CH3 or CHz groups for the CH3
group attached to the sulfolane ring. The a values for the NRIL equation
for J-methylsulfolane-hydrocarbon systems might be chosen to be the
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same As those for the sulfolane-hydrocarbon systems.

The technique Just described requires a minimum amount of
experimental data and, as we will show below, produces good results.
We thus derived the group counting rules for 3-methylsulfolana-hydro-
carbons and the NRIL parameters for Je-methylsulfolane-water and
B-methylsulfolane-hy&rocarbon systems. The results of the calculations

are cozpared with experimental data.

ITII-2. 3-Mathylsulfolane-water

From the experimental P-x measurements given in section II->
the NRIL parametars were directly fitted in the same way as outlined
in ref. 5. We arrived at the following parameters:

C (1,2) = 630.633 - 1.84827 = ¢
C (2,1) = 1637.52 + 5.03009 = ¢
a (1,2) = 0.390259 + 0.0020589 = ¢,

where 1 = J-methylsulfolane
2 = water
t is in °C

[ (211) = X (112)
C 1is in cal/mole
In Fig. 6 the calculated total pressures are compared with
the experimental values. They show a good agreement.

III-3. 3-Methylsulfolane-alkanes systems

For the derivatian of the ASOG group counts of J-methyl-
Sulfolane we used the limiting activity coefficients of n-Cg5-n-CiQ,
benzene, toluene and ethylbenzene in 3-methylsulfolane and the mutual
solubilities of n-C7, n-Cg8 ard n-Cg with J-methylsulfolane. These
data were all measured at KSLA (see sections II-3 and II-4). We
arrived at the following group counts:

The sulfolane ring = 4.485 sulfolane groups. The CHz attached
to the sulfolane ring =~ 1.111 CHy groups.

The group counts for the alkanes as well as the a values for
the NRTL equation were chosen the same as those used with the sulfolane-
alkanes systemsj.

The NRIL parameters are listed in Table IX. In Figs. 7 and 8

the calculated mutual limizing activity coefficlents are plotted
together with the experimental values, while Figs. 9 and 10 represent
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TABLE I TABLE II

DENSITY OF 3-METHYLSULFOLANE VAPQOUR PRESSURE OF 3-METHYLSULFQLANE
° ::} o .
Texp., ¢ | Density, kg’c T, C Paxp. mbar Peale. mbar
33.8 1181.2 287.5 1014.0 1016.%°
45 .7 1172.3 28%.8 940.6 925.3
£5.1 1163.5 279.8 864.9 883.2
$0.1 1132.2 277.0 810.7 812.4
109.6 1114.9 272.8 T42 .1 74O .6
152.0 1076.7 2€8.9 678.1 678.7
264.5 €12.7 613.9
259.5 546.5 886 .4
254 . 480.2 480.5
2881 414.0 415.0
240.9 346.8 346.)
233.0 281.0 281.7
22.9 213.4 214.0
209.5 1456.4 145.5
190.7 80.8 80.9
179.2 4.8 54,9 .
171.2 41.8 41.3 :
183.0 |. 0. 0.4

Boliling point is 287.4 ©C.
1n Pynar = 16.9343-4801.84/(192.188+t°C)




YErCl 48001 05400 16CEd

VeENDl grisgd 0% 09+ 2¢q» gl 0} 190 "ot gI0f gy ee 92pe 3¢ 0Ce
SrEocl 02401 C1ey geaggd 969* elge Cle  2yie AL RAER "eg 9g¢
390y 214011 y0ge LN 220 104
¥5C1 04 N 2ed TN CLO0 91:0¢ Ign
03¢l §+9521) 0dye %90 eljce 00y
§92°01 9esg2l AL S9 *0;¢. 05¢
6%2+C} geC2 Cdne 150y {6_C» 0Gg
a0y yet6tl SELe gyCe 16.6Ge 052
ELy1eCy IAETAR] LA 80 29:C 007
stieCy 2'{s1} Cier 262 9.0 251
$60:0% 91831 SE2 620 69.Ce any
950+ Cy el 682 ©20 99.Ce p1
910+01 3111 e giCe 25,Cr b
Vg6 15011 6l 010 €y 0 fge
2866 slgct 91 9900 €F.ne 001.
foptene (AR A I R E P YR L) Snelgressangy '-o‘-..-..o.o-o-oacoonccncoqn.-.oo-c‘--.-.- [ R R A TY XY 9% mpqartagragay LR T KX N EEY
0:397 Ceng 0ed 099 Cong 0«0 Cid9 Ceng  Co¢ C*89  Osyf @9 Fe%9  Orng g 09 g
{0091x)
3 03¢/t Wy /) J bI0/n/w) 3 933/338/4371v3 $3Slodlind) Hglovy J 9%
AdSUIN]D INJEINED (v ALTIOYdY) Lvdn ALLALEIND%Q) Yviiydnd Allseisia ALIVI9ISSIngaed *gudy
.o..i.d......t..-l.‘na-..-...-.-.o..o-l.-.c-.‘n- "n'lanncot-.l.-'ol-o.c.

.-.-:.---.o..-ncnntnuus-oco-o-tcn.-cl..o.

