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1.0 INTRODUCTION

1.1

*Note:

Background

During the past decade, the cost of asphalt cement
has increased drastically and at times and in certain
locations, the supply has been unpredictable. 1In
order to lessen the dependence of the highway indus-
try on asphalt cement, extensive research with the
objective of developing asphalt cement extenders or
substitutes has and is currently being performed by
various governmental and private agencies. Sulfur
has been identified as a material which may have
promise of being used as a partial replacement or
substitute for asphalt cement. Also, sulfur is an
attractive material for use in paving because of the
predicted future surplus of the material resulting
from increased involuntary production. Extensive
laboratory (1*, 2, 3, 4, 5) and field (6, 7, 8, 9)
research has been performed with sulfur-extended-
asphalt materials., Most of this research has used
elemental sulfur to extend the asphalt cement by up
to 50 percent by weight. However, a problem which
exists when constructing pavements using sulfur-
extended-asphalts is that during mixing and laydown,
if mixture temperatures exceed approximately 300F
(148.9C), sulfur dioxide (80,) and hydrogen sulfide
(H;S) can be evolved creating possible health and
environmental hazards.

A second method of using sulfur in pavement construc-—
tion is using sulfur (in a modified form) as a total
replacement for asphalt cement (10). The modifica-
tion which has been studied consists of chemically
modifying elemental sulfur to yield a material which,
in many ways, is similar to asphalt cement. These
modified (plasticized) sulfur materials will require
much research in both the laboratory and in field
applications to assess their true potential utility.

Asphalt emulsions (a fluid dispersion of asphalt and
water) are commonly used in pavement construction
and, in many instances, can be used in place of as-
phalt cements or cutback asphalts (13, 14). Asphalt
emulsions can be mixed with aggregate and compacted
at ambient temperatures.

Numbers in parenthesis refer to references listed o©n
pages 43 to 44,



1.2

1.3

The major advantage of using asphalt emulsions over
asphalt cements is that use of emulsions does not
require mixture heating during production and thus,
energy and cost savings can result. When emulsions
are used in place of cutback asphalts, less hydro-
carbons are lost to the atmosphere, resulting in less
pollution and a savings in petroleum based solvents
(15, 16).

The development and use of emulsified sulfur-
extended-asphalt and plasticized sulfur binders would
be very advantageous. Mixing and compaction of pav-
ing mixtures containing the sulfur binders could be
performed at ambient temperature resulting in reduc-
tions in health and environmental hazards from SO,
and H,S evolution and energy requirements due to am-
bient mixing temperature.

Project Objective

The objective of this project was to develop and
characterize modified sulfur-water emulsions for use
as highway binder materials.

Project Scope

Modified sulfur-water emulsions were produced with
both sulfur-extended-asphalt (SEA) and plasticized
sulfur (Sulphlex) materials using state-of-the-art
knowledge of water emulsification systems and materi-
als, Sulfur-extended-asphalt binders at four sulfur
replacement levels - 10, 15, 30, and 40 percent and
plasticized sulfur formulations were considered.

Both cationic and anionic emulsions having slow, me-
dium, and rapid setting characteristics containing
both SEA and Sulphlex binders were studied. Success-
ful emulsions which were produced were characterized
using ASTM D244, "Standard Methods of Testing Emulsi-
fied Asphalts" (17) testing procedures and several
non-standard procedures.



2.0

2.1

2.2

SULFUR-EXTENDED-ASPHALT AND SULPHLEX BASE STOCKS USED
IN EMULSION FORMULATION

Sulfur-Extended Asphalt

Suilfur—-extended-asphalts (SEA's) at four sulfur re-
placement percentages were emulsified. Replacement
percentages used were 10, 15, 30, and 40 percent by
weight of SEA binder.

Two asphalt base stocks were used during this proij-
ect. An AR2000 from U.S. 0il and Refining of Tacoma,
Washington was used for initial sulfur-extended-

asphalt formulations. This asphalt was selected be-
cause experience has shown that it is of medium dif-
ficulty to emulsify. The second asphalt used was an
AC-20 obtained from Husky Oil of Spokane, Washington.

Sulfur utilized in the SEA blends was obtained from
U.S. 0il and Refining of Tacoma, Washington. The

sulfur was a by-product of crude de-sulfurizing oper-
ations performed at the refinery.

For determining the physical characteristics of the
sulfur-extended-asphalts, the SEA's were made by ‘add-
ing the sulfur in powdered form to the molten asphalt
at 275F (135C) and mechanically mixing until uniform.
Absolute viscosity results at 140F (60C) and penetra-
tion results at 77F (25C) for the U.S. 0il and Refin-
ing AR2000 and blends with 10, 15, 30, and 50 percent
sulfur are tabulated in Table 1. PFrom these results
it is noted that sulfur additions decreased absolute
viscosity and increased penetrations which indicate
that the SEA's were softer than the unextended as-
phalt cement. 1Initial characterization experiments
were performed with a2 maximum of 50 percent sulfur in
the SEA binder, however, emulsion formulations with
SEA binders used a maximum of 40 percent sulfur.

Sulphlex

This study was initially to emulsify four different -
Sulphlex formulations, however, most of the emulsi-

fication studies with Sulphlex were performed with
one formulation. Samples of five different Sulphlex

materials (Nos. 233, 233 CDC, 233 DPCD, 126, and 230)
were obtained from Southwest Research Institute of
San Antonio, Texas for experimentation. Formula-
tions for these Sulphlexes are shown in Table 2.



TABLE 1

ABSOLUTE VISCOSITY AND PENETRATION OF U.S. OIL
AND REFINING AR2000 AT SULFUR EXTENSIONS
OF 0, 10, 15, 30, and 50 PERCENT

% Sulfur (by weight of Total Mix)
Property 0 10 15 30 50

Absalute Viscosity,
140F, 30cm Hg; Poise 670.4 384.0 367.1 -% —-*

Penetration, 77F,
100g, 5 sec; 1/10 mm 133 182 216 226 186

*Note: At abo&e 20 percent sulfur, sulfur separated from the
asphalt and plugged viscometer tubes. No result
could be obtained.



TABLE 2

FORMULATIONS OF SULPHLEX SAMPLES

Sulplex
Designation Formulation
No. 233 70% Sulfur, 12% CDC, 10% DP, 8% VT

No. 233 CDC Same as No. 233 except supplied from a
smaller batch

No. 233 DCPD 70% Sulfur, 12% DPCD, 10% DP, 8% VT
No. 126 61% Sulfur, 13% CDC, 13% VT, 13% CT
No. 230 70% Sulfur, 15% CDC, 15% DP

Note: CDpC Cyclodiene Dimer Concentrate

DP = Dipentene

vT = Vinyl Toluene

CT = Coal Tar

DPCD = Dicyclopentadiene



Absolute viscosity (ASTM D2171) and penetration
{ASTM D5) tests were performed on the Sulphlex
samples before and after aging in the rolling thin
film oven in accordance with ASTM D2873. Results
are tabulated in Table 3. Results show that pene-
trations, absolute viscosities, percent retained
penetration, and viscosity aging index of the Sul-
phlex samples differed greatly. Unaged penetrations
varied from 13 to 169 and aged penetrations from 8
to 74. Unaged viscosities varied from 106 to 2,999
poise and aged viscosities from 1,285 to 54,166
poise. Sulphlex 233 CDC was used for most of the
emulsification experiments.

The three Sulphlex 233 formulations tested (233, 233
CDC, and 233 DPCD) were formulated and produced dif-
ferently. The 233.Sulphlex was produced in a 7000
pound (3178 Kg) batch whereas the 233 CDC sample
(which had the same formulation as the 233) was pro-
duced in a 500 pound (227 Kg) batch. The 233 DPCD
was produced in a 500 pound (227 Kg) batch and con-
tained dicyclopentadiene (DPCD) instead of cyclodi-
ene dimer concentrate (CDC) as indicated in Table

2. The CDC utilized in the 233 and 233 CDC formu-
lations was obtained from different batches from the
same supplier.



TABLE 3

PENETRATION AND ABSOLUTE VISCOSITY
OF UNAGED AND RTFOT AGED SULPHLEX SAMPLES

Penetration; 77F, (25C) Absolute Viscosity,
100g; 1/10 nmm Absolute 140F (60C); Poise
Sulphlex RTFOT! & Retained rRrFoT! Aging2

Degignation Unaged Residue Penetration Unaged Residue Index

No. 233 139 8 6 966.1 54,166.2 56.1
No. 233

CDC 169 74 44 106.0 1,285.4 12.1
- No. 233

DCPD 142 - 30 21 1055.1 13,920.0 13.2
No. 126 13 9 69 _3 44,418.0 -3
No. 230 82 41 50 2999.0 10,499.0 3.5

Note: 1 Residue from rolling thin film oven test.

RTFOT Residue Viscosity

2 Aqi =
Aging Index Unaged Viscosity

3 Not determined



3.0 EMULSION FORMULATION AND PRODUCTION

3.1

3.2

Experimental Design

Emulsions were formulated and produced by Petroleum
Sciences, Inc. Forty-eight different types of emul-
sions were to be formulated including both cationic
and anionic emulsions with rapid, medium, and slow
gsetting characteristics. Emulsions were to be for-
mulated with four sulfur-extended-asphalts and four
different Sulphlex formulations as base stocks. The
emulsion formulation experiment matrix is shown in
Figure 1.

Early in the project during formulation experiments,
considerable difficulty was experienced with several
of the formulations, especially with the cationics
and emulsions which contained base stocks with a
high specific gravity (sulfur-extended-asphalt at
above 20 percent replacement and Sulphlex). Use of
various combinations of emulsifiers was found to
result in modified emulsion setting rates. For
example, an emulsion which was formulated to be a
slow set may actually have setting characteristics-
closer to those of a medium set. Therefore, modi-
fied sulfur water emulsions with only rapid and slow
setting emulsifiers were studied. Additionally,
only one Sulphlex formulation was used in emulsifi-~
cation experiments due to lack of sufficient supply
and emulsification difficulties.

Emulsion Production

Details of emulsion production, methods, materials,
experiments, and results are contained in Appendix
A. Emulsions were prepared in the laboratory using
two different types of mills - a modified centrifu-
gal pump, and a Charlotte lab emulsion mill. During
experimentation, it was found that superior emul-
sions of sulfur-extended-asphalts could be made if
the sulfur and asphalt were pumped into the emulsion
mill separately instead of simply combining a pre-
mixed sulfur-extended-asphalt with the soap phase in
the mill, During the study, a wide variety of emul-
Sifiers were used as tabulated in Table 4.
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TABLE 4

EMULSIFIERS WHICH WERE STUDIED
DURING FORMULATION EXPERIMENTS

Ingredient

Manufacturer

Tvype

Vinscl NVX and Resin

Crzan A

Marasperse CE

§PV 200 Clay

Natrosol 250HR
Dresinate 731
PAMRK 4

PAMAK 25
PAMAK WCTA
Dresinate TX

NP 1007

Indulin W-3

TRA-40

Arosurf Aa-57

Hercules

1 Maritime Plaza

Golden Gateway Centar
Suite 1250

San Francisco, CA. 94111
415-986-2535

Crown Zellerbach
Camas, Washington
206-834-4444

American Can Company
908 Town & Country Blwd.
Suite 230,

Houston, Texas 77024

American Colloid Company
5100 Suffield Court
Skokie, Illinois

Hercules
Hercules
Hercules
Hercules
Hercules
Hercules

Bvery Industries
8733 5. Dice Rd.
Santa Fe Springs, CA.
213-723-838%

Westvaco
P.0. Box 5207

North Charleston, S.C.
29406

803-554-8350
Brery

Sherex Chemical Carpany
P.0O. Bax 646

Dublin, chio 43017

10

90670

Abdiatic acid. Anionic
SS emlsifier

Sodium ligno sulfonate.
dispersant for SS type
emulsions.

Sodium ligno sulfenate.
dispersant for SS type
emilsions,

Bentcnite clay

Hydroxvethyl cellulcse
viscosity builder.

Anicnic PS emlsifier.
Rosin Scap

Anionic RS emilsifier,
tall oil.

Anicnic RS emalsifier,
tall oil.

Anionic RS emilsifier,
tall eil.

Anionic RS emlsifier,
Rosin Scap.

nonicnic, CSS emlsifier,
100 mole ethoxylated nconyl
phencl, 70%

Caticnic, €SS emulsifier
modilied ligno sulfcnate.

Nondonic, CSS amilsifier,
40 mole ethoxylataed tri-
decylaleohol,

Caticnic, €SS emilsifier,
amine



ETABLE 4, continued

Manufacturer

Ingredient Tvpe
Redicote E-1L Armak Caticnic, €55 emilsifier
8401 W. 47th St. amine :
McCock, Illicnis 60525
313-242-2750
Redicote E-63 Armak Caticnic, €SS emlsifier,
amine
Jetco  AE-T Jetco Chemicals Camany Caticnic, C85 emulsifier
P.O. Box 1278 quaternary amine
Tyfo A Nacco Cationic, OQS—CSS
14439 south Avalon emiisifier, amine
Gardena, CA. 90248
213-515-1700
Tyfo B Nacco Caticnic, CQS-CSS
emilsifier, lignin
derivitive
Arosurf 2A=54 Sherex Cationic, CRS amine
Arosurf AA-35 Sherex Caticnic, CRS amine
Arosurf AA-60 Sherex Cationie, CRS amine
Redicote E-67 Armak Cationic, CRS amine
with viscosity builcder
Jetco AE € Jetco Cationic, CRS amine
Redicote E-4868 Armak Cationic, CSS amine
Redicote AP Armak Internal dispersant for
asphalt, amine
Varonic Q 230 Sherex Bmlsifier, ethoxylatad
Coco amine
Varonic T 225 Sherex Emlsifier, ethoxylated
tallow amine
Redicote E-64 Armak

Tergitel 15-5-3

Varion C2s

752

Unien Carbide Corporation
270 Park Avenue

New York, N.Y. 10017
212-695-5054

Sherex

Sherex

11

Caticnic, CRS amine -

Hmlsifier/dispersant

ethoxylated nonyl phenol

BEmilsifier, coco
sulfcketaine

Emulsifier, ethoxylated
amine



Findings During Emulsion Formulation Experiments

During the emulsion formulation and production phase
of the project, several important observations and
findings regarding SEA and Sulphlex emulsion produc-
tion characteristics were noted. Details of the
findings briefly discussed below are contained in
Appendix A.