$31ivddsud svo

--.-.-..---cncoca

-.O-.-o.--oco-.-.-o-a-n..ov.-.ooum.'-..-nl-qncnvoo--cn-n-

{ ! UL F TR YRR AL' YR ps
¢ ) %¥14dN
{ } 53=¢1

1N6A 1y 39909) s11417 ELY S RFIS]

13 £30) sqayy NOLLINDI-9lny

{3 930) 1N10d wgyYy

19/7¥31 mollisneugs ‘A0y3u] 334y

(977¥3) nylisngaey 19 Ad1vMiy]

T/ Neljvanoy ‘A9u313 Ijyy

19/79v:) ) 1veey 49 AdTrHix]

(972) welgny 19 vy

LARE T 1977430 gliviiyaaya Jo tvaw

sy e 19737) nl9a wo11ly)

AR T {SIYIMG, guyv) M.iSS3ud 1YI1ily)

¢t 19% (3 o500 InnivyIgmgy WL e

L0 Set e £ 913} ivlog oul213y;

1 Cye (g2 13 934} 41134 9NI pg

lxoun? 34nvegay) [ARLT R 13390701 Ianp s CLALME R

29501MG) IYWNINS 1w ¢ vy

(o
*2

'.

§

.- — . o o~ o o~
AN s T B - s o Mt o

111 amvd

B-10




o2l
(L}
*91
(33}
-o~
of2
sg2
ohN
o0
it
1311
'le
Cy
(4]
'S
L)
Cg
(X 1
-oﬂ
‘35
iy
"we

.-.u-o-.'o-n-..-.oo-nonctoo-c....-‘40.90000..-0.---.oaao-co--..-.c-ooota-oono--o.-.oitc

»*373I8AQ
NEISADL
3vauls

fogsdsasons

Sonsnensnent,

€'y
e
942
22
6Ll
SE*al
(2*1!
65(g
r0{*9
n“Weg
lagg
S9943
58911
2621
Ogsye
13113
Lege
PATIN
2 {0}
9550
2092¢
261100
300
L1100

wly

wbk YA

*13 £30 9¢

*1) €30 wLr (%) 4 03g @

WG
Wi
840
630+
640
68C
960
20}
2511
FATA N
tLY 4 &)
el
25l
el
r2Y¢ O
2588
2e6te
20120
iv2de
26( 2
2552
L2
2262
avlige
29CC»
159Ce
274Ce
Aty
EAYL X

3 630/0/7V)
IWN3%~ag  NILLYZIRQ4VA
40 Ad0xIND

ade ao-u-..-oo--.o-...-.----c-s.-.-t-oocoo

€01
€403
g0t
92+01
3201
22014
02:01
61401
(1+¢Y
s1eC1
€1+ 01
2101
2107
9CeCt
90+0%
2C 0V
¢
00 QY
296 ¢
29¢'¢
29g°¢
02¢'¢
963°¢
Y96
(13 KT'%
Ogg 6
908§
Owgr¢
LITRRS

3 03¢/707v  welivi{ugdvh
Jo 1Y

A40uInNY

*U1-1 1930 ¢ Ony Wav 3 4y SYD WIH Ing ko speg of

AY S¥9 30( M1 wed (/73 cLEHE) piZn1e Cpp2

'2)
‘9
.do
6°¢s
009
e
6'6
Oray
(X4
velg
(811 |
(8
g10¢
9°C6
€r9¢
696
+ 101
401
1901
1401
(P23
C3
*Sit
i
elt
221
42}
'921
62

0/97)

*0L2%
02
[ 14
v}
212
v6611
g1
Gl
L2
*3sit
(L2 R]
el
2313
3011
*9601
+§301
i Fiu|
'}90)
16501
+0g01
*140)
*£g01
* 4201
*§101
6001
100}
Conge
LN ET

/)

INIANGD

ivin

L9
69
ciy
vlge
2Cy-
(4354
§(5
96
(55*
Y
9ig*
626
el
205
1AL M
73}
raA Ll
(N
€EN
glae
504
26€
(4]
(¢
9s¢€»
‘OH.

3 93¢/9/7v)  3/33s/M37 W)

A1 dYdYD
134

A Y R Y X T

J¥NSS3IHd KOLLYENLYS 1Y $§I) u34cHd aIneln

.-...-.o.-cc-.-.--...o-.-o-.o.o-.-‘ccnnnn..-..-.-o.-..-..co..-o--...-.....

#,703 1T 7ML

12
2
L4l
T4
92
{2
62
CCe
1€
(15
A1
vl
Lt
(e
Ore
2N
e
Ghe
(-
[N
16
15
(S
09.

10001 X}

b
Uy _ o
§G_»
13
SLle
Skl
(g
(4%
tA L
i
9
Rl
¢
[
6l¢e
9y
12 F
{9y
€9y
N e
ey
Si
LI
e
el
€y
s
'.
ﬁo

ALIALLONOND) $35) .4

TG

Allyge

XYY

134v)S IINIYILIY AJOYING
$21viy JONIYILIN INIINGD 1vIdm

T9%e 9%

{(5 g

VEg 02s

919 C0g

ISy Ogs

8¢l C9¢

£99(" Ova

141 & 22

{33 K 09y

GCARe Gog

8998 03¢

411N Os¢

2116 N2

V2CE 00¢

2ts6. 0g2

LIFE R 092

2866 Ovg

g10-§ 022

2810 002

MWO.— 0g1

690+1 041

I 92001 Ov 1

1 §0]et 02

2 caley 00}
t Taled 9%
) égi-t o9
L LI3K3] 4
1 €51y 02
12 0§21 0

faN3) 3¥/9 3 9530
ISIA AlISYIg vquyy

OV 084p000200000000ay

AUINS 1€ ey

B-11




8'6¢01 | G2'Got
g ot | 19°0¢) S gh6 | 6566 0°586 | 29766 S (g6 | 0 66
S5 g2 | 64°611 9806 | g6° 01l g 6%l | 1C¢6 Lrlog feine | 6 4lL 06" 26
9'coe | 20°0il 9°g0g | 12°6<) €183 | 96101 L'leg | e gg 6459 | €98 €865 {91'9g
S'hSL | G100 469 | 2¢ g2 9'lgs | L1 L6 0'2kh | g9°6L e'cgh- | L2rog | o ish 00" 6L
G121 | gL 16 2 09¢ | Lorog «62C | 1grel 2 68C s ¢l 0°6¢K | 2C 2L
L'o6 €ieg €U | 69100 1'02¢ | So'og 9622 | 6129 L6528 | 0C 99 ¥ 102 | 65°09
L'g9 {0 €L g'9ie | co'lg e'e2e | ewol €°SG1 | 4L°66 851 | 19SS 9% ] 09°¢S
g'eh 81’09 g %2l | qo'ol LR ZA T B ¥l FALL 63°Gy 8801 | SC gy 0°06 91°Gy
2'61 92° Iy L' 6S 29 64 1"g5 90" 0% 2'59 0g°9¢ L'€9 orgd | L1g 00°6¢
g2 Ge G2 G'Ge YAV 4 o2 90°02 L'e¢ <92 Lge 05 ¢2 L2 01°9¢
.Epsm 9, “ .:Bsm 5 “ pmﬁ&a 2, ‘ Lcnsm % ‘“ uanem 3, “a nansm 3 *a
ogy6° 0 1999°0 €999°0 09440 22€0°0 L0070

suvtoy s TAy3aw-¢ uoJiavdy ayow

HILYA-ANVIOSINS TAHL- ¢ WALEAS THL 40 SIb
Al TTEVL

CRUNSYAL FUNSSTU-TVIOL

B-12




W 81§
86y 9°9l 22 g
LI | el 99° 22 9719
99y S ol 6 02 S99l
6y'y $°99 8y S oL 2L 6 6l L Ly e
My € e 9y ¥ Ly 6%'9 yvS$L Wl 629
iS¢ g2l 69°¢ 219 62'9 669 06°G1 g 19
yi'€ 1°69 I 4 9 65 g 2'€9 6L ¢ g
olL-2 L9s g€ 1§ €v's 9'09 Sl 605
S92 659 s{'¢ 295 Gy € 9y L n 0'9 SCC 6°Sn
10°y 0" g6 €22 <Ly 00'¢ 6° 0% Sp'€ 9°Gn V2ol Ve G614 0Ny
%6e 9 <L 202 1Ky o' ¢ 96y %9 € 9°5¢ 199 99y 82 11 1919
102 8§29 (FAN] 9:5¢ 192 0" 9y 569 g L€ %66 [ 14
o't llz e 0’2 g2 802 Gz'9 yec pz'6 g 12
u3ssad ajouw WL Itou ) Judead aom udsrd agou uedsad sjom Juadiad aow
) { 9% " 4 % ‘1 X 9q "1 b4 %% ‘Y X 9, "3 X % "
IXIYo 124>
auelg-u JUNRON-U IVeId0-u ~93dag-u ~1AyIon |URXIYO1IX)

BNYIOSINSTAIBA-C MO SKORUVIOHALH 50 ALITIANTOS

A VL

‘B-13




TARLE VI
SQLUBTIITY OF 3-METHYLSULPOLANE IN HYDROCARECKS

Cyclaohexans n-Haptane n-Nctane n-Nonang
t, S¢ wole percent e, ¢ adle percent t, °¢ [ ole percenr t, °%¢ {mle percant
16.1 0.3 2.2 0.43 2.8 0.62
30.5 0.70 2.6 o A5 35.% 0.74 43.0 1.12
35.6 N.3% 35.9 0.63 .0 1.10 5.3 V.42
40.2 0.58 33 .0 0.8t $5.3 1.23 &5.5 1.73
.5 112 5.0 0.98 65.6 1.62 71.2 1.93%
48.7 1.28 602 1.26 7.3 1.90 774 2.28
51.5 1.80 3.1 1.54 78.2 2.26 8.8 2.%
5.2 1.58 757 1.80 8s.0 2.68
59.7 1.8 77.0 V.95
&63.7 2.10 79.9 2.05
£8.¢ 2.36 82.2 2.17
72.5 2.65 82.9 2.25
77
80.1
£%.6
TARLE VIX
SOLXD-LIQUID EQUILINRIA IN THE SYSTEM
SULFOLANE ~ 3= HETRYLSULFOLANE
Mola fraction Temparature, Mole fraction { Tenperarurc, ]
Setmetnyl- o Dty thyl- o
sulfolane [« sullolane <
1.0C0 - 1.2 0.4635 ~-15.43
0.8547 - 5.3 0.8328 ~17.2
0.7874 - 9.7 0.8227 ~17.7
0.7T063 -12.6 0.81867 -7,
0.6788 -33.7 0.8137 -16.3
0.6870 -13.8 0.2862 - 5.2
0.6588 -18.7 Q0.1776 3.3
0.6461 -15.2 0.0919 10.3
©0.6241 -14.9 " 0.0661 2.7
0.6123 -15.0 0.0462 14.0
0.5587 «i5.5 0.0376 16.38
0.581% «15.2 0.0284 19.9
0.5792 -14.9 0.0200 22.5
0.5761 -14.9 0.0v6~ 233
0.5507 15,1 o 0120 24 .68
0.%423 15,1 0.0082 25.8
0.5202 ~1%5.3 0.0048 26.9
0.4948 -15.3 0.6000 25.2
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APPENDIX C