During emulsion formulation experiments, it was
found that it was very difficult to c¢lean emulsion
mills after making SEA or Sulphlex emulsion. Stain-
less steel piping is required in the mill as sulfur
corrodes copper. The cleaning procedure which was
used consists of flushing the mill with asphalt
immediately after making SEA or Sulphlex emulsion to
remove sulfur from the mill system.

Very early during emulsion formulation experiments
it was determined that there were actually three
types of base stocks being studied instead of two;
SEA below 20 percent sulfur (all sulfur is soluble
in asphalt), SEA above 20 percent sulfur (dissolved
sulfur plus free sulfur in the asphalt), and
Sulphlex.

The first step in developing SEA and Sulphlex emul-
sions was to determine whether or not standard as-
phalt emulsion formulations coculd be used. They
could not. Emulsions which were produced using
standard formulations failed. However, it was de-
termined that satisfactory anionic emulsions could
be made from SEA base stocks containing 15 percent
or less sulfur by using increased emulsifier concen-
trations. Also, it was noted early during formu-
lation studies that emulsions made with base stocks
containing sulfur settled to a greater extent than
asphalt emulsions. This may be attributed to the
higher specific gravity of SEA and Sulphlex when
compared to asphalt cement.

For an emulsifier to be effective, one part of the
emulsifier must be soluble in the base stock phase,
and another part in the water phase. A major prob-
lem in this project was to find emulsifiers that
would function properly with sulfur. It was found
that addition of PAMAK WCFA (a tall oil based ani-
onic rapid set emulsifier) to sulfur or Sulphlex and

12



reaction at 275F (135C) for two hours prior to emul-
sification would greatly improve the guality of
emulsions produced. Addition and reaction of PAMAK
WCFA to a SEA mixture just prior to emulsification
did not result in emulsions as high in quality as
when the PAMAK WCFA is added and reacted separately
with sulfur and asphalt. These findings enabled
production of successful SEA emulsions at sulfur
contents above 20 percent and the production of a
successful Sulphlex emulsion.

A second problem was that of reducing SEA and Sul-
phlex emulsion settlement. The addition of Natrosol
250 HR, a hydroxyethyl cellulose viscosity builder,
reduced settlement in SEA emulsions. The Natrosol
250 HR increases the viscosity of the continuous
phase (water portion) which tends to reduce the rate
of settlement of the dispersed phase (SEA or Sul-
phlex) with either anionic or cationic emulsions.,
Additionally, since rate of settlement and particle
movement is reduced, emulsion stability is increas-
ed. Natrosol 250 HR is commonly used in the paint
industry to reduce settlement.

The addition of Redicote AP, an amine which func-
tions as an internal dispersant, to asphalt prior to
emulsification with sulfur which had been reacted
with PAMAK WCFA was found to improve quality of cat-
ionic emulsions containing SEA base stocks.

During production of catonic SEA emulsions, it was
found that heat is detrimental to emulsion quality.
Experimentation showed that the length of time an
emulsion is stored at elevated temperatures can in-
fluence quality. Longer time periods at elevated
temperatures resulted in decreased quality as evi-
denced by early breaking. The effects of heat on
guality were more pronounced with the cationic
emulsions studied than with the anionics.

Emulsion Formulations

Details of emulsion formulation and quality of emul-

sions produced are contained in Appendix A. Four-
teen different successful emulsions were produced
and characterized in the laboratory.

13



4,0 PHYSICAL CHARACTERISTICS OF SULFUR-EXTENDED-ASPHALT AND

4.1

SULPHLEX EMULSIONS

Data Analyses

Sulfur-extended-asphalt (SEA) and Sulphlex emulsion
formulations having adequate stability and resis-
tance to breaking were physically characterized
according to ASTM D244. Modifications were made to
several of the test procedures to accommodate unique
characteristics of the sulfur-water emulsions. A
major modification, outlined in Appendix B, was the
development of a modified distillation procedure.
Several nonstandard test procedures were also used.
Tests were performed in duplicate and results ana-
lyzed statistically using conventional one-way anal-
ysis of variance (ANOVA) techniques.

The model for the analyses is:
Yl] = H+ Ej + 813

in which:

¥i4 = response variable
] = effect of overall mean
Ej = effect of emulsion type

ij = experimental error

The experimental analysis matrix is shown in Figure
2. For several of the emulsions, it was not pos-
sible to perform all tests due to the emulsion
breaking before completion of testing or due to
testing problems related to emulsion characteris-
ticg. Therefore, degrees of freedom for the ANOVA
vary depending on the number of emulsions tested for
each test procedure. Prior to ANOVA, cell homoge-
neity was checked using the Foster and Burr Q-test
(18). Cell variances for all data were found to be
homogeneous, therefore, data transformations were
not required.

If emulsion type was found to be a significant ef-
fect, the data were ranked using the Newman-Keuls
multiple range test (1l9) to determine where differ-
ences existed. Data, means (x), standard deviations
(s), coefficients of variation (CV), ANOVA summar-
ies, and Newman-Keuls results for emulsion proper-
ties are contained in Appendix C.
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4.3

Emulsions Tested

Fourteen different modified sulfur-water emulsions
were characterized. These emulsions and their form-
ulations are tabulated in Table 5. The 85 10* and
RS 10* emulsions were produced early in the study
prior to finding that reaction of PAMAK WCFA with
the sulfur at 275F (135C) for a minimum of two hours
prior to emulsification would greatly improve emul-
sion quality. The second set of SS 10 and RS 10
percent SEA emulsions were formulated with PAMAK
WCFA reacted with the sulfur, .

Storage stability tests were not performed with the
cationic emulsions due to insufficient sample size.
The cationic emulsions were produced in one quart
batches so that they would cool quickly enough to
prevent the emulsion from failing as explained in
Section 3.3. All other emulsions were produced in
five gallon batches. During testing, the RS 10* and
RS 30 percent SEA emulsions began to break.
Consequently, storage stability, water miscibility,
demulsibility, and ductilities with the RS 10*
emulsion, and the distillation residue penetration
with the RS 30 were not performed.

All of the cationic emulsions boiled over during the
distillation procedure possibly due to the high con-
centrations of cationic emulisifiers used in their
formulations. Therefore, residue and water contents
by distillation, and physical characteristics of
distillation residues could not be determined for
the cationic emulsions.

All tests with the Sulphlex residues except for pen-
etration of the distillation residue were not per-
formed due to evolution of strong fumes during heat-
ing.

Water Content

Water content of emulsions was determined using both
distillation and evaporation procedures. The stand-
ard ASTM D244 distillation procedure {(Sections 8 to
10) was not used as it requires heating the emulsion
to 500F (260C). Heating to this temperature would
result in H7S and SO; evolution and possible exces-
sive hardening of the binders.
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TABLE 5 Emulsion Designations and Formulations
Which Were Characterized
Emulsion Base
Designation Stock Emulsifiers
ok
ss 101 108 SEA  23° Vinsol NVX, 0.7% Marasperse CE, 0.15 %
Natroscl 250 HR ,
" .
RS 10 1 10% SEA 0.75% PAMAK WCFA (in asphalt) , 0.3% PAMAK
WCFA added to sulfur, 0.25% Natrosol 250 HR
55 10 108 SEA  0.18% PAMAK WCFA (in sulfur)>, 0.54% PAMRK WCFA
(in asphalt), 0.06% Natrosol 250 HR, 2.0% Vinsol
NVX, 0,.6% Marasperse CE
RS 10 10% SEA 0.18% PAMAK WCFA (in sulfur)3, 0.70% PAMAK WCFA
(in asphalt), 0.06% Natrosol 250 HR
ss 15 15% SEA 2.2% Vinsol NvX, 0.08% Marasperse CE, 0.08%
Natrosol 250 HR
RS 15 15% SEA 0.3% PAMAK WCFA (in Sulfur)3, 0.7% PAMAK WCFA
{added to asphalt), 0.07% Natrosol 250 HR
-8S8 30 30% SEA 2.5% Vinsol NV, 0.54% PAMAK WCFA (in sulfur) 3,
0.84% PAMAK WCFA (in asphalt)
RS 30 308 SEA  0.54% PAMAK WCFA (in sulfur), 1.50% PAMAK WCFA
{in asphalt), 0.075% Natrosol 250 HR
RS 40 40% SEA 0.74% PAMAK WCFA (in sulfur)3, 3.50% PAMAK WCFA
(in asphalt), 0.6% Natrosol 250 HR _
CSS 10 10% SEA 0.24% PAMAK WCFA (in sulfur)3.0.54% Redicate AP
(in asphalt), 2.0% Sherex AA57, 0.06% Natrosol
250 HR, 0.001% 35% HCL
CRS 10 10% SEA 0.24% PAMAK WCTA (in sulfur) 3,0.54% Redicate AP
(in asphalt), 2.0% Sherex AA54, 0.06% Natrosol
250 HR, 0.8% 35% HCL 3
CSs 15 15% SEA 0.35% PAMAK WCFA (in sulfur) ,0.51% Redicate AP
(in asghalt), 2.0% Sherex AA57, 0.06% Natrosol
250 HR, 0.001% 35% HCL
CRS 15 15% SEA  0.35% PAMAK WCFA (in sulfur)>,0.51% Redicate AP
(in asphalt), 2.0% Sherex AA54, 0,06% Natrosol
250 HR, 0.8% 35% HCL
RS SX Sulphlex 2% PAMAK WCFA (in Sulphlex) 1% (based on
233 CDC (Sulphlex) PAMAK WCFA neutra.l.:.zed with NaCH
in socap solution,. sufficient caustic to
neutralize PAMAK WCFA in Sulphlex
NOTE:

1SS lO ard RS lO imitial formulations without BPAMAK WCFA reacted in sulfur
EthlSJ,fler percentages are based on total emulsion weight

3]?AIVIZ'%K WCFA reacted with sulfur two hours (minimum) at 275F prior to
emulsification
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4.4

Therefore, a modified distillation procedure was
developed which consisted of heating the emulsions
to 260F (127C) and sweeping with CO;. Details of
this distillation procedure are contained in
Appendix B, The ASTM D244 evaporation procedure
(Sections 14 to 18) was followed for water content
determinations by evaporation except that the evap-
orations were performed at 275F (135C) instead of
the stipulated 325F (163C) to prevent excessive H;S
and S0, evolution and possible binder hardening.

Water content by distillation results are tabulated -
in Appendix C in Table 12 and the ANOVA summary in
Table 13. Emulsion type was a significant effect at
the 0.01 confidence level. Newman-Keuls ranking
(Figure 1ll1) shows that water content of the RS Sul-
phlex emulsion was the highest (47.1% average) and
that the RS 40 and RS 30 percent SEA emulsions were
similar and had the lowest water contents (31.3%
average). Other differences were noted as shown in
Figure 11.

Water content by evaporation results are tabulated
in Appendix C in Table 14 and the ANQVA summary in
Table 15. Emulsion type was a significant effect at
the 0.01 confidence level. Newman-Keuls ranking
(Figure 12) shows that the water content of the CSS
10 percent SEA emulsion was the highest (42.2%) and
that the RS 30 and RS 40 percent SEA emulsions were
gsimilar and had the lowest water contents (31.6%
average). Other differences were noted as shown in
Figure 12,

Storage Stability

Storage stability tests were performed in accordance
with the ASTM D244 procedure (Sections 56 to 62)
except that the evaporations for determining residue
contents were performed at 275F (135C) instead of
the stipulated 325F (163C). Storage stability test
results are tabulated in Appendix C in Table 1l6.

The data reported are the difference in residue con-
tent of the emulsion from top to bottom of the grad-
uated cylinder, and reflect the degree of residue
settlement of the emulsion or the degree of perman-
ence of the dispersion (14). Higher numbers indi-
cate a greater degree of settlement than lower num-
bers., ‘The ANOVA summary for storage stability is
tabulated in Table 17. Emulsion is a significant

18



4.6

effect at the 0.0l level. Newman-Keuls ranking
(Figure 13) shows that the RS Sulphlex emulsion had
the highest amount of settlement (60.0% average
storage stability value) and that the RS 40 percent
SEA emulsion had the second highest (33.3% average
storage stability value). The storage stabilities
of the other emulsions tested were not statistically
different (0.20% average). These observations can
be seen in Figure 3., Higher amounts of settlement
are noted for sulfur concentrations above 30 percent,.

Freeze-Thaw

Freeze-thaw tests were performed in accordance with
the ASTM D244 procedure {(Section 49) except that the
emulsions were examined after each of the three
freeze-thaw cycles. The test indicates the resis-
tance of an emulsion to breaking due to being froz-
en. Test results are tabulated in Appendix C in
Table 18. Statistical analyses was not performed
with the data. Data in Table 18 indicate that only
the two 85 10 percent and the RS 30 percent SEA
emulsions did not break as a result of the three
freeze-thaw cycles. The RS 15 percent SEA emulsion
did not break after the first freeze~-thaw cycle, but
did after the second. All other emulsions tested
broke during the first freeze-thaw cycle.

Emulsion Break Time

Emulsion break time when mixed with aggregate was
determined by hand mixing the emulsion with aggre-
gate for five minutes, placing the mixture on a
sheet of release paper, and subjectively determining
the break time by visual examination. Break of the
emulsion was evaluated based on the color change
from brown to black. Aggregate used in the tests
was a crushed granite from the Graniterock quarry at
Aromus, California. Aggregate gradation used in
tests and aggregate specific gravity and absorption
are tabulated in Table 6. A four percent residue
content (based on an equivalent asphalt cement
volume as calculated by specific gravities) was used
in all determinations. Emulsion residue specific
gravities were calculated based on emulsion specific
gravities measured using a 250 ml volumetric flask
and the residue content by evaporation. Emulsion
and residue specific gravities are tabulated in
Table 7,

’
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TABLE 6

GRADATION, SPECIFIC GRAVITY, AND
ABSORPTION OF GRANITEROCK AGGREGATE
USED IN EMULSION BREAK TIME DETERMINATIONS

Sieve Size % Passing
3/4 in (19.0 mm) 100
1/2 in (12.5 mm) 75
3/8 in ( 9.5 mm) 50
1/4 in ( 6.3 mm) 25
No. 4 (4.75 mm) 0
Bulk Specific Gravity 2.835
Absorption 1.1%
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TABLE 7

SPECIFIC GRAVITIES OF EMULSIONS AND RESIDUES

Measuredl Calculated2
Emulsion Emulsion S.G. Residue S.G.