OXIDATIVE STABILITY TEST RESULTS




YUY NOLLITTOS Wvd

UG Y o A 1S3y

(Lot ey slgoW

NXY NN A IOSSUETYd 2008

VISV ¢

CEIATOSSICE RIS (B i a0l

sasvILL L

SISVIME - 1%t U NI SR wsE
SASYIML = 00018 5l "gon NIGING 32

old mnaon
JELOL (K 1000 JYdHN

WOV IORINOD NI v m Ul HAlLY ¢

10 91

RIS N 1

R N3

(31, ]

nr e
kTU N4

%90
RN

%
%oy
i3 11

¥ 64

1806
T8 re

ey U»

UnN
"0
0o

041
1% oul

300
992
nBr ey
of 91
%00

31001

29 €L %rrs
LAY LTS
2873 %ire
nISe L 2T
LR %9 1
1yl s
%4 02 8Ll
NS LY
Wi

tloy Yor 66
%9 5( [ 274
aN UN
JEU R 11 s i
1.9 61 L3
"l ss 13T
%8 104 ool
sE Lol wt ot

a7 e
IR %9
uiol A X{s
Rt 21 %y i
%9 %o
3.0 88 e le
%ror %8 0g
IR 14 wisg
(X ¥4 wiry
[ so
LT F R X TIPR TR Al

Hifs
%"U s

nire
s i

R ¥

1o
1.1 48
W
L is

$of 501
nest

UN
"wis
Y 1)

Y6 68
o
il oo

e 9
3t 0§
wloL
wris
17 92

%0 001

T NNV

INOHICTIOZYXO T IAIUL SN § CLYXOR
UNOIDYTIOYATHY ¥ Y
SUNOLIYY

ANYIOS NS TAHIIW | 4N UINSK

UNY gy NS

S:HNOTINS

JUCHO T IHD0E " SINNOT voIX 1y XIN 2%
SHnNIXin

VI SNV ST 1011 nMi
YIWITAIULINY T L 1y nrd
wH X NOLIML 001Xt

ANVXOoig d Xad

SHALIUAY tNY SINIAIOS wrauo

FADUNIIOINS TAHIINN JONSKHN
IENINEDONS aoNns
SUANINIONS

WHILE 1A LN0Wa 10041 INGTAHLTG $4Q93Q
NAHUITAIHAXOI3 ¢ €44 L

W:RU3 TARGIAX O] ane g4n e

SINA DI

TOUNYXHH LN S AU TE T TRV 4 aHg
TONVINY-L Hoaneal

WHIODIY ANy INYL

$10UNYTY Ayvitvat

HNOAINS DI TAHL 331 ¥d4.04K¢
WYLOY HOHY IYA ava
SANOAINS.D

HHONKD 1O AY U001 4aaq
YNONIU I0Y A UL JON

FHINIOS AV IV Nvy 'SANONI 1OWA4

HNONKTIIONEAL CTAHLIAXOWAI | LR E: 11
SNONIIIOWYA L IAXHHIO LA D | 4D
NN IOLR A TARLHI- | 4NN

00X INOI IONN A TANIA N A0 dAnd
SHOUI JodHAd T i

3 1M7105 "SINONIK 10 W HA 4

TOMINOD WHiva oH

TOUINOD Wiy m

ARG T T e 108 T

TOHINOD Ha1vm oy AALYTIIH INIHOTHD JAILIV ONINIVINIY ‘81INs3y 1531 ALINBVLS JAILYAIXO “1-9 djqey

C-2




iR 4] oy rey L A% 149 HHY IO NS TTARL N € ANTUI N

[} 9 $9y 699 (%) INY 103108 YN'U IS

SANOI LIS

st Vit res OO0 TGN 01X Y Xi 8

v x i

FERNG IV WOMS ALt [ 41} 98¢ ot VIUVIANEANY AL L] (0 nni

[§Y] 9 19 YIUPIAMLINY AL AL (508 941

Lol i fuon et oty 1 001X HGUML wIXt

(1] 1121 YNVXOIRT Y Xad

SUALLIGAY (INY SENFATOS W0

[ 14 (%14 v 069 B 4 1 SUNINIDINS TAHTINN IINSHN

NXW (NN EIATOS SO D018 34 152 0 FUIWINGLIONS 20Ny
WIHNIOS TIV 40N D008 (X33 stv 1D §3 i$9 FAININIDINS 2018
SHUMINIDONS

sSESVHJ L ¥R TALNUA IOOA T INT VAL i BUOVIQ

s or LETS try WALLS TAHLEAX O ¢ EEcHd

vo $11 (33 s 39 WAL AT IAXOIUAN T FINT

SHWAIDIG

(FIAIOSSICENY LU I %08 065 Ves (X1 (28] FOUTEINKVYXUH T TANLING §7T aing

BIUITION LON Qi) sl (Y13 s MHAINYICRS T IR ARG §°T @iNg

X3 ToL 509 toL TONVING 1 Honul

SUSVIHG S (373 (3] TOHODTY TANYA YL

$TOHODTY ANV WAL

(X34 1 $s [¥1} (%3] HNOUSA C AL WaIN

31} Vet o s (91 NYLIYTIOEY IvA Iva

SINOA@ AN

VST (ELAGON ser ris LR GNOMNIBIOHMYAL T TAXHIIOTIAD § EiTh)

T CEHIAOON Ve 1e (X1 s 959 SNONICTTOUNAL L TAXIOOAD | KiTh)

ANIOM URE 1D ON ON SNOMIMIONNA T AN IO TIAD Y a1

SYSYI T = METEYL "Jh ME CRIF %S T 90 (X1 ¥ 98 (213 HNOMHIC IO AL £ TA DJGOA-§ daa
QRIS LN %L 1O 3108 o 099 919 131 HBNONIUI TOMSA - TADIx] | 40a