SS 10+ 1.054 1.094
RS 10% 1.053 1.084
ss 10 1.052 1.091
RS 10 1.053 1.084
SS 15 1.073 1.123
RS 15 1.068 1.107
ss 30 1.116 1.201
RS 30 1.134 1.202
RS 40 1.118 1.186

css 10 1.042 ~1.076

CRS 10 1.042 1.070

css 15 1.049 1.088

CRS 15 1.049 - 1.081
RS SX 1.124 1.263

Note:
*PAMAK WCFA not reacted with sulfur.
lMeasured volumetrically using a 250 ml pycometer at 77F

2calculations based on evaporation residue content
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4.7

4.8

Emulsion break time test results are tabulated in
Appendix C in Table 19 and the ANOVA summary in
Table 20. Emulsion is a significant effect at the
0.01 level. Newman-Keuls ranking (Figure 14) shows
that the CSS 10 percent SEA emulsion had the longest
break time (39.3 minutes) and that the RS 10* per-
cent SEA emulsion had the shortest (0.5 minutes).
The ranking also shows that break times of the cati-
onic emulsions, even the cationic rapid sets, were
longer than those of the anionics. The cationics
foamed during mixing, which may have caused the
longer break times. The anionic rapid set emul-
sions, except for the RS Sulphlex emulsion, had the
shortest break times {(less than 6 minutes).

Vigcosity

Viscosity tests were performed in accordance with
the ASTM D244 procedure {Sections 22 to 24) using
the Saybolt Furol viscometer. Test results at 77F
(25C) are tabulated in Appendix C in Table 21 and
the ANOVA summary in Table 22. Emulsion is a sig-
nificant effect at the 0.01 level. Newman-Keuls
ranking (Figure 15) shows that the SS 10* percent
SEA emulsion had the highest viscosity (226 seconds)
and that the CRS 10, CsSs 15, CSS 10, CRS 15, and RS
40 percent SEA emulsions and the RS Sulphlex emul-
sion were not different and had the lowest viscosity
(25.3 seconds average), Other differences were
noted as shown in Figure 15, Additionally, for
comparison to ASTM D2397, "Standard Specification
for Cationic Emulsified Asphalt," tests at 122F
(50C) were per—- formed with the CRS 10 and CRS 15
percent SEA emul- sions., Average viscosity for the
CRS 10 percent SEA emulsion was 15.5 seconds and for
the CRS 15, 25.3 seconds.

Coating Ability

Coating ability tests were performed in accordance
with the ASTM D244 procedure (Sections 50 to 55).
This test is designed for medium setting emulsions
to determine the ability of the emulsion to coat the
aggregate thoroughly, withstand mixing action, and
withstand washing after completion of mixing (17).
It is not applicable to rapid or slow setting emul-
sions (14), however, it was performed with the emul-
sions in this study to determine the compatibility
of the formulated emulsions with aggregate.
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4.9

Aggregate used in the tests was the crushed granite
from the Graniterock quarry at Aromus, California
and was of the same gradation used in break time
determinations (Table 7).

Test results for both dry and wet aggregates are
tabulated in Appendix C in Table 23. All emulsions
yielded a "good" initial coating (per ASTM D244)
with dry aggregate. All of the slow set emulsions
washed off of the aggregate yielding a poor rating
after rinsing. This is expected since the slow sets
would not have had time to break prior to rinsing.
The RS 15 percent SEA emulsion with dry aggregate
yielded a good rating after rinsing indicating that
it had broken on the aggregate surface, The other
rapid sets yielded either poor or fair ratings in-
dicating that they did not break on the aggregate
surface during the test.

For tests with wet aggregate all emulsions except
the RS 10 and RS 15 percent SEA's yielded initial
coatings rated as good. The RS 10 and RS 15 were
rated as poor. All slow set emulsions received poor
ratings after rinsing, again, as would be expected.
The CRS 10 and CRS 15 percent SEA emulsions yielded
coatings after rinsing rated as good. Other rapid
set emulsions yielded coatings after rinsing rated
as either fair or poor.

Modified Water Miscibility

Modified water miscibility tests were performed in
accordance with the ASTM D244 procedure (Sections 45
to 48). The test is designed to determine if medium
or slow setting emulsions can be mixed with water
(17). It is not applicable to rapid setting emul-
sions (14). The test was performed with all emul-
sions formulated since setting characteristics were
not precisely known.

Test results are tabulated in Appendix C in Table 24
and the ANOVA summary in Table 25. Emulsion is a
significant effect at the 0.01 confidence level.
Newman-Keuls ranking (Figure 16} shows that the
water miscibilities of the CSS 15, CSS 10, CRS 15,
RS 10, and S5 15 percent SEA emulsion were not dif-
ferent and that these emulsions experienced the
greatest degree of separation (47.5% average). The
RS 30 and RS 15 percent SEA emulsions and the RS
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4.10

Sulphlex emulsion were not different and had the
least separation (10.4% average). Other differences
shown in Figure 16 are noted. These observations
are plotted in Figure 4.

Residue Content

Residue contents of the emulsions were determined
using three procedures - distillation, evaporation,
and demulsification. The distillation and evapora-
tion procedures used are as discussed in Section
4.2. The ASTM D244 demulsification procedure (Sec-
tions 25 to 28) using as appropriate calcium chlor-
ide or dioctyl sodium sulfosuccinate solutions was
employed for demulsibility determinations.

Residue content by distillation test results are
tabulated in Appendix C in Table 26 and the ANOVA
summary in Table 27. During the distillation pro-
cedure, all cationic emulsions foamed excessively
and boiled over. Therefore, residue contents by
distillation could not be determined for the cati-
onic emulsions. Emulsion is a significant effect at
the 0.01 confidence level. Newman-Keuls ranking
(Figure 17) shows that the RS 30 and RS 40 percent
SEA emulsions were similar and had the highest resi-
due content (568.8% average). The RS Sulphlex emul-
sion had the lowest residue content (52.9%), Sever-
al other differences are noted in Figure 17.

Residue content by evaporation test results are tab-
ulated in Appendix C in Table 28 and the ANOVA sum-
mary in Table 29. Emulsion is a significant effect
at the 0.0l confidence level. Newman-Keuls ranking
(Figure 18) shows that the RS 30 and RS 40 percent
SEA emulsions were similar and had the highest resi-
due content (68.4% average). The SS 10, CSS 15, and
CSS 10 percent SEA emulsions were similar and had
the lowest residue content (58.0% average). Other
differences were noted as shown in Figure 18.

A comparison of residue contents by distillation and
evaporation is shown in Figure 5. From Figure 5, it

¢can be seen that slight differences in residue con-
tents determined by the two procedures exist, espe-

cially with the Sulphlex emulsion. The higher resi-
due content by evaporation with the Sulphlex emul-
sion may be due to the evaporation procedure not
removing all of the water in the emulsion.

25



WATER MISCIBILITY, %

® RS

§

(R3]
@ CRS
i o—9 mCSS
40+
20~
1
Note: "RS Sulphlex
0
1:) 12 310 4'0 Sg !

% SULFUR

FIGURE 4 Water Miscibility of Sulfur-Water Emulsions

RESIDUE CONTENT, %

55- O DISTILLATION
GIEVAPORATION
Note: lPS Sulphlex

50

T T U Y T T T T T T 1
§S1041 RS101 §S10 RS0 $S15 RSI5 SS8S30 RS30 RS40 RSSX
EMULSION

FIGURE 5 Comparison of Residue Contents by
Distillation and Evaporation

26




4.11

The demulsibility test indicates the relative rate
at which the colloidal asphalt globules break when
spread in thin films and is applicable to rapid and
medium setting emulsions (14). The 1l.l1g/liter
CaCl; solution was used with anionic rapid set emul-
sions and the 8.00g/liter dioctyl sodium sulfosuc-
cinate solution with both cationic rapid set and
cationic slow set emulsions. The 5.55g/liter CaCl,
solution was used with anionic slow set emulsions.
Once again, it is noted that since the setting char-
acteristics of the emulsions were not precisely
known, testing was performed with all emulsions
formulated. Test results indicate the percent of
the residue content determined by the distillation
procedure that was broken by the demulsification
solutions {l4). Since residue contents by distill-
ation could not be determined for the cationic emul-
sions, residue contents by evaporation were used in
calculations for the cationics. A high degree of
demulsibility is desired for rapid set emulsions
(14).

Demulsibility test results are tabulated in Appendix
C in Table 30 and the ANOVA summary in Table 31.
Emulsion is a significant effect at the 0.01 confi-
dence level. Newman-Keuls ranking (Figure 19) shows
that the anionic rapid set emulsions had greater
degrees of demulsibility than the slow set emul-
sions, as expected. The RS 10 and RS 15 percent SEA
emulsions were similar and had the highest degree of
demulsibility (72.5% average). The SS 30, SS 10,
and all cationic SEA emulsions were similar and had
the lowest degree of demulsibility (0.4% average).
Other differences as shown in Figure 19 are noted.
Figure 6 is a plot of demulsibility versus sulfur
content of the binder for anionic rapid set emul-
sions tested. From Figure 6, it can be seen that as
percent sulfur increases, demulsibility tends to
decrease. ‘

Long Term Stability

The long term stability of the emulsions was evalu-

ated by visually examining their consistencg and
determining if settlement could be stirred back into

the emulsion to give a homogeneous, unbroken prod-
uct. Observations are tabulated in Appendix C in
Table 32.
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Emulsion age at examination varies from 1.5 to 12
months, so comparisons of emulsions of different
ages cannot be made. Commercial emulsions are gen-
erally used within 30 days of production. However,
examination of emulsions after a long period can
give an indication of the relative resistance of the
emulsions to breaking. Of the emulsions which were
12 months old, the SS 15 and RS 15 percent SEA emul-
sions settled., However, the settlement could be
restirred into the emulsion producing a homogeneous
mixture indicating that they had not broken. The
other 12 month o0ld emulsions contained hard settle-
ment and had either slightly or totally broken. The
3 month old RS 10 and SS 10 percent SEA emulsions
were not broken and contained only a slight amount
of settlement when examined. The RS Sulphlex emul~-
sion showed signs of breaking and separation when
examined at an age of 7 months. The 1-1/2 month old
cationic emulsions had not broken and experienced
only a slight amount settlement, except for the CSS
15 percent SEA emulsion which was beginning to show
signs of breaking (presence of small coagulated
particles).
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5.0

5.1

PHYSICAL CHARACTERISTICS OF SULFUR-EXTENDED-ASPHALT AND
SULPHLEX EMULSION RESIDUES

Data Analyses

Emulsion residues obtained from the distillation and
evaporation procedures were characterized using pen-
etration (ASTM D5) at 77F (25C), absolute viscosity
{ASTM D2171) at 140F (60C), and ductility (ASTM
D113) at 77F (25C). Tests were performed in dupli-
cate and results analyzed statistically using con-
ventional one-way ANOVA techniques. The model and
analysis procedure used are_the same as discussed in
Section 4.1. Data, means (x), standard deviations
(s}, coefficients of variation (CV), ANOVA summar-
ies, and Newman-Keuls ranking results for residue
characteristics are contained in Appendix D.

Residue From Distillation

Penetrations at 77F (25C) of distillation residues
are tabulated in Appendix D in Table 33 and the
ANOVA summary in Table 34, Emulsion is a signifi-
cant effect at the 0.0l confidence level. Newman-
Keuls ranking {Figure 20) shows that the SS 10*, RS
10, RS 15, RS 30 and RS 10* percent SEA emulsions
were similar and had the highest penetration (105
average). The RS Sulphlex emulsion had a penetra-
tion of 8 which was the lowest of all residues test-
ed. Other differences are noted in Figure 20. Pene-
trations of RS and SS emulsion residues tested are
plotted in Figure 7. From Figure 7, it can be seen
that as sulfur concentration in the binder increas-
es, penetration decreases for rapid set emulsions,
but tends to increase for slow sets.

Absolute viscosities of distillation residues at
140F (60C) are tabulated in Appendix D in Table 35
and the ANOVA summary in Table 36. Viscosities for
residues with 30 and 40 percent sulfur could not be
obtained due to sulfur separation in the viscometer.
Emulsion is a signficant effect at the 0.0l level.
Newman—-Keuls ranking (Figure 21) shows that the 5SS
10 percent SEA emulsion had the highest viscosity
(1656 poise) and that the 8§ 15, RS 15, SS 10%*, and
RS 10 percent SEA emulsion were similar and had the
lowest viscosity (856 poise average). Additionally,
the RS 10*, SS 15, and RS 15 percent SEA emulsions
were similar (952 poise average).
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5.3

Ductilities at 77F (25C) of distillation residues
are tabulated in Appendix D in Table 37 and the
ANOVA summary in Table 38. Emulsion is a signifi-
cant effect at the 0.01 confidence level. Newman-
Keuls ranking (Figure 22) shows that the 85 10* and
RS 10 percent SEA emulsions had the highest ductil-
ity (both were 100 + cm) and that the S5 30, SS 15,
and RS 40 percent SEA emulsions were similar and had
the lowest ductility (31 cm average). Other differ-
ences shown in Figure 22 are noted. Ductilities of
anionic RS and SS emulsions are plotted in Figure

8. From Figure 8, it is noted that as percent sul-
fur in the binder increases, ductility tends to
decrease.

Residue From Evaporation

Penetrations at 77F (25C) of evaporation residues
are tabulated in Appendix D in Table 39 and the
ANOVA summary in Table 40. Emulsion is a signifi-
cant effect at the 0.0l confidence level, Newman-
Keuls ranking (Figure 23) shows that the CSS 10, CRS
15, CSS 15, RS 10* and RS 10 percent SEA emulsions
were similar and had the highest penetrations (125
average). The S5 15, RS 30, SS 30, and RS 40 per-
cent SEA emulsions were gimilar and had the lowest
penetrations (66 average). Other differences are
noted in Figure 23. Penetration results are plotted
in FPigure 9. Prom Figure 9, it is noted that for
both anionic and cationic slow set and anionic rapid
set emulsions, as percent sulfur in the binder in-
creases, penetrations tend to decrease.

Absolute visosities at 140F (60C) of evaporation
residues are tabulated in Appendix D in Table 41 and
the ANOVA summary in Table 42. Emulsion is a sig-
nificant effect at the 0.0l confidence level., New-
man-Keuls ranking (Fiqure 24) shows that the SS 10,
CRS 10, Css 10, CSs 15, S5 15, and SS 10* percent
SEA emulsions were similar and had the highest vis-
cosities (142% poise average). The RS 10, RS 10%,
and RS 15 percent SEA emulsions were similar and had
the lowest viscosities (712 poise average). Other
differences are noted in Figure 24.

Ductilities at 77F (25C) of evaporation residues are
tabulated in Appendix D in Table 43 and the ANOVA
summary in Table 44. Emulsion is a significant
effect at the 0.01 confidence level. Newman-Keuls
ranking (Figure 25) shows that the Ss 10, RS 10,

RS 40, and all cationic emulsions were not different
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and had the highest ductilities (all 100 + cm). The
S8 30 and RS 15 percent SEA emulsions were similar
and had the lowest ductilities (19 c¢m average).
Other differences are noted in Figure 25.
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6.0 COMPARISON OF PROPERTIES OF SULFUR-~-EXTENDED-ASPHALT AND

6.1

SULPHLEX EMULSIONS TO ASTM D977 AND D2397 REQUIREMENTS

In order to more adequately conceptualize the char-
acteristics of the SEA and Sulphlex emulsions form-
ulated and produced during this study, properties of
the modified sulfur-water emulsions were compared to
ASTM D977, "Standard Specification for Emulsified
Asphalt" and D2397, "Standard Specification for
Cationic Emulsified Asphalt™ (17) requirements.

Properties of anionic slow set SEA emulsions and
ASTM D977 specification requirements for SS-1 and
S5-1lh emulsions are tabulated in Table 8. From
Table 8, it can be seen that the SS 10 percent SEA
emulsion meets viscosity, storage stability, residue
content, and penetration and ductility of residue
requirements for an SS-1lh emulsion. The 8S 10* per-
cent SEA emulsion (formulated without the sulfur
reacted with PAMAK WCFA) meets the above require-
ments except for viscosity (226 seconds compared to
the specification requirement of 20 to 100 seconds).
The SS 15 percent SEA emulsions meets requirements
for a SS5-1h except for residue ductility. The SS 30
emulsion meets requirements for an SS-1 except for
residue ductility. The cement mixing test, sieve
test, and solubility of residue were not determined
and therefore could not be compared.

Properties of anionic rapid set SEA and Sulphlex
emulsions and ASTM D977 specification requirements
for RS-1 emulsions are tabulated in Table 9. The
sieve test and residue solubility were not performed
and therefore could not be compared. The RS 10 and
RS 15 percent SEA emulsions met requirements for an
RS-1 emulsion. The RS 40 percent SEA and RS Sul-
phlex emulsions did not meet storage stability, de-~
mulsibility or residue penetration requirements.
Several other areas of nonconformance were noted
with other emulsions as indicated in Table 9.

Properties of cationic slow set SEA emulsions and
ASTM D2397 specification reguirements for CSS-1
emulsions are tabulated in Table 10. Since the
distillation test could not be performed with the
cationic emulsions, residue content and residue
penetration and ductility values used for comparison
were those obtained by the evaporation procedure.
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TABLE 8

COMPARISON OF ANIONIC SLOW SET SEA
EMULSION PROPERTIES TO SEVERAL ASTM D977
REQUIREMENTS FOR S5S5-]1 EMULSIONS

Specification
Property SS 10* S5 10 SS 15 SS 30 Limits
Tests on Emulsion:
Viscosity,
Saybolt Furol,
77F (25C): s 226 72.2 45.4 66.6 20-100
Storage Stability
24 hr; % 0.6 0.5 0.25 0.20 1 max
Residue by
Distillation; % 59.7 59.5 62.1 62.2 57 min
Tests on Residue:
Penetration,
77F (25C), 100gq,
5 gec; 1/10 mm 114 75 73 101 100~-200
or .
40-90
Ductility, 77F '
(25C), 5 cm/min; cm 100+ 68 33 34 40 min

Note:  lRequirement for SS-lh emulsion.
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TABLE 9

COMPARISON OF ANIONIC RAPID SET SEA
AND SULPHLEX EMULSION PROPERTIES TO
SEVERAL ASTM D977 REQUIREMENTS
FOR RS-1 EMULSION

Emulsion Designation

Property RS 10* RS 10 RS 15 RS 30 RS 40 RSSX

Spec.
Limits

Tests on Emulsion:

Viécosity,
Saybolt Furol,
77F (25C); s 44.6 44.5 70.7 131 20.2

Storage Stability, ,
24 hr; & - - 0.3 0.15 -0.7 33.3

Demulsibility,
35ml, 0.02N,
CaCly; 71.6 75.9 69,1 34.6 28.6

Residue by
Distillation; % 65.0 64.8 66.0 70.3 67.2

Tests on Residue:

Penetration,
77F (25C), 100g, '
5 sec; 1/10 mm 86 113 113 - 65

Ductility, 77F
(25C)y, 5 cm/min; cm - 100+ 41 37 25
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60.0

31.2
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TABLE 10

COMPARISON OF CATIONIC SLOW SET SEA
EMULSION PROPERTIES TO ASTM D2397 REQUIREMENTS
FOR CSS-1 EMULSIONS '

Property CSS 10

Tests on Emulsifier:

Viscosity, Saybolt
Furol at 77F (25C); s 26.0

Residue Content; % 57.4l

Tests on Residue:

Penetration, 77F (25QC),

100g, 5s; 1/10 mm 1483

Ductility, 77F (25C),

5 cm/min; ¢cm 100+3
Notes:

lDe';ermined by the evaporation procedure

2gpecified by the distillation procedure

Css 15

28.11
57.81

1183

100+3

3petermined on evaporation residue

4gpecified by distillation residue
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While differences in results by evaporation and
distillation may occur, the evaporation data were
used so that comparisons could be made. Storage
stability, particle charge, sieve test, cement
mixing test, and residue solubility were not
determined. Both the CSS 10 and CSS 15 percent SEA
emulgsions meet viscosity, residue content, and
residue penetration and ductility reqguirements for a
CSS-1 emulsion.

Properties of cationic rapid set SEA emulsions and
ASTM D2397 specification requirements for CRS-1
emulsions are tabulated in Table 11l. Evaporation
residues were used for comparison purposes as re-
sults for the distillation procedure could not be
obtained. Storage stability, particle charge,
classification test, sieve test, and residue solu-
bility were not determined. The CRS 15 percent SEA
emulsion meets viscosity, residue content and resi-
due penetration and ductility requirements for a

- CRS~-1 emulsion. The CRS 10 percent SEA emulsion
does not meet viscosity (15.5 seconds compared to
the 20 to 100 second specification requirement) or
residue penetration (98 compared to the 100 to 250
specification requirement) requirements.
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TABLE 11

COMPARISON OF CATIONIC RAPID SET SEA
EMULSION PROPERTIES TO ASTM D2397 REQUIREMENTS
FOR CRS~-1 EMULSIONS

Property CRS 10
Tests on Emulsifier:
Viscosity, Saybolt
Furol, 122F (50C); s 15.5
Residue Content; % 61.61

Tests on Residue:

Penetration, 77F (25C),

100g, 5s; 1/10 mm 987

Ductility, 77F (25C), 3

5 cm/min; cm 100+
Notes:

Specification
CRS 15 Limits
25.3 20-100
62.0° 60 min>
1293 , 100—2504
100+° 40 min®

lpetermined by the evaporation procedure

2gpecified by the distillation procedure

3petermined on evaporation residue

4gpecified by distillation residue
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7.0
7.1

CONCLUSIONS

Based on the emulsion formulation experiments and
physical testing performed during this investigation,
it is concluded that stable modified sulfur-water
emulsions can be produced which have physical prop-
erties comparable to standard asphalt emulsions
currently used in highway construction. Sulphur-
extended-asphalt binders with up to 40 weight percent
sulfur content and Sulphlex can be used as base
stocks. Anionic SEA emulsions studied during this
investigation were the most successful in terms of
ease of production, emulsion stability, and similar-
ity to standard asphalt emulsions. The study has
shown that many interactions between emulsion com-
ponents and production techniques exist which will
need to be considered during production of modified
sulfur-water emulsions. Several specific conclusions
regarding emulsion formulations with SEA and Sulphlex
binders and characteristics of resulting emulsions
were reached.

1. During production of either SEA or Sulphlex emul-
sions, reacting the molten sulfur component with
a tall oil (PAMAK WCFA) prior to emulsification
greatly improves emulsion quality.

2. Addition of a viscosity builder (Natrosol 250 HR)
to modified sulfur-water emulsions reduces set-
tlement.

3. Successful cationic SEA emulsions are more diffi-
cult to formulate than successful anionic SEA
emulsions.

4., As the percentage of sulfur in the emulsion in-
creases, the difficulty in formulating successful
emulsions increases.

5. Emulsion residue contents determined by the modi-
fied distillation and evaporation test proce-
dures were slightly different.

6. As the percent sulfur in rapid set anionic SEA

emulsions increases, emulsion demulsibility de-
creases.

7. As the percent sulfur in anionic SEA emulsion
residues increases, penetrations and ductilities
tend to decrease indicating harder materials.

8. As the percent sulfur in the SEA emulsions in-

creases, greater settling of the emulsion 'is
observed.
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8.0 RECOMMENDATIONS FOR FUTURE RESEARCH

8.1

This study has demonstrated that stable emulsions
using either sulfur-extended-asphalt or Sulphlex as
base stocks can be produced. During the study, many
observations were made regarding emulsion production
and testing which deserve further attention.

1. Develop methods to increase or improve the dis-
persion of sulfur in asphalt prior to or during
emulsification which could possibly reduce emul-
sion settlement and improve ease of formulation,

2. Further investigate the beneficial reaction of
the tall oil with sulfur when producing SEA or
Sulphlex emulsions.

3. Investigate whether the addition and reaction of
tall oil with sulfur in the emulsion modifies
properties of resulting emulsion residues.

4. Investigate interactions between emulsifiers
which can cause modified setting rates of SEA and
Sulphlex emulsions.

5. Develop more stable cationic SEA emulsions and
further investigate the detrimental effects of
heat on the cationic emulsions produced during
this investigation.

6. Investigate the properties of SEA and Sulphlex
emulsion-aggregate mixtures for various paving
uses such as surface, base, and open graded
friction courses.

7. Develop a test procedure for measuring the vis-

cosity of SEA emulsions containing greater than
20 percent sulfur in the base stock.
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Abstract

The purpose of this project was to develop emulsions similar to
asphalt emulsion but using sulfur extended asphalt (SEA) and
-Sulphlex as base stocks. It was found that actually three dis-
tinct types of base stocks were being studied, SEA base stocks
containing 10 and 15% sulfur, in which the sulfur was disolved

in the asphalt, SEA base stocks containing 30 and 40% sulfur, in
which some of the sulfur was disolved in the asphalt while the
rest was dispersed, and Sulphlex. The emulsifier systems used
for asphalt could not be used without modification for the SEA

or Sulphlex base stocks. The emulsions settled badly and were
quite unstable. Settling was greatly reduced by adding Natroscl .
250HR to the water phase, and emulsion quality was greatly en-
hanced by reacting a tall oil with sulfur or Sulphlex prior to
emulsification. Successful anicnic emulsions were made from all
base stocks, however considerable trouble was encountered in
making some of the cationic emulsions. Factorial designed experi-
ments greatly aided the investigations.
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INTRODUCTION

The purpose of this project is to develop water emulsions using
sulfur extended asphalt (SEA) and plasticized sulfur (Sulphlex)
base stocks which might find application in highway construction.
These emulsions were to be designed toc be comparable to the var-~
iods grades of asphalt emulsions, namely, rapid, medium and slow
setting types, both anionic and cationic.

- The base stocks studlies were selected to be similar to those re-
ported in the literatura'l, with sulfur concentrations cof 10-40%,
based upon the mixture of asphalt and sulfur=100%, and selected
grades of Sulphlex 2} as supplied by Engineers Testing Laboratories
and Southwest Research Institute.

In developing the formulations we attempted to produce emulsions
which could be readily made commercially with little or no change.
We therefore avoided emulsifying equipment which had a very much
greater input of energy per unit mass than a commercial mill, and
avoided emulsification techniques which would produce a product
at a temperature lower than that which one would expect from a
commercial mill., This latter point is very important as certain
emulsifiers, such as the polyethoxylates, have an inverted sclu-~
bility, thus emulsions might be readily made at a low temperature,
but not be made at a normal emulsifying temperature.

The first area of study were those formulations which are.in genex-
al use in asphalt emulsions, and expanding and revising those for-
mulas to f£it the SEA and Sulphlex base stocks. In our terminclogy.,
we used the classification (ie 8S fer slow set) which was usually
associated with a particular emulsifjer (ie Vinsol for 5S, ARMAK
E-67 for CRS, etc.) even if the final emulsion may not have exact-
ly fit the classification. Our challenge was to find ways to emul-
sify the base stocks with those various catagories of emulsifiers
with some very difficult base stocks. For that reascn, "SS8" type
emulsions might in reality behave more like an MS. Future formu-
lation studies will be needed to elucidate all the effects of for-
mulation variables.

As we felt that any product which we should develop should have
commercial applications, we did keep cost in mind. In many cases,
we found it necessary to use high levels of emulsifiers which will
probably reduce the attractiveness of those formulations because
of cost. Future work, especially with additives, may show the
means to reduce cost, however. .
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CONCLUSIONS

General

1.

2,

6.

As the percent of added sulfur increases, the difficulty in
making emulsions also increases.

Adding Natrosol 250ER to the emulsifier solution markedly in-
creases the quality of the emulsion with anionic and cation-
ic emulsions.

Adding the tall oil PAMAK WCFA to the sulfur extended as-
phalt or the Sulphlex, and curing the mixture for 2 hours at
275°F or above markedly improved the quality of most anionic
and cationic emulsions.

Adding Redicote AP (an amine made by Armak) was beneficial
for certain emulsions.

While the Sulphlex 233 was the type of Bulphlex available
for these studies, it is our opinion that one of the Sulph-
lexes made with tall oil pitch would be mcre amenakble to
emulsification.

A disposable viscometer may be used to measure the viscosity
of the Sulphlex.

Specific

1.

RS type emulsions can be made from sulfur extended asphalt,
to 40% sulfur in the base stock, and from the Sulphlex 233.
The emulsifier is PAMAK WCFA, a tall oil, which is added to
the base stock and cured for 2 hours before making the emul-
sion. The formulations include Natrosol 230HR, a hydroxy-
ethylcellulose.

SS type emulsions can be made from sulfur extended asphalt

to 40% sulfur in the base stock and from Sulphlex 233. The
emulsifier is Vinsol NVX. PAMAK WCFA was added to the SEA
binder and cured as described in (1) above. Natrosol 250HR
was used to reduce settlement, and Redicote AP, added to the
SEA base stock just prior to making the emulsicn, appeared to
be beneficial.

€S8 and CRS emulsions were made of the SEA base stocks con-
taining 10 and 15% sulfur, but not at higher levels of sulfur
or with the Sulphlex base stock. The formula which worked was
based upon Indulin W-3 for the C55 and Armak E-67 for the CRS.
Tall oil and the amine Redicote AP were also added to aid
ermulsification.