SN T oSt 8 i (313 X1 YNOMITIOW A4 L IADACKX] } d4a

FHSVILIL (%3] roy te ANOMITIOYY AL T 1A DI X | P30

SUSYHIL = 11962 "JON NT NG %3 T (31} tor (A1) BNONICUTOYYAL T IR0 | dont
SASVILE T = TN %2 40N KE GHNA ST 38 o8t LI Lor 1is SHONIMTIIONYAL T TR1D0 | dON
SIEVIREC = DLW "JOH NI QUING % Lir 14§ vis 1y SNONKI IOWMAL L TAL DO dON
SHSVINT s ts 109 INONIEIOUNAL T IRL150 40N

SASVIIT = LI RP dON %S o 100 ME COENGE %L (313 4] FHONIUW YO EAL T TALIO ) dON
SUSVIHET = L0 SD "JON KS1 ¢ 10 M3 GHNG %6 109 (¥4 SNONKE JO¥EAL TIALI § dON
] Cul (K] Cor tis 00X INOUT IO HASTANIAN dANd

[§3 [ 4] [$1) BNONIRTONHAL T TAILEZAXOMAINS FREITE

OF QL (EITO0D KIINN e [ 11 (312 $55 SNONIT KIWNAL L TAMN | drn

AT 01 31000 IVINN v 10¢ T (413 L BNONKE YOMMAL T IANLIN- N

(X<} [ 443 (¥4 $1C o SNONICI 10N AL L IANLIN 4NN

&L %S HLY W O %08 [} ¥ 008 tey 19§ INONITIOWYAL { 4t

(X1} (312 245 INONIRIOVH LS L 4t

SINOMIINONNA4

te9 rer TOUINODIMHIVYM ot

N TOUINOD WALY M

SINGNIH00 ’ v 3 $0 [ {0 qiNiL EVY] ATNGY

T SOV BNIO IO SALLDY ENG WD
ALFIVYNOILONNAS O1 ONIQNOIDDY g 4L N0S ViV]

ALIMTYNOILLONNZ O1 ONIGHODOV G3ALHOS YIVa S1InS3Y 1S3 ALIHEVLS JALLYAIXO "¢-0 ejqe]

C-3




i 9l s $59 ove HHONIUIOZY X0 TIAL SN § LIYXon

WH LY NOLINTOS ¥vE1D (9 Cor 299 ENQIDYIONALGY § o
" VIMGLOYT
1947 “r 1 3% 21 1313 ANYIOLINS AN € INTIINSH
L9 (%) 599 699 Ly ANYI04 S SNUUIS
SANOA WIS
$T 3l Lis JOU0ETN0E diMol Wi XS 8 Xan o%
SR
HORSUTY WO L s d tn §of oL VAN TANY ML 141 oML )

m 132} "9 YIUNTAILINYULAL (1) nnL ~
LA G naon 8 8( ol 9L 00§°X NQUNL 00171,
40 [ E2] ANYXOI 9 X0d
FAAUAAY ANY SINIAT0S 010
[X44 (R 14 chr 069 (41 BAMINIDIINS TAHIZWN 2205HN
NXY NN QA0S SIS 20NS [%14 i$e 211 HAWING IS 2008
FANINDINS
SISVIML aN an N UN [§1N} Wihid TAUNRIG 102410 ANTIAHLTQ j:3iTelacly]
sor Bif e WAL WRILIAXOHET L I
00 LN ey s YDBUS TAIUIAXOILIN L :ciall ¢
¥ANADIA
(A OSSN (D ING 3401 048 1eg T35 (34 TOHBENYXRI ST IANITGG ¢ Qina
e toL 569 oL WONYVINYG L Honyy

SASYII T s (373 s TOHODTY TANY ™YL 4
STIOHODTY ANYLL Y31 Q

rel Ciy §$18 (&1 [§2] BRO@ WO & VAILIN | WAddHN
(X1} 16t (113 (YL Cie HYLOY I0MYIvA YA
SINOCING A4
TIOLCY (I RGOW tes to9 "y e 959 ANONITIOWYAL T-TAXD O IDAD| . a
SUSYI T ~ HLN %L 4G M) GHING %SE *0 (X1 P23 rss ANONIEIDWMA (- 1ADH000 - | 04
SASYILI L ~ 1LLH T 0N M CUING %5L X L X 1] 746 Ler 141} GNOHIBION YA 4L IALDO | 40N
(¥ [£] (513 HNON D IOWNIAL T T USAKOXAN § 1t
N OQL @000 KVINN (413 Vot [ 41 [§11 Lar BNONKIIONYA -1 TAHLIN | 4NN
[} (%1} [R1} (0r tis O L AXBIONEAS U NIA N AN
nsi I§ 1 36 BNOMAITONYAS L L&Y
SAINONNR TOWNE A4
589 res TOUENOD WALV [1¢]}
INUINGD Wilvam
SINGHHOD ’ ’ [ [X] ) " mal AV ARyay

MU N B0 8D 3ALLDY ELEN) o R
LINFAY 1594 INO 01 93uvd NAILL "A LI TYNOILDNNE 01 ONIGNODDV U3140s Y1va

(3103713s 17nS3Y 1534 3no ONY ALITYNOLLONNA OL
ONIGHODDY G31HOoS vivag *S17NS3Y 1S31 ALlAvLS JAILYQIXO "e-D ejqe)

v kb A

ST




"sauoupijolAd a|gnjos jJo Aiqels aapepixQ "1-9 ainbiy

d-Z-3HT X dio v dNN o dAN '
(au) 3
9 v WIL A
- _ L L 1 L — 1 -
P

d-¢

%0

%014

%02

%0E

%0V

%0G

%09

%04

%08

%06

%001

%011

(%001 =140dHD) INIHOTHD SALLDY NIVWIY

C-5




(daa) 1A03a0a-1 -

-l

"sauoulpijoliAd sijgnjos £jjepsed jo Aungels aAjlepIxQ "g-o a4nbiy

(JON) TALDO-N-1
() 3L

%01

%02

%0t

%0y

%08

%09

%0L

%08

%06

%001

%011

(%) TOHLINOD HILVYA SA INIYOTHD IAILDY

C-6




‘sauopuedid jo Ayjqers anpepixQ -g-9 ainbyy

INOQIYIdId-2 b ¥3did-Z-TAHLINW-L =
() 3L _
v Z 0
1 S S —
—
/:l
—
/:I . ..lf/fv/
///,
~ ,
.
///
!//.,/ P
//; R
e )
. -
-

(¥ ganiRxRiyiy]

%0

%04

%0¢

%0€

%0V

%08

%09

%04

%08

%06

%001

%01}

(%) TOMLINOD HILYA SA INIHOTHD IALIY

c-7




81040348 Aisquel jo Ayliasis sanepixQ ‘p- ainbiy

TOIQINVYXIHIHLINIg 4 TOHODTV TALNG )

() 3wt

SRR J— - J —_—

%0

%01

%0¢

%0t

%0y

%08

%09

%04

%00

%06

%001

%011

(%) TOHLNOD HILVYM SA ININOTHO JAILDY

C-8

s

adRabs




DLECUIY e

"s18419 102416 ausjhyialp Jo Aljigels saLepIXQ 'S-D aunbyy

HIHLINAHLIAXOHLIT T 1 HIHLITAHLIAXOHLINW-Z
() 3w

%0
%01
%0C
%0¢
%0p
%0G
%09
%01
._\...om
%06
%001

%011

(%) TOHLINOD HILVYM SA ININOTHD ALY

C-9




‘Saplunuaons jo Age)s SAIEPIXO "9-D aunb)g

QININIDONS TAHL3IW-N + (dons) saiNIgons
(1) 3mig

/ S —
k

o
———— e

%0

%0t

%02

%0t

%0y

%08

%09

%02

%08

%06

%001

%041

(%) TOHLNOD HI1wM sA INIYOTIHD 3AILDY

C-10

KR

i Sk aasiny Sugy
¢ ’ -
ki

B Lyt A ek e




INVX0Ia-d -

"SJUAAJOS IBUIC JG AYigels 8apepixg Z-0 94nbiy

o . | 00L-X NOLRIL ©* ¢ 4 -

_— VIUMIAHLIWVYLIIL S = 7
() awiL
9 v Z 0
e i ‘
N | ———— JE | A1~ %0
- %01
I P ._.ﬂ ) -
/ _ - %0T »
. S
/ - %0t o
D —
N T 1..
/ - %0V m O
Y
&
CR0S
2 - | b
H %o %
ﬂv 3
m A
. %0l 9
2 Z
m. -4
m %08 3
i . o
m %06
w %001
W e - %01}
by : . .
) | .,.
: ! . . .
) ' -
R SRR - el KRRV PR G Y R e




‘saugiopns jo Ayqess eapepixQ "g-J ainbiyg

ANVIOATINS TAHLIW € | ,wZ(JOu:Dm L

. () 3y
9 : v z .0
e  ( S U S R T e — | - 9208
¢ %16
- %6 2
4
. =
e : %6 o
/_.II/. _m
— o
— e —
T . - % 8 !
a e WJ_ Q)
4 Te——— — // <
—— 1 w
/// %56 w
— o
T - %9 2
— 9
3
- %16
A 0
Q
- %gs
[
. - %66 :
S %001




KT F

N

5

T

"S8U0}08] Jo AljjIqRIS aAflepIxQ "6-0 8inbi5

GIOZVX0-Z-TAHLINE t (hg9)aNnoLoviIouLng-b L

() 3w

U JUSIp R SR SRR %0

- %01
- %0L
%0t
%0V
%05
%09

%017

%08

%06

~ %001

- %ol

2 Y3 LVM SA INIZOTHO 3AILDY

) JOYINC

(9

C-13




ﬂ-""_‘t'v-mmwg #

S U N T S

Blank




Mk L

sl ik i i v AR, i i el

o~

APPENDIX D

SYNTHETIC SCHEMES FOR THE PREPARATION OF
1-+BUTYL-2-PYRROLIDINONE

D-1




T e e SR
s e A A A
e S g B S e wi s il i

O AR

B

The preparation of 1-n-butyl-2-pyrrolidinone from the sodiurn salt of
2-pyrrolidinone {from sodium hydroxide in an oil dispersion) and r+butyichloride was
reported by W. Gaffield.! Yields in the order of 80% were obtained. A low (4%)
yield of 1-t-butyi-2-pyrrolidinone using a high temperature/pressure process involving
a copper exchanged NaY-zeolite (Linde SK-40) catalyst for the gas phase reaction
of y-butyrolactone and t-butylamine was reported by Hatada and Ono.* High
temperature/pressure reaction of a lactone and an alkylamine is the classical
method for producing N-substituted pyrrolidinones.® '

A high (90% +) yield of N-n-octyl phthalimide by reaction of the alkylhalide
with the potassium salt of phthalimide in DMF at 60°C was reported by Landini and
Rolla.* This procedure appeared to be the most simple found, and it was chosen
for an attempt at preparing the desired 1-t-butyl-2-pyrrolidinone.