Clay based emulsions made with Sulphlex appeared quite pro-
mising,
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EXPERIMENTAL

Laboratcry Mills

Two laboratory mills were used. In our initial work we used the
system shown in Figure 1. The mill consisted of a modified cen-
trifugal pump, two Viking pumps, a soap pot and -two asphalt tanks.
The emulsion was made by recirculating the soap and adding the
sulfur extended asphalt incrementally. The piping was copper
tubing which caused considerable problems on the asphalt lines as
sulfur reacts with copper, destroying the tubing.

We then set up the system shown in Figure 2, which uses a Char-
lotte mill. In this case, the speed of the Viking pumps were ad-
justed so that emulsions of the desired solids content could be
produced. Both of the asphalt tanks were used. Sulfur extended
asphalt (SEA) and Sulphlex cause considerable contamination pro-
blems, thus the SEAR or Sulphlex were placed into the smaller aux-
illary pot and asphalt or an aromatic oil was placed in the larger
pot to be used as a purge. This was especially important when
running Sulphlex emulsions.

Cleaning of Mills

One of the problems encountered in this project was that of clean-
ing up the mill, pumps and piping when one wishes to switch back
to making straight asphalt emulsions. It was guite inconceivable
to use a solvent as dangerous as carbon disulfide, or the halo-
genated, extremely expensive solvents which will dissolve sulfur.
Sulfur is soluble, to a certain extent, in asphalt and aromatic
oils however. Two separate methecds have been used to clean out
the system. In one method, when gquart samples of SEA emulsions

or Sulphlex emulsions are made, asphalt is used as the sclvent.

As may been seen in Figqure 2, the mill is fed by two asphalt pots.
First 2-3 gallons of asphalt are placed into the 18 quart asphalt
pot, and recirculated throughout the system. The SEA or Sulphlex
base stock is then heated to 2759F and poured into the smaller pot.
Sufficient emulsifier solution is made to make considerably more
than the desired quart of emulsion. The soap pump is started,

the mill started, then the asphalt is switched into the soap stream
and asphalt emulsion is made. The three way valve connecting the
small and large pot is then turned to feed the SEA or Sulphlex
base stock to the mill. As scon as SEA or Sulphlex emulsion is
coming out of the mill, a gquart sample is taken, then the wvalve is
turned back to feed the pump with asphalt, again making asphalt
emulsion. The mill feed valve for the asphalt is then switched to
recirculating, allowing the lines to be full with asphalt. The
soap pump continues to flush the mill, after which hot water is
used to flush the soap lines and mill.

The second procedure is quite similar to the above, except that in-
stead of using asphalt, a heavy aromatic oil is used, and left in
the lines after flushing. When it is necessary to switch back to
manufacturing regular asphalt emulsions, we flush the whole as-
rhalt system with hot aromatic o©il, including the mill. We have

found that oil to be very effective in cleaning out the system.
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Base Stocks

Asphalt. Two asphalt base stocks were used; one from U.S. 0Oil
Refining Company in Tacoma, Washington and one from Husky 0il
(from their Spckane bulk plant.) The sulfur extended asphalt
base stocks were prepared by blending either powdered sulfur or
moiten sulfur with the asphalt. We found that the preferable
methad was to add the molten sulfur to the asphalt just prior to
preparing the emulsions except when additives were blended into
the asphalt sulfur mixture and a cure time was needed.

Sulphlex. The Sulphlex which was primarily used in this study
was Sulphlex 233 (CDC soft) which consisted of 70% sulfur, 12%
cyclodiena dimer concentrate, 10% dipentene and 8% vinyl toluene.
As our studies progressed, it became apparent that we would have
been better off if we had been using one of the Sulphlex base
stocks which contained tall oil pitch, such as 433, 443 or 453.
Modifying the Sulphlex 233 by adding PAMAK WCFA (a tall oil)
greatly reduced the problems encountered in making emulsions.

Those of the 400 series had been made only in laboratory quanti-
ties, thus they were not available.

Emulsifiers

A wide variety of emulsifiers were used, ranging from anionic,
noniecnic, cationic and some with more than one active moiety.

In the emulsification system we also used viscosity building in-
gredients. A list of the ingredients in the emulsifier system
is shown in Appendix A.

Factorial Designed Experiments

In the later states of this study, factorial designed experiments
were set up to unravel the effects of the variables and their in-
teractions. The basic texts which we used were "Design and Ana-
lysis of Experiments" by Oscar Kempthorne3) and "Optimization and
Industrial Experimentation® by Biles and Swain.4) The experi-
ments were 20 factorial and from % to % replicata. To aid in ass-
essing error we ran four replicates at the center point on one of
the experiments. As we were looking for trends, error could also
be estimated by assuming that some of the interactions, especially
the higher order ones, were very small compared to the primary vari-
ables. This probably overestimates the error, thus any effect that
appears to be statistically significant probably is.

Bach of the variables were transformed so that they could be mapp-~
ed onto the interval [~1 ,.+1], thus the experiment is confined to
intergers in the set P = {(a, b... n) | a € [-1 ,+10 , velxf4+]...
nel~,+(Jwith the center point = (0,0......0). The precise design
of each exveriment will be discussed under the appropriate section
under Results and Discussion.
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RESULTS AND DISCUSSION

Distillation of SEA Emulsions

The distillation of the SEA emllsions present a distinct challenge
as it is very important that the temperature of the SEA base does
. not exceed about 300°F. The distillation method described in

ASTM D-244 will not work as written since the base oil must be
heated to 500°F. To overcome this problem, the D-244 distillation
procedure was revised such that the sample was heated to 240-260°F
. (116-127°C) and swept with CO3 at 1000ml/min for 15 minutes. As

may be seen in Table I, there was essentially no change in the pene-
trations.

Properties of the SEA Base Stocks

The addition of sulfur' to asphalt caused a considerable decrzase

in the viscosity of the asphalt. Typical data are shown in Table
II.

Develovment of Disposable Viscometer for Sulphlex

It is quite difficult to clean the viscometers used to measure
the viscosity of the Sulphlex because of the poor solubility of
the Sulphlex in convenient solvents. We therefore developed a
disposable viscometer which consisted of a test tube and a piece
of glass tubing. The bore of any one long piece of glass tubing
is precise enocugh so that the viscosity of a known standard may
be run in one section to calibrate the others.

The test method used is essentially that described in ASTM test
method D-2171, with the viscometer used considered to be a modifi-
cation of the modified Koppers viscometer described in that method.
The viscometer is shown in detail in Figure 3.

In this method, a four foot length of glass tube is cut into six
pieces and each piece is marked off as is shown in Figure 3. The
glass tube is inserted into the test tube so that the first mark
is exactly 3 inches above the bottom of the tube. Exactly two in-
ches of asphalt or Sulphlex are placed into the test tube, then
the glass tube reinserted. (The asphalt or Sulphlex will raise a
bit, but all will be identical.} Vacuum is applied and the time
required for the passage of the miniscus through each segment is
determined. The times are recorded for duplicate samples of an
asphalt for which the viscosity is known, and calibration constants
are determined for the other four tubes of the set.

Once the capillary tubes are used, they are discarded. The test
tubes may be cleaned by first soaking them in asphalt or an aro-
matic o0il, then cleaning them with trichlorethylene. :

Data obtained on three samples of Sulphlex are shown in Table III.
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Emulsion Formulation Studies

Evaluaticn cf Standard Asphalt Formulations

The first step in developing emulsions from the sulfur extended
asphalt (SEA) and Sulphlex base stocks was to determine whether
standard emulsion formulations might work. We found out guite
early that generally standard formulations would not work. We
also found that we were working with three, not two, different
types of base stocks; SEAs in which the sulfur is dissclved in
the asphalt (10 and 15% sulfur) SEAs in which part of the sulfur
is dissolved and part dispersed (30 and 40% sulfur) and the Sul=-
phlex base stock.

. Satisfactory anionic emulsions could be readily prepared at 10
and 15% if the emulsifier was increased, however considerable
difficulty was encountered in making any of the other emulsions.
Our initial attempts to make emulsions from the Sulphlex base
stock were miserable failures. 1In our first attempt, the emul-
sion broke in the mill and lines, causing quite a mess: Latter
attempts were successfull, however. '

Formulation Considerations

Emulsions are a dispersion of one material in another with a third
compenent that establishes itself at the interface of the two in-
compatable phases. The two phases we are concerned with are the
base stock (SEA or Sulphlex) and water, and the third component is
a chemical (as opposed to a finely divided particulate). For an
emulsion tc be formed, one part of that chemical (the emulsifier)
must be soluble in one phase while another part of the emulsifier
must be soluble in the eother phase. The continous phase is usually
that which has the greatest affinity Eor whichever part of the
chemical. Thus, if the water soluble part of the emulsifier is
more strongly dissolved in water tihan is the "oil"* soluble part
soluble in the "o0il", the emulsion will be 0il in Water (O/W).

If, on the other hand, the o0il solubility is stronger, the emulsion
will be Water in Qil (W/0). It is possible to make emulsions at
one temperature in which O/W prevails only toc have them invert to
W/0 when the temperature is changed, or the electrolyte is changed.
As examples, an O/W emulsion based upon Scdium Stearate can be in-
verted by cooling the emulsion. Likewise, emulsions prepared at
lower temperatures (70-120°9F) with certain exthoxylated emulsifiers
may be inverted by increasing the temperature. Other factors may
cause inversion including adding multivalent iens (to anionic emul-
sions) adding sodium ions to certain socdium socaps (salting out of
the soap), increasing the phase volume of the dispersed phase, etc.
For an emulsifier to work, it must partition itself at the inter-
face, If it 'cannct do this, it won't work.

Our tasks in making satisfactory emulsions included finding mater-
ials which would act as emulsifijers for the sulfur containing base
stocks, and finding ways by which the rate of settlement of the

particles could be reduced. This settlement problem was a result

of the higher specific gravity of the sulfur containing base stocks.

*"*0il" in this case to include SEA on Sulphlex base stocks.
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Sulfur, being similar to cxygen, is a very reactive element. In
nature it occurs as a polymer containing eight sulfur atoms per
molecule. Light can cause the S-S bond to break, 2/ activating
the sulfur to react, although in the black world of asphalt,
light would not ke expected tc be a problem. Bateman et al

have shown that the S$-8 bond,is.readilg broken by nucleophilic
reagents such as 803, CN-, RS"or HS~7)8) , There is also evidence
that RqN: and R3 P: nucleophides will cause chain sission?-11),
Thus the cationic emulsifiers, being amines, may very well caty-
lize the sissicn of the 5-5 bond and accelerate the reaction of
sulfur with asphalt.

We have noticed a strong odeor of H38 in emulsions, even though
the sulfur is added just prior to emulsification.

The reaction has been suggested to be;

A-§-5-B+R3N——— X RyN++AS™+3B

This could be the reaction with additives such as Redicote AP,
however the emulsifier amine carries a positive charge, thus it
is not the same. There are amines in asphalt, however which
might enter into some reaction.

Batman et al®) have discussed the interaction of the S-35 hond
with olefinic double bonds. The electron doner activity of the

olefinic bend will promote polarization of the $-5 bond and then
attachment at the double bond.

' Ross 12) has studied the kinetiecs of the reaction of sulfur with
cyclohexene and other olefins at 110-140°C and has found the re=-
action to be autocatalytic and that in the early stages the rate
is proportional to the square root of the sulfur, olefin and pro-
duct concentrations. This is in agreement with LudwigZ), who
found that adding previously reacted Sulphlex to a2 new batch being
prepared markedly increased the reaction rate.

It is guite evident from this very brief discussion that the in-
teraction of sulfur with the asphalt and emulsifiers may be gquite
involved., We know from experience that air blowing asphalt re-
duces its desirability as an emulsion base stock. One might ex-

pect that sulfurization of asphalt might also be detrimental to
emulsion gquality.

Use of Multifunctional Emulsifiers

One of the causes of problems with stability of the sulfur contain-
ing base stocks might be lower solubility of the "oil™ soluble moi-
ety of the emulsifier in the sulfur containing oil. It appears
that this might be progressive, occurring after an emulsion has
been made. Since sulfur will react with amines, we felt that adding
an aminated ethoxylate might provide us with a way to obtain an
emulsifier which would have an adequately oil scluble radical. To
evaluate this, we obtained some samples of an ethoxylated tallow
amine, an ethoxylated oleyl amine and a coco sulfobetaine from Sherex
~rnamical Company. We made cationic emulsions of the first two

-nd an anioniec emulsion with the latter one. The cationic emul-
sions failed quite soon after being made, however the latter one

iid not look bad, although reversible agglomeration had cccurrad.
=2 base stock was Sulphlex.
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"se of Unsaturated Fatty 2cids

1 discussing our problem with Dr. Michael RaymonéJI it appeared
:hat moelecules with double bonds might be caused to react with
ulfur. If such a material also had a water scluble or potentially
ater soluble group which might not react with the sulfur, it might
;2 possible to produce stable emulsions by pre-reacting the sulfur
;r Sulphlex with that material, then making an emulsion. ©Our first
‘wperiment was attempted with the aid of Dr. Brian Collar at the
"aderal Highway Administration Laboratory. We found that reacting
sulphlex with oleic acid at about 275°F for an hour would allow us
2 produce satisfactory emulsions of the Sulphlex kase asphalt.

lontinuing along that line of experimentation, we obtained several
nixtures of oleic acid and linoleic acid and found them to be quite
:ffective. The most effective of those which we tried was PAMAK
#CFA (Western Crude Fatty Acid) made by Hercules. The cencept which
worked for Sulphlex worked equally well for the SEA base stocks. We
ilso feund that reacting the PAMAK WCFA with sulfur containing base
stocks alsc greatly improved the quality of cationic emulsions as
well as anionic emulsions.

Zffect of a Protective Colloid

One of the methods of reducing the settlement of an emulsion or dis-
persion is to increase the viscosity of the continucus phase. Ac-
cording to Stokes 13), the rate of settlement or "downward creaming”
is directly proportional to the square of the radius of the particle,
directly proportional to the difference in specific gravities and
inversely proporticnal to the viscosity of the continucus phase (with
the assumption that the dispersed phase is rigid. If the dispersed
phase is deformable, the rate of settlement will he greater). Thus
adding materials which increase the viscosity of the aquecus phase
should reduce the settlement. Although we have obtained about 25
different samples of protective collcids which might increase the
viscesity, only one was evaluated, as it worked very well. It was
outside of the scope of this investigation to evaluate all 25. The
protective colloid used was Natrosol 250HR, made by Hercules,which
is widely used by the paint industry.