Two methods were examined for ease of preparation of the required Na or
K saits of 2-pyrrolidinone. The first involved azeotroptic dehydration of concentrated
base solutions in rapidly stirred, refluxing toluene (Dean-Stark trap) to produce a fine
dispersion of free base. After the correct amount of water had been removed,
2-pyrrolidinone was slowly added to the refluxing, stirred dispersion. A white
precipitate of the toluene insoluble salt was formed. The completeness of
conversion to the salt was monitored by the amount of water captured in the Dean-
Stark trap. This procedure was found to be slow and very time consuming (3 days
to produce 1 mL of the desired salt) and was abandoned.

A rapid procedure® was found which made use of the water affinity of
anhydrous acgtone. A highly concentrated base water solution (50% by weight or

' Gaffield, William, Org. Preps. and Procedurss Int., 9(2), 49-52 (1977).

? Hatada, Kou, and Yoshio Ono, Bull. Chem. Soc., Japan, 50(10), 2517-2521
(1977).

® Hort, Eugene V., and L. R. Andersen in Kirk-Othmer, Encyclopedia of
Chemical Technologzy, Vol. 19, 499-520 (Third Ed.), John Wiley, New Yark (1982).

* Landini, Dario, and Franco Rolla, Synthesis, 339 (1976).

* Acetylene Chemistry, T. W. Reppe, PB Report 18, 852-5, C. A. Meyer & Co.,
Inc., New York, New York, pp. 129 (1949).
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higher base) is added directly to a vigorously stirred solution of 2-pyrrolidinone in
dry acetone. An insoluble precipitate of the salt is almost immediately formed with
high yields of the salts being produced. Three experimental syntheses follow.

1. Reaction of 1-Potassium-2-pyrrolidinone with +-Butyl Chloride

a. Preparation of 1-Potassium-2-pyrrolidinone

One mol (85.11 g) of 2-pyrrolidinone (Aldrich Chemical Co.) was added to
450 mL dry acetone in a 500-mL conical flask while being vigorously agitated with
a large stirring magnet. Sixty-five grams 85% pure KOH pellets were dissolved in
50-mL deionized water and cooled to room temperature.. This solution was added
rapidly to the 2-pyrrolidinone-acetone solution while maintaining the vigorous stirring,

~ for a period of 30 min. The thick suspension of salt formed was filtered (vacuum)

and washed with two 50-mL portions of fresh, dry acetone. The filter cake was then
compressed with dental dam until all the acetone possible was expressed. The
filtering cake was broken up and placed in evaporating dish and dried to constant
weight in a vacuum desiccator. At constant weight, 60.76 g (C.49 mol) of the
1-potassium-2-pyrrolidinone sait was found. This weight corresponds to a 49%
yield. It was found that the potassium salt was somewhat soluble in the dry
acetone.

b. Reaction of 1-Potassium-2-pyrrolidinone with t-Butyl Chloride

Dry potassium-2-pyrrolidinone salt, 66.47 g (0.540 mol) was suspended in
300 mL dry (stored over 3A molecular sieves) DMF in a 500-mL singleneck flask
fitted with a magnetic stirrer and a 250-mL dropping funnel. This salt has a
solubility of about 1 g in 10 mL DMF at room temperature. tertiary-Butyichloride
69.4 g, 81.6 mL (0.75 mol) was charged into the dropping funnel. The chloride was
added to the stirred DMF-salt mixture at the rate of approximaiely 24 drops per
minute requiring 90 min for completion. The mixture was stirred at room tempera-
ture for 16 hr. There was an obvious change in solution appearance after 4 hr as
potassium chloride was formed and precipitated out of the otherwise clear solution.

After 16 hr reaction time, the solution was filtered, yielding 35.75 g of dry KCI.
This amount corresponds to 89.0% of the theoretically expected amount. The DMF
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reaction solvent was removed by distillation through a 25-cm (10-in) Vigreux column
at ambient pressure. During initial heating to the 154°C boiling point of DMF, a
substantial amount of outgassing of a noncondensible substance was noted. This
gas had the distinct odor of isobutylene (2-methylpropene) indicating dehydro-
halogenation of the teriary-butyichlorice by strong base. The highest pot
temperature reached was 230°C at which time no distillate was being received. The
residue remaining in the distillation flask weighed only 35.5 g, well below the
theoretical yield of 68.53 g (0.54 mol). Distillation of this residue at 35 mmHg, using
a single 13-cm (5-in) Vigreux column, showed the residue to be nearly all
2-pyrrolidinone by IR spectra. Evidently, little or none of the desired 1-t-butyl-
2-pyrrolidinone was formed. Side reactions dominated. |

2. Reaction of 1-Sodium-2-pyrrolidinone with +-Butyl Chloride

a. Preparation of 1-Sodium-2-pyrrolidinone

Four-tenths of a mole (16.00 g) of sodium hydroxide pellets was dissolved
in 16.0 mL deionized water and cooled to room temperature. Thirty-four (34.00)
grams 2-pyrrolidinone was dissolved in 400 mL dry acetone in a rapidly stirred
500-mL conical flask. The sodium hydroxide was then rapidly poured into the
2-pyrrolidinone-acatone solution. A voluminous white precipitate was immediately
formed. After stirring for 30 min, the suspension was filtered, washed, compressed,
and dried, as was done with the potassium salt. At constant weight, 42.75 g
(0.358 mol) of salt was produced with the yield being nearly stoichiometric.

b. Reaction of 1-Sadium-2-pyrrolidinone with t-8utyl Chlaride

The reaction time (at room temperature) was extended to 96 hr because the
sodium salt had only about 1/8 the solubility in dry dimethyltormamide (DMF)
exhibited by the potassium sait. Filtering of the reaction mixture yielded 30.76 g
(95.9% of theory) of dry sodium chioride. Distillation of the filtrate to strip off the
DMF solvent indicated that there was some dehydrohalogenation of the t-butyl
chloride as the distinct odor of isobutylene (2-methylpropene) was quite evident.
Completion of the distillation, at ambient pressure, up to a pot temperature of 227°C
yielded a residue of 34.89 g. At this point it was evident that the reaction had not
proceeded as desired. The theory yield (0.55 mole) of 1-t-butyl-2-pyrrolidinone is
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77.67 g, over twice the weight of the pot residue. Vacuum (44 mmHag) distillation

of this residue yielded a middle fraction (19.64 g) boiling at 155° to 158°C (44 to0

46 mmHg). This boiling range corresponds to that of 2-pyrrolidinone. An infrared

spectrum of this fraction confirmed that it was, indeed. 2-pyrrolidinone. It any of the

desired 1-t-butyl-2-pyrrolidinone was produced it was present only in trace amounts.

At this point it was evident that the desired reaction was not taking place; instead,
. two side reactions were occurring:

1. Dehydrohalogenation:

CHa CHj
' Na* or K™ !

CH3 —C - CH3 ——————a» (CHg— C=CHp + HCI
I
Cl

2. Salt Neutralization:

O + HCj —— O + NaCl

Na H

94-1 SEV cnap strc 010633

These two reactions were rather rapid. The odor of isobutylene
(2-methylpropane) confirms the first reaction. The second reaction was confirmed
as the major distillation fractions were 2-pyrrolidinone and that nearly stoichiometric
quantities of potassium or sodium chloride were found.

The tertiary halides are more subject to dehydrohalogenation than primary

and secondary halides. Apparently the choice of solvent, DMF, also had an
accelerating effect on the dehydrohalogenation reaction.
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3. Reactic - of 1-Lithium-2-Pyrrolidinone with t-Buty! Chloride

An altei~zte synthesis scheme was examined which involved the use of
rrbutyllithium ( ~.4,-CH,-CH,-CH,-Li) in cyclohexane to form 1-lithium-2-pyrrolidinone
anhydrously. " =2 cyclohexane solvent is nonpoiar and aprotic, quite different from
DMF. The lith...n atom is much smaller than either sodium or potassium, and its
reactivity with ¢ :utyl chloride should be higher. The following procedures were used

in this attemptz:: synthesis:

A 500-rm:.. three-necked flask, a condenser, valved gas inlet, a dropping
funnel, and mz :etic stirring bar were oven dried at 130°C for 4-hr, assembled hot,
and flushed wr dry nitrogen to cool. These procedures are necessary becausz
n-butyllithium is :yrophoric and very reactive, even with absorbed water.

The top ¢~ ~he dropping funnel was fitted with a rubber injection septum. One
hundred fifty m: “iters of dried (over 3A molecular sieves) cyclohexane and 3.40 g
redistilled 2-py: -lidinone were charged into the reaction flask and stirring was
initiated. A slc+ wash of dry nitrogen was maintained. Gas flow was monitored
with a "U" tube z.:oblar at the gas outlet. Twenty mL of 2 molar n-butyllithium was
transterred via . oven dried 25-cc glass syringe and an 18-gauge, 6-in long needle
from the “Sure =2al" closed reagent bottle (Aldrich Chemical Company) to the
addition funnel. "he n-butyllithium was added at a slow (= 10 drops/min) rate into
the stirred reaz.»n mixture requiring 30 min for complete addition. Evolution of
n-butane was irediate as indicated by an increased bubble rate in the "U" gas
flow indicator. -armation of the salt was reaci: observable as a white, thick
precipitate. Thiz mixture was stirred overnight wnile under a dry N, atmosphere.
The dropping fur~el was flushed with two 20-mL portions of dry cyclohexane, and
0.044 mole (10°% excess, 4.07 g) t-butyl chloride in 20 mL dry cyclohexane was
charged into the Zropping funnel. This mixture was added over a 30-min period to
the stirred reacticn mixture. A slow flush of dry nitrogen was maintained over this
stirred mixture fco 24 hr. During this time, there was no apparent change in the
mixture's appearince from a slurry of white flaky precipitate particles in a light
yellow fluid. The-2 was no appearance of crystalline lithium chloride.

Atter 24 hr stirring at room temperature, the reaction flask was transferred to

‘a rotary vacuum evaporator and solvent stripped off at 60°C and 50 mmHg
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pressure. The dried residue was a fluid free, dry white powder. The powder
weighed 3.82 g. If only the unreacted 1-lithium-2-pyrrolidinone remained, the
product should have weighed 3.64 g. It was apparent that the product was mostly
the 1-lithium-2-pyrrolidinone and perhaps some sorbed solvent or lithium chloride.
As there was little if any fluid present it must be concluded that none of the desired
1-t-butyl-2-pyrrolidinone was found.

It must be understeced that the change of reaction solvent to cyclochexane
converted the reaction from homogenegous {the pyrrolidinone salts have some
solubility in DMF) to heterogeneous because the 1-lithium-2-pyrrolidinone salt
probably has little solubility in cycichexane. Apparently there was no reaction with
the t-butyl chloride. The use of a phase-transier catalyst (PTC) may be useful in
making this preparative reaction viable. ‘
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