By reducing the rate of movement of the particles, the chance of co-
alescence of the particles is reduced thus providing an increase in

emulsion stability {as defined as decreased rate of coalescense) as

a by-product.

Effect of Redicote AP

We wish to consider Redicote AP {ARMAK) separately from other addi-
tives, as it appears to provide some beneficial effect, although
the extent is not gquite clear. Redicote AP is used as an additive

to asphalt to improve the ameneability of that asphalt tc be emul-
sified. ARMAK recommends that it he added to asphalt and be allow-
ed to cure for several hours prior to emulsifying the asphalt. Aas
it is heat stable, and is an amine, we felt that it might react
with the sulfur, providing a system which would be more ameneable
to emulsification. Although our data did not clearly show a bene-
ficial effect by itself, the data do suggest that the use of Redi-
cote AP in conjuncticn with PAMAK WCFA may have a dramatic effect.
As the experiment, which will be discussed later, confound that in-
teraction with other interactions, it is not clear that the effect
was real. Since the Redicote AP is a base, and readily soluble in
asphalt, and the PAMAK WCFA 1s an acid, the sulfur reaction product
most probably is socluble in sulfur (since certain of the Sulphlex
formulaticns were based upon crude tall oil pitchZ)), they would
react, and possibly aid the primary emulsifiers in producing an emul-
sion. ’ i
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We have found that adding the anionic emulsifier PAMAK WCFA to cat-
ionic systems appears to improve the emulsions. Likewise, the data
suggest that the presence of Redicote AP in caticonic and anionic
systems might be quite beneficial. The data are not clear, and it
is outside of the scope of this project to follow that line of ex-
perimentation to obtain specific effects of organic acid-base react-
ion products on emulsion guality.

Effect of Reaction Conditions of the Sulfur, PAMAK WCFA and Asphalt
: ‘ on Emulsion Quality

The guestions arose as to the best method by which to react the PAMAK
WCFA with the sulfur, the effect of temperature and the effect of
length of reaction time. Although we could not completely separate
these effects, we did arrive at some definite conclusions.

Effect of Time. The longer the sulfur and PAMAK WCFA are reacted
together, the better the emulsion. Although we limited the reaction
time to 2 hours, our data definitely indicated that the longer the
PAMAK WCFA was reacted with the sulfur, the better the emulsion. 2
hours was definitely better than % hour, and reacting them overnight
was definitely better than 2 hours. We arbitrarily settled on 3%
PAMAK WCFA, based on sulfur, for the amount used, although the data
did not show any particular trend with respect to the amount of PAMAK
WCFA. It is insoluble in sulfur. We mix them together with strong
stirring for the desired period.

Effect of Temperature. One would expect that the reaction rate would
increase exponentially with temperature. We were not able to get a
clear picture, although the only experiment tried was to compare the
effect of temperature of c¢uring of a mixture of sulfur, PAMAK WCFA
and asphalt on emulsion guality. No clear trend appeared,. As we
know that oxidation (air blowing) reduces the guality of an emulsion
base stock, and sulfur reacts with asphalt in a manner similar to
oxygen, the experiment may have been confounded by the presence of
the asphalt. Although we cannot include in the scope of this project
a study of the reaction kinetics of sulfur and unsaturated fatty acids,
it would be very interesting to determine if reacting them at’ a high-
er temperature in the absence of asphalt would be beneficial.

Effect of the Presence of Asphalt. PAMAK WCFA is quite soluble in
aspnalt, as is sulfur at levels less than about 20%. It would be
much more convenient, both in the laboratory, and commercially if
the reaction could take place in such a blend. Although emulsions
made with such blends were better than emulsions made with uncured
base stocks, the presence of the asphalt was detrimental. Consider-
ably better emulsions were prepared when the PAMAK WCFA and sulfur
were reacted separately, then added to the asphalt than when as-
phalt was present during the curing.

Effect of "In Situ" Neutralization of the Emulsifiers. As was men-
tioned above, the rate of settlement of emulsion particles is direct-
ly proportional to the sgquare of the particle size. Thus, a reduct-
ion in particle size to, say, % of the original size will decrease
the rate by a factor of four. The method generally used tc make
emulsions is brute force, ip, the o0il phase is placed into a high
shear field which physically reduces the size of the emulsion part-
icles., Another method of making emulsions is "persuasion®”, ie, the
emulsion is "persuaded” to form by the thermodynamics of the system.
As an example, one way to make an oil in water emulsion is to add a
fatty acid, such as oleic acid, to the oil, then slowly add a caus-
tic seda solution. A W/0 emulsion is first formed, as the caustic
reacts in situ with the fatty acid, because ¢f the very high volume
of the oil phase. At some point, when the aquecus phase volume is
high enough, the emulsion inverts, forming a stable O/W emulsion.
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This technique cannot be used in asphalt emulsions or those made with
SEA or Sulphlex base stocks because water boils at a temperaturs much
lower than the temperature of the oil phase. It is possible to take
advantage of the thermodynamic energy from in situ neutralization,
however.

By adding a free acid (such as PAMAK WCFA when used as an emulsifier
or Vinsol resin) to the cil phase prior to making the emulsion, then
milling that oil phase with a caustic soda solution, we can get a
combined effect of the “"brute force" and "persuasion” technigues.

We found that emulsions made in that manner were of superior quality
to those made neutralizing the emulsifier in the agqueous phase prior
to making the emulsion.

As sulfur reacts quite rapidly with amines, we were not able to de-
monstrate the above with cationic emulsions.

v

Factorial Designed Experiments.

In research or development projects in which there are many variables,
some of which interact, it is extremely difficult to determine the
real effects of a variable and to determine whether there are inter-
actions if experimental techniques are used in which one variable

is changed while the others remaln constant.

A factorial designed experiment, on the other hand, provides infcrma-
tion concerning effects and interactions, It is also possibkle to
add additional variables by "confounding" the effect of a variable
with interacticns, although precision is reduced. The factorial de-
signed experiment is much more efficient than that of varying one
variable at a time. Another disadvantage besides lack of efficien-
cy of a single wvariable experimental technique can be that of cal-
culating the regression equation, unless a computer is available,
because of the difficulty of inverting the experimental matrix to
obtain the regression cocefficients., <Care is taken with the factor-
ial experiment so that regression coefficients are readily calcula-
ted.

Theoretical. The factorial designed experiments of interest in

this study are these with variables (or treatments) entered at two
levels. They are designated as 2% factorial designed experiments.
For a full replicate, 20 experiments are needed. Two levels of

each variable are selected, close enough to each other so that their
response may be considered linear, and monotonic., Each treatment

is transformed according to the eguation:

2X - X9 - ¥4
Xy = Xg

a=

where a= transformed variable, an integer
X= treatment
Xo= high level
X1= low level

Soa B4 +1]

The experiments are then carried out at each permutation of the
two levels. As an example, a 23 experiment would include the fol-
lowing eight sets of treatments. -

Experiment Treatments
A B c

- ~1 -1 -1
a +1 -1 -1
b ~1 *l -1
ab +1 +1 -1
c ~1 -1 +1

ac +1 -1 +1
be ~1 +1 +1
abc +1 +1 +1
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From this experiment, we can assess the effect of the three treat-
ments, and their interactions. Evaluation of the data from these
eight experiments will provide the regression coefficients for the
three treatments and interacticns. These experiments may be repli-
cated for error assessment, experiments in replicate may be run at
the center point of the design (0,0,0) or, if certain of the re=
gression coefficients are small in comparison to other effects, they
may be used to estimate error (which they will usually overestimate).
In addition, if the interactions are small, it is possible to enter
an additional variable in place of an interaction. To do this, one
makes a defined contrast on one ¢f the interactions (separating the
negatives from the positives). As an example, if a defined con-
trast is made on the abc interaction, four experiments would be
required to assess the effect of the three variables (assuming of
course that the magnitude of the error is known). In the follow-
ing table is shown such a defined contrast {the ls are eliminated
for coavenience).

Experiment Treatment
M A B AB C AC BC ABC
D + - - + . - + + -
a + + - - - - + +
b + - + - - + - +
@b + + + + - - - -
c + - - + + - - +
+ + - - + + - -
@2 + - + - + - + -
abe + + + + + + +

Those circled are selected for the defined contrast. Note that
the variable a is confcunded with -bc, b is confounded with =-ac
and ¢ is confounded with =-ab, that is, one cannot tell the differ-
ence between b and -ac, a and ~bc and ¢ and -ab. We are assuming
that the interactions are quite small in comparison with the main
effects. This 23, 1/2 replicate experiment is designated 237

The experimental design as shown is selected for reasons of geo-
metry which will greatly aid-in evaluating the experiment. First
of all, all columns vectors, Xi of X, the_experimental matrix are
orthognal, that is, the vector product xTX =0 s< # ] The re-
gression equation isY = X&+€where (=error and 3/ X5 is the least
squares estlmator,)ﬂ is the matrix of observed data and X is the
MXM design matrix, where M = 2 n==. pn = the number of treatments,
and C = O for a full replicate, 1 for 1/2 replicate, 2 for 1/4
replicate, etc.

S
f?are the least squares estimator for the experiment. This egua-
tion can be rearranged toc

,/3'\ CXTX)-I
T . =
X'+ = transpose of X
This particular type of design results in )(T)( =m I where

X & X s A= hHIoem 3 I = Identity matrix
Thus ¢ XTX )_'l = %1 I and’
’ pay ! T
N . //f? = = I )( j/

/4% is the mean while the other/ﬁ /;Jrepresent the deviation from
the mean.
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A
If one finds that many of the /3. values are small, with only a few
that appear to be of significance, those which are small may be
used as an estimate of the error. Replicate experiments at the mid
peint of the experiment (0,0,....,0) may be run to obtain an inde-
pendent estimate of error, The total sum of squares is given by

- oYY

ss
and that from regression;

tteug /2 XX
-7 1SS

SSE = SST - SSReg

error of course is

In our studies, the matrlegwas separated into two matrices /(? *

{—2 such thatjﬁalncluded those which were felt to be signi-
ficant while those c%ﬁ%_were used for error. ssReg then became

SSpeg = /’ (& I)/é7

Either the t test or F test may be used to establish significances.

CSS Emulsion. 30 and 40% Sulfur in SEA. A 2, 1/4 replicate fact-
orial designed experiment was carried out using as variables those
shown in Table IV. The varizbles used were % sulfur (a), reaction
time of PAMAK WCFA and sulfur (b), % Indulin W-3 (¢), % Natrosol (4),
% Redicote AP (e), and % PAMAXK WCFA (f). The interactions between
the % Indulin W-3 and reaction time, and % Natrosol 250HR and react-
ion time were considered to be quite small, thus the % Redicots AP
was confounded with the be interaction and the % PAMAK WCFA was con-
founded with the bd interaction. The results are shown in Tables

V and VI. The experiments shown are as if the experiment was a 2
full replicate, and e and f were interactions. This was done for
convenience because of the length of time required to define each

of the four effects of interactions which are confounded. Increas-
ing the sulfur caused the quality to decrease but had only a slight
effect {within experimental error) on the % solid and viscosity.
Increasing the reaction time with the PAMAK WCFA and the sulfur

made a marked increase in quality, viscosity and solids. There seem-
ed to be a mild interaction between those two variables with res-
pect to solids and viscosity. Increasing the Indulin W-3 increas-
ed viscosity, but otherwise had little effect. The Redicote AP
appeared to have little effect by itself, although it might be in-
teracting. With the level of confounding in this experiment, it

is not possible to establish for sure what has occurred on the in-
teraction term labeled bcd. The Natrosol appeared to improve quality
and decrease solids. That decrease in solids is probably related

to the increased viscosity of the soap solution which results in

an increased pump rate for the feed pump. The PAMAK appeared to
increase solids and decrease the viscosity.

Nodne of these emulsions were of suitable gquality, however the in-
formation obtained suggests directions of future study.
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5SS Emulsion. 30 and 40% Sulfur in SEA. A 2% one half replicate
factorial designed experiment was carried out with % sulfur (a},
cure temperature (b}, mill setting* (¢), % Vinsol (d) and % Redi-
cote AP (f) as the variables. The curing system for the sulfur
consisted of adding 3% PAMAXK WCFA (based on suylfur) into a mixture
of asphalt and sulfur and curing them for 2 hours at the tempera-
tures selected in the design.

The variables are as follows:

a. Sulfur 30, 40% ébased on base stock)

b. Cure tem. 280, 310°F

c. Solids approx. 55 & 60 (based on mill settings)
d. Vinscl ¥NVX 1.0, 1.6

e. Redicote AP 0, 0.2 {based on base stock)

A defined contrast was made on the abcde interaction, which re-
sulted in the confounding of certain effects and interacticn.
Following is a list of the effects and interactions which are
confounded with each other (a= -bcde means that the effect a is
confounded with the negative of the bcde interaction.)

m = ~abcde d = -abce bc = -ade ae = -bcd
a 5 -bcde e = -abed ad = -bce be = =-acd
b = -acde ab = -cde bd = ~ace ce = ~abd
c = -abde ac = -bde cd = -abe de s -abc

(the negatives occcur because the negative defined contrast was used).

Four replicate experiments were run at the center point of a=35,
b=297 {(mean of the log of the cobsolute temperatures), c=57.5,
d=(mid level) and e=0.1 to estimate error and possible detect
curvature.

Since only four emulsions can be madera day, the experiment was

set up with four blocks of four runs each plus the replicate block.
The effect of the blocks are confounded with the mill setting
{solids, (c)) and % Redicote AP (). The mill setting was used

as one hecause we felt that attempting to change the mill (ie.,
pump rate for asphalt) each time would cause more error than runn-
ing two blocks at one setting, the mid point block at ancther,

and then two blocks at still another setting. The effect of the
Redicote AP is unknown, but we would rather have its effect con-
founded with the blocks than either of the other three.

The experimental design and transform equations are shown in

Table VII. The data gathered included % solids, Broockiield vis-
cosity at different times after manufacture and settlement eva-
luation, Two methods were used to assess sattlement. Duplicate
test tubes were set up with each emulsicon and the settlement was
followed with time as evidenced by the formation of a dark liguid
on top. A subjective evaluation was alsc made by allowing the
emulsions to set for a week and then estimating the seriousness

nf the settlement as evidenced by thick emulsion on the beottom of
:he container. For the most part, the error was assessed by using
effects and interactions which appeared small compared to others,
then evaluating the significance of the apparently real effects
nsing the t test. Increasing the sulfur content tended to de-
crease the viscosity as did increasing the cure temperaturs. In-
creasing the mill setting (increased sclids) had a marked effect
on viscosity, as would be expected. The effect cof increased emul-
sifier content was below the 90% confidence limit while the addi-
tion of the Redicote AP appeared to cause an increase in viscosity.

* Defined as speed of asphalt pump tc mill.
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Three interactions appear to be significant; that between the %
sulfur and mill setting, that between the cure temperature and
mill setting and that between the % sulfur and % emulsifier. The
first two caunsed a decrease in viscosity while the last caused an
increase. Tables VIII and IX detail the analysis of variance.

The effect on qualityv is difficult to assess. With respect to over-
all settling, as evidenced by the appearance of a dark liquid on

top of the test tube samples, the variable which had the greatest
effect was the mill setting, which is understandable. The faster
the asphalt pump turns, the higher the solids and the lower the
amount of free liguid available. On the other hand, increasing

the solids appeared to cause more material to settle to the bottom
as evidenced by the subjective estimation when the samples are
stirred.

Since bottom settlement is not necessarily related to inverse cream-
ing (free liquid at the top), these effects may be real. With the
high potential error in the suybjective assassment, the conclusions
should be used advisedly.

Mixes With Aggregate

Some mixes were prepared with slurry seal aggregate, and with chip
seal aggregate with results which one would expect with the type
of emulsifier used, with the exception that RS and CRS emulsion
with high amounts of emulsifier would mix better than one would
have otherwise expected.

Details of Emulsion Formulations

Introduction

In- the following sections are described the emulsions which were
attempted. In the tables showing the formulations, the amount

of sodium hydroxide or hydrochloric ‘icid -used is not shown as
sufficient was used to drrive’at the desired pH. When organic
acids or bases are added to the oil phase, sufficient base or
acid is added to-the aqueous phase to neutralize them and obtain
the desired pH. 'This is arrived at either by calculating the
amount needed f£rom the structural formula or measuring it direct-
1y by titratioh prior to formulating the emulsions.

The stabilityJof the emulsions weére-hoted immediately at the mill,
24 ‘hours later then a few days latery Emulsions which settled
but”could bhe remixed were considered to be geod. '

The emulsions are divided up as ko emulsifier type; anionic slow
set, anionic rapid set, cationic slow set, cationic guick set

and cationic rapid set. The classifications are based upon what
one might expect if asphalt was the base stock. In general, the
presence of sulfur tended to reduce the stability, thus an emul-
sion made with slow set emulsifiers and the SEA base stocks or
Sulphlex would tend toward acting more like a medium set emulsion.
As it was necessary to react the sulfur or Sulphlex with PAMAK
WCFA, a tall oil, before making the emulsions, and sometimes add-
ing it also to the asphalt, normally slow set emulsions would be
quickened as PAMAK WCFA is a rapid set emulsifier.

Emulsions freom 10% SEA. Slow Set. 1In Table ¥, are shown the §S
type emulsicns which were prepared. " All were based upon Vinsol
NVX (Hercules) as the prime emulsifiers with the lignosulfonate
stabilizers Orzan A and Marasperse CE.

All trials made emulsions which were quite good,  however settle-
ment did occur. As the Vinsol NVX concentration was increased,
the amount of settlement decreased.
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The addition of Natrosol 250HR markedly improved the emulsions.

An experiment was tried to determine whether adding the Vinsol

to the asphalt prior to making the emulsjion, and curing the as-
phalt sulfur mixture in the presence of the Vinsol woulé be bene-
ficial. We had found that such procedures were very helpful in
making RS emulsions. Trials 25-14A, LSA and 1l5B were involved

in that study. We found that the best emulsicn was that in which
the emulsifier was in the agqueous phase, and that the longer the
sulfur was in contact with the emulsifier-asphalt blend, the poor-
ér the emulsions. All three were adequate emulsions, however.

Our recommended formulation for a 10% SEA emulsion is:

2% vinsol NVX (on total)
0.7 Marasperse CE
0.1-0.15% Natrosocl 250HR

Emulsions From 10% SEA. Rapid Set. The 10% SEA rapid set emul-
S10nS were guite easy to make using PAMAK WCFA, especially if

the PAMAK WCFA is first added to the asphalt sulfur blend, and
the blend allewed to react. For that reason, most research which
would be applicable to the 10% SEA emulsions were done on 15% SEA
emulsions. If one can produce stable 15% SEA emulsions, there
would be no difficulty in producing 10% SEA emulsions. The data
are shown in Table XI.

Adding the emulsifier to the blend of asphalt and sulfur and allow-
ing them to cure for two hours greatly improved the emulsions. The
addition of Natrosol 250HR also was quite beneficial. The recamend-
ed formulation is as follows, based on total:

0.5-0.75% PAMAX WCFA

(added to asphalt)
0.3% PAMAK WCFA, added to the sulfur
0.15-0.25 Natrocsol WCFA

Emulsions of 10% SEA Base Stocks. Cationic Slow Set. The data

on the emulsions prepared are shown in Table XII. The emulsifiers
which appeared to work best was Indulin w-3, although, when used
by itself, did not perform exceptionally well. Increasing the
emulsifier content and adding Natrosol 250ER improved the perfor-
mance of the Indulin W-3.

Adding 3% PAMAX WCFA to the sulfur prior to adding the sulfur to
the asphalt allowed the amount of emulsifier to be reduced, and
"excellent emulsions were produced. They remained stable, with oniy
slight settlement for at least a couple of weeks. ’

More effort has been placed upon emulsions containing 15% or more
sulfur as any formulation which will produce good emulsions at 15%
sulfur in the SEA base stock will produce good emulsions with 10%
SEA base stocks. There is some evidence that the longer the PAMAK
WCFA cooks with the sulfur, the better the emulsion, Emulsion
25~-17B had less settlement after a couple of weeks than 4id emul=-
sion 25-17A.

A formula which was found to work quite well was one containing the
following ingredients, based on total emulsion:

0.065% Natrosol 250HR

2.0% Indulin wW-3

0.2% PAMAK W-3 (3% based in sulfur) added
to the sulfur and cured for 2 hours.

The sigrificant effects were the benefits of adding the Natrosol

250HR and the improvements that occurred from reacting PAMAK W-3
with the sulfur prior to adding the sulfur.
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Emulsions of 10% SEA Base Stocks. CQS. Only three emulsions were
tried and they were failures. The data are shown in Table XIII.

Emulsions of 10% SEA Base Stocks. CRS. Most of our work has been
done with l5% SEAR base stocks since any formulation which will

make emulsicns from that base stock will surely make them with 10%
SEA base stocks. Conclusions gained are that increasing the emul-
sifier produces an improved emulsion, adding the Natrosol 250HR
improves the emulsicn while decreasing the solids improves the eml-
sion. There are other influencial factors such as adding PAMAK-
WCFA and Redicote AP, however those experiments were done with the
15% SEA base stock. We did evaluate the effect of using FeClj3 as
an acid in place of HCl. The thought being that the Fe™* ion
could pick up the sulfide and reduce the H3S cdor. No gresat effsct
was found, and it appeared that the emulsion in which HCl was used
was superior. The data are shown in Table XIV. The formula which
was used for the 5 gallon sample was:

1.5% ARMAK E-67
0.065% Natrcsol 250HR

Emulsions of 15% SEA Base Stocks. 88 Types. In Table XV are shown
the emulsions evaluated in this series. Very satisfactory emul-
sions could be made using Vinscl NVX and Marasperse CE. Superior
emulsions can be made when Natrosecl 250HR is also added. The follow-
ing formulation is the optimum one at this time:

1.8-2.2% vinsol NVX
0.6-0.98% Marasperse CE
0.06-0.08% Natrosol Z50HR

Emulsions of 15% SEA Base Stocks RS Type. In Table XVI are shown
the emulsions evaluated in this series. While we were able to
obtain satisfactory emulsions using solutions of neutralized PAMAK
4 and PAMAK WCFA, at 2% (based on total emulsion) we obtained super-
ior results at half the level of emulsifier by reacting that plus
0.7% more PAMAK WCFA to the asphalt and forming the scap in situ.
Caustic soda is placed in the agquecus phase which then reacts with
the PAMAK WCFA during emulsification. OQur preferred formulation
based upon total, is:

0.3% PAMAK WCFA in sulfur, 2 hr. gure
@275°F

0.7% PAMAK WCFA in asphalt as frees acid

0.07% Natrosol 25CHR in NaOE solution

Ermulsions of 15% SEA Base Stocks, Cationic Slow Set. In Table XVIII
are shown the data for the CSS type emulsions for the 15% SEA base
stocks. As may be seen, we have had great difficulty in finding
formulations which will provide satisfactory emulsions. The only
trulv successful CSS5 emulsion had 2.0% Indulin W-3, 0.5 Recicote

AP and 1.8% PAMAK WCFA, based on total emulsion. That amount of
emulsifier may be too much to be econimically sound, however, in
our frustrations, we wished to have at least one successful emul-
sion. We therefore boosted the emulsifier and tried every trick

we had to produce a satisfactory emulsion. Experiments 25-1%9A &

B and experiments 25-486L 15, 16 and 25-47L 3 and 5 all demonstrate
that it is important to react the PAMAK WCFA with the sulfur prior to
adding it to the asphalt, and suggests that the Redicote AP may be
providing a benefit. WNote that the addition ¢f the anionic emul-
sifier PAMAK WCFA to the cationic emulsion system markedly improves
quality. The c¢nly successful formula at this time is as follows:

Indulin W-3 (100% active) 2.7% on total
{7.7%, 35% active)

Redicote AP 0.5
PAMAK WCFA 1.8
Natrosol 250HR 0.1
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The Natrosol is added to the aqueous phase with the Indulin W-3
and the pH is lowered to 1.5. 3% PAMAK WCFA (on su%fur) is added
to the sulfur and cured for at least 2 hours at 275°F. 3% PAMAK
and 0.8% Redicote AP {based on asphalt) are added to the asphalt
and just prior to emulsifying the reacted sulfur -PAMAX WCFA mix-
ture is added. The emulsion is then made.

Emulsions of 15% SEA Base Stocks. Cationic Rapid Set, The rasults
of our attempts to make a satisfactory CRS emulsion using the 15%
SEA are shown in Table XVIII. As may be seen, all results were
dismal failures except the one into which we reacted the sulfur
with PAMAK WCFA and also added the PAMAK WCFA inte the asphalt.

- We went high on the emulsifier as the PAMAX and E-67 would be ex-~
pected to react with each other, perhaps providing a benefit but
reducing the amount of emulsifier available., That emulsion was
excellent and remained that way. Further work might show that the
emulsifier level could be reduced, however at this point, our re-
commended formula 13 as follows, based on total emulsion:

Redicote E~67 2.0
Natrosol 250HR 0.06
PAMAK WCFA 0.62

3% PAMAK WCFA (based on sulfur) is reacted with the sulfur for a
minimum of 2 hours, then added to the asphalt to which 1% (based
on asphalt) PAMAK WCFA had been added. The emulsions was then
immediately made. ’

The chemistry of the interaction of organic acids and bases in
these emulsions are intriguing as cne would expect that such re-
actien products might harm the emulsion. On the contrary, the
emilsion was aided. ’

Emulsions of 30 and 40% SEA Base Stocks. Slow Set. Data con the
emulsions prepared with SEA base stocks containing 30 and 40%
5ulfur are shown ln Table XIX. -As may be seen, many. potentially

satlsfactory emulszcns were prepared. Many of these emulsions
were discussed earlier under "S55 Emulsion. 30 and 40% Sulfur

4in SEA""in the section on factorial designed experiments.
Successful~emulsions required the reaction of PAMAK WCFA with
the sulfur for at least two hours. We alsc found that better
enilsions were formed if PAMAK was also added to the asphalt.
The presence of PAMAX WCFA in the S5 formulation makes the emul-
sicn tend more towards an MS emulsion than an 8S.

The coptimum formulations which we have at this time are as follows,
based on total emulsion:

Sulfur in SEA

308 0%
Vinsol NVX 2.5 2.88
Marasperse CE s - 0.8
PAMAK WCFA - in sulfur 0.54 0.72
PAMAK WCFA - in -asphalt (.84 -

The PAMAK WCFA is reacted with the sulfur for a minimum of 2 hours,
then added to the asphalt just prior to making the emulsion., If
PAMAK WCFA is added to the asphalt, it is introduced prior to add-
ing the sulfur.
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Emulsions of 30 and 40% SEA Base Stocks. Rapid Set. Very few
emulsicns were run to obtain successfiul emulsions based upon SEA
base stocks containing 30 and 40% sulfur,-as may be seen in Table
XX.  That was a result of what was learned with formulation of the
other emulsions. The anionic rapid set emulsions Were the easiest
to-formulate as long as part of the emulsifier was reacted with the
sulfur before making the emulsion. The formulations which we felt
were optimum at this time are those shown below. The formulations
are based upon total emulsion.

% Sulfur in SEA

30% 40%

PAMAX WCFA
in sulfur 0.54 0.74
in asphalt 1.50 2,40

Natrosol 250HR 0.075 0.06

The sulfur and PAMAK WCFA were reacted for at least 2 hours before
adding them to the blend of asphalt and the remaining PAMAK WCFA.

Emulsions- from 30 and 40% SEA Base Stocks. Cationic Slow Set.
The data obtained are shown in Table XXI. As may be seen, ade-
quate formulations for CSS emulsions were not attained, although
one formulation appeared fair, based upon the 30% SEA base stock.
That formula had as additives PAMAK WCFA and Redicote AP, which
appeared to materially improve the emulsion. The multitude of
variables make it very difficult to ascertain trends, which was
the reason the factorial designed experiment was done. In that
series, the PAMAK WCFA and Redicote AP were first added to the
asphalt, cured for 2 hours, then the sulfur was added and cured
for 15 or 120 minutes as designated in the design. Later work
has shown that the PAMAK WCFA should be cured with the sulfur be-
fore the sulfur is added to the asphalt rather than cured in the
presence of the asgphalt as was done in the factorial experiment
(which has been discussed in detail in the "Factorial Design"
section).

another variable which was not evaluated was the effect of the
reaction of the PAMAK WCFA and Redicote AP, which undoubtablw
took place in the asphalt and which was apparently beneficial.

Although we have not been successful in formulating a CSS emul-
sion based on the 30 and 40% SER base stocks, there are promising
trends, although those trends cannot be followed at this time. A
factorial design with % sulfur in the SEA, % PAMAK WCFA in the
sulfur, % PAMAK in the asphalt and % Redicote AP in the asphalt
as variables with cure time held constant would tell us if these
emulsions could indeed be made. ‘

All emulsionsg save one, were bad, as was mentioned above., The
Indulin W-3 emulsions, in general, were "less bad" than were those
emulsions in which other emulsifiers were used. This was also
found to be true with emulsions with lower percentages of sulfur.
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Emulsions from 30 and 40% SEA Base Stocks. Cationic Ranid Set.
Only one CRS emulsicn was attempted with the 40% SEA base stock
and none with the 30% SEA base stock. Nene had been attempted
because we had not, until gquite recently, had success with the
CRS emulsions made with SEA base stocks with lower concentrations
of sulfur. The emulsion was attempted (#25-5B) on a 40% SEA base
stock to which was added 1% Redicote AP (based on ¢il phase) with
an emuisifier solution consisting of 2% Redicote E=67 and 0.2%
Natrosol 250HR, based on total emulsion., We had hoped that the
Redicote AP would have the same effect on cationic emulsions as
the PAMAK WCFA had on anionic; we had not yet discovered the ex-
tremely beneficial effect of the PAMAK WCFA on cationic emulsions.
The emulsion made fine, and had a solids of 51.3%. It completely
solidified that same day.

There is again an opportunity for a factorial designed experiment
to evaluate the emulsifiers and procedures needed to obtain an ade-
guate emulsion., The variables might be, % Redicote E-67 in aqueous
phase, % Redicote AP in asphalt, % PAMAK WCFA in asphalt, % PAMAK

WCFA in the sulfur, and % sulfur.

Emulsions of Sulphlex. Since we had such a limited supply of
the Sulphlex, most rormulation work was done on the SEA base
stocks, as we considered that the basic principals involved
would pertain to both SEA and the Sulphlex base stocks. The
data are shown in Table XXII. As may be seen, adding the PAMAK
WCFA to the Sulphlex greatly aided in making anionic emulsions,
however adding amine type un-neutralized emulsifiers to the Sul-
phlex did not generally aid in making cationic emulsions. A&dding
Redicote AP, however, did appear to help.

As may be seen in the data, clay emulsions based upon Sulphlex
turned out quite well., Alse, considerable success was found
making RS emulsions, and some good CSS and CRS emulsions were
alsc made. We ran out of base stock, thus could not make more
emulsions. The key to making Sulphlex emulsicns is to react the
Sulphlex with tall oil for at least one-twe hours prior to making
the emulsion.

PROPOSED DIRECTION OF FUTURE WORK

The formulaticon of emulsions based upon sulfur extended asphalt
or Sulphlex turned out £o be more than a simple extention of as-
phalt emulsion technolegy. The reactivity of sulfur in the SEAs
and Sulphlex adds another dimension to these investigations, one
which requires some attention to the chemistry of the interaction
of sulfur with amines, ethoxylates, unsaturated hydrocarbons, este.
The scope of the project was not broad enough teo fully investigate
such interactions, or even do an extensive literature search, as
we are combining sulfur chemistry with colloidal chemistry (both
the dispersion of sulfur in asphalt, and the emulsification of
such dispersions). Clearly, with some of the high sulfur SEA kase
stocks, the sulfur did come out of the asphalt-sulfur dispersion,-
resulting in clegging of orifices in our mill. Future studies on
these- systems might include the following areas.

Improving the Disversion .of Sulfur in the Asphalt. A method to ob-
tain a very stable, small particle size dispersion of sulfur in as-
phalt would be advantageous. Possible methods might include using
a static mixer prier to the emulsion mill to blend the sulfur and
asphalt, and possibly use the reaction product between the tall oil-
sulfur mixture and the Redicote AP-asphalt mixture to stabilize

the dispersion. The syergistic effect between tall oil and Redi-
cote AP might carry over tc improving the dispersion. Such studies
might evaluate the rate of settlement of high sulfur SEAs with and
without these additives.
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Adding Sulfur as a Separate Dispersion in the SEA Emulsions. Dis-
persions of sulfur are widely used in rubber latex technology, thus
the techniques required to make such dispersions have been worked
out. One alternative would therefore be to simply add such dis-
persions to an asphalt emulsion. An area of study would therefore

be to compare SEA emulsions made directly with those made by blend-
ing an asphalt emulsion with a sulfur dispersion.

Investigate the Chemistry of the Reaction of Sulfur with Tall 0il
and Amines With and Without the Presence of Asphalt. The question
has arisen in our minds as to what does the reactions of sulfur
with tall oil, amines and asphalt do to the properties of the as-
‘phalt. It was outside of the scope of this project to investigate
this area, however such chemistry impacts greatly upon emulsion

quality. Also, these reactions may very well change the nature of
the SEA base stock.

Factorial Designed Experiments for Emulsion Formulation Studies.

This project is ending with still many guestions on the formula-
tion variables. As interactions have been discovered, future
studies should be layed out as factorial designed experiments to
further probe the formulation details. '

Clay Emulsions. Several clay emulsions were made with considerable
success. A study of clay emulsions of Sulphlex for gasoline proof
coatings might indicate considerable success in a use in which
there is a great need.

Robert L. Dunning, M.S. z
Consulting Chemist
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TABLE I.

Effect of Emulsion

Distillation on Base Stock Properties

Initial After Distillation
10% s 182 187
15% S 218 188
TABLE II.

Properties of Asphalt-Sulfur Base Stocks
Asphalt-U.S. 0il Co. AR 2000 Emulsicon Base Stock

% sulfur (weight) Viscosity @140°F, poises.  Pengtration
@77°%, dmm

0 670.4 133

10 384.8 182

15 367.1 216

30 1) 226

50 1) 186

1) Above about 20% sulfur, the sulfur is no longer soluble. The
sulfur separated out and plugged up the viscosity tubes.
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TABLE III.

Viscosity of Sulphlex Samples

Sulphlex Identification Viscosity @140°F, poises

#233, #61.5 1443
#233, #60 1432
DCPD 1414

Note: a fourth sample was too soft for the capillary
tubes we were using (reportedly about 200 poises).

Since the viscosity was already known we did not feel

it was the most appropriate use of time to obtain smaller

capillaries %o run the viscosity.
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TABLE IV. EXPERIMENTAL DESIGN, CSS TYPE

26, 1/4 Replicate Factorial Design

Experiment Treatments
Sulfur Reaction Time Indulin W3 % Natrosol & Redicote AP % PAMAR
(a) (b) (c) (3) (e) final
- -1 =1 -1 -1 +1 +1
a +1 o o=l -1 -1 +1 +1
b -1 +1 . -1 -1 -1 -1
ab +1 +1 -1 -1 -1 -1
c -1 -1 +1 -1 -1 +1
ac +1 -1 . +1 -1 -1 +1
bo=e -1 +1 +1, -1 +1 -1
abe +1 +1 +1 -1 +1 -1
d =1 -1 -1 +1 +1 -1
ad +1 -1 =1 +1 +1 ~1
bd=f -1 +1 -1 +1 -1 +1
abd +1 +1 -1 +1 -1 +1
fo'] =1 -1 +1 +1 -1 -1
acd +], -1 +] +1 -1 -1
bed -1 +1 +1 +1 +1 +1
abcd +L +1 +1 +1 +L +1
Treatment Transforms Function
H = =t o 38735
Sulfur{a) 30% 40% ; 5
. £-1.125
-Reaction Time,h b= et
b) 06.25 2.00 0.875
Indulin W-3 ()2 208 308 o= iw%zi
3) N-0.,225
Natrosol {(d) 0.15 0.30 d= o075
Redicote AP (e)¥ 0.5 1.0 o= BT
maek wra (6 1 2 g= 25

1) % of sulfur in SE&

2) % of 35% solution in emulsifier phase
3) in emdsifier soluticn

4) on dispersed phase
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TABLE V.

DATA MATRIX Y

26, 1/4 Replicate

_ $ Solids  Brookfield Viscosity>) Order of Quality®)
Experiment

- 68 4 2
a 70 5 : 1
b 68 25 14
ab 67 15 8
c 65 11 10
ac 66 9 5
be=e 68 25 6
abe 70 20 9
a a3 2 12
ad 67 13 3
bd=f 67 11 15
abd 65 : 5 13
cd 35 13

acd 459 ig¢

bed &5 21 16
abed 64 18 11

1) Reading, Spindle #5, SORPM. Measured Immediately after manufacturing.

2) Quality ordering from 1-16, l=worst and l6=best.
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Experiment

mean

a{sulfur)
b{reaction time)
ab

¢(Indulin W=~3)
ac

be=e (Redicote AP)
abe

d(Natrosol)

ad

bd=f {PAMAK WCFA)
abd

cd

acd

bed

abed

Meaxd@dﬂtﬁx})
Stand. deviation

t test

50

tas

€99

i}

A

TABLE VI. EFFECT MATRIX ﬁ

26, 1/4 Replicate
% Solids Brookfield Visceosity Quality
82.3 12.9 8.5
4.9% -2.1* -3.5
8.0595% 8.9 »99% 6
5.4>%0% -3,9 »95% 1=
-4.1% 5.9 >99% o*
0.9* 1.1* 1x*
4.1* L.1* -2*
1.9* 3.4 >95% 0.5*
-10.9>99% -2.6 »90% 3.25
3.9% 1.9*% -1.25%
7.9595% -4.9 »99% 1,25%
-4.9% -3.38* 0.25*
-3.1* 1.9* -1.25%
~1.4* -1,6% -0.25*%
13.9>99% 2.6 3»90% 2.75
0.9* 1.1* -2.75
0.29 0.38 ~0,075
3.56 1.56 1.11
4,82 2.21 1.53
6.52 2.95 2.02
10.03 4.67 3.12

* Used for calculating error.

1) Mean deviation and standard deviaticon of those marked *.

> 29%

» 993

»99%

»>95%
> 95%
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TABLE VII

Experimental Design,

SS_Type

, 1/2 Replicate Factorial Desian

with Quadruplicate Center Point

Experiment Treatments
Mill Vinsol Recicote AP
Sulfur (a) Cure Temm (b) Setting (@) Conc. (@) Conc. (&)
I-1 -1 -1 -1 -1 -1
I-2 +1 +1 -1 -1 -1
I-3 +1 -1 =1 +1 -1
I-4 -] +1 =T +1 -1
II-1 +) -1 -1 -1 +1
II-2 ~1 +1 =1 -1 +1
II-3 -1 -1 -1 +1 +1
I1-4 +1 +1 -1 +1 +1
v-1 +1 -1 +1 -1 -1
Iv-2 -1 +1 +1 -1 -1
V=3 =1 -1 +1 +1 -1
V-4 +1 + +]1, +1 -1
V-1 -1 -1 +1 -1 +1
v=-2 +1 +1 +1 -1 +1
V-3 +1 ~1 +1 +1 +1
V-4 -1 +1 +1 +1 +1
IIT-1 0 0 0 0 0"
ITT-2 Q 0 0 1] 0
III-3 0 0 0 0 0
IIT-4 0 0 0 0 0
Treatment Transforms Function
-1 0 +1
Sulfur_ (a) o 30% 35% 40% a=—-%sg-3~§—
Cure o, . (o} 2(InT - In297)
e Ty
m 280°F 297°F 310°F To S10-1n 280
(b) _
Mill Setting (Three Settings on Pump Speed)
()]
% Vinsol()? 1.0 1.3 1.6 a2t 13
% Redicots’ 0.0 0.1 0.2 =2 5 - 0.1

AP (e)

1) € of sulfur in SFA
2) Based on Total Emilsion
3) Based upen SEA = 100%
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TABLE VIIT
DATA and Effects from exwerimental Design

% Solids and Viscosity

Experiment Data Effects
Brockfield Signi-= “Signi-
% Solids  Viscosity Code % Solids ficance Viscosity ficance
100h, 77°F o o -
I-1 54.0 31.5 mean 61.84 - 44.5 -
I-2 $8.7 38.9 a 1.35 >90% -2.39 99%
I-3 60.7 35.0 b - 0.61% - -3.82 >99%
I-4 56.0 27.5 c 2.1 >95% 13.2 »99%
Ir-1 61.3 27.5 d 0.66% - 0.81* -
II-2 61.5 32.5 e 2.43 >99% 2.74 >953%
II-3 62.1 33.0 ab 0.39* - 1.44* -
IT-4 62.0 34.5 ac 0.21* - -3.17 >99
V=1 60.0 47.3 ke 0.60* - -3.37 >99
-2 58.6 53.0 ad 0.39% - 3.44 >99
V-3 58,2 63.0 bd -0.05%* - =0,06% -
V-4 67.5 47.8 cd o* - -Q.39%* -
V=1 66.0 83.5 ae -1.16* - ~0.99* -
v-2 67.8 45.3 be -0.38* - -1.37* -
v=3 66.0 65.7 ce 0.25* - 2.17* 95
V-4 66.0 55,9 de -0.73* - -0,77* -
III-1 63.9 35.0 replicate ~1.6* -0.25*
IIT-2 63.5 36.0 replicate =-1.2* -1.25%
I11-3 60,2 34:0 replicate 2.1% 0.75%
1¥1-4 61.6 34.0 replicate 0.7% 0.75*%
mean of III  62.3 34.75
st.dev. of IIT 1.72 0.96
mean dev. 0.049 0.07
st. dev. 0.912 1.12
t Test.

t 90 1.22 1.52

£ 95 1.60 2.01

t 99 2.37 3.04

* ysed for error determination; replicate deviations, from mean of

replicate data.
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TABLE IX. DATA AND EFFECTS FRCM EXPERIMENTAL DESIGNS

Settlement ‘(Increase’ in number indicatés decrease in quality).

Data Effects
70h - “Subjective 70 Signi- “Sibj.  Signi-
Experiment Settlemént mm Settlement Code  Settl. ficance Assess. ficance
I-1 7.6 1 (very mean 3,45 - 3.0 -
. slight} '
I-2 3.5 1 " a 0.03* - -0.37* -
I-3 5.4 1 b -0.54 2 90% 0.25*
I-4 3.7 0 {none) c -1.18 > 99% 1.75 > 99%
IT-1 6.8 1 4 -0.41% - 0* -
II-2 3.2 3 (slight) e =0.61 >90% -0.13* -
11-3 3.0 1 ab -3.17°* - -0,37* -
II-4 3.9 2 {not very ac -0.23* - =0.37* -
slight)
-1 3.¢ 4 (more than be 0.53 > 90% 0* -
slight} .
Iv-2 3.9 8 (vexy ad 0.24* - 0.37* -
severe)
V-3 3.0 6 (sericus) bd 0.34* - -0.50 > 90%
V-4 2.4 4 cd 0.23* - 0.25% -
v-i 1.6 3 ae 0.52 > 902 0.25% -
V=2 1.3 3 he 0.14* - 0.13* -
V-3 1.6 5 (signi- ce -0.19* - -0.63 > 95%
ficant)
Vg 1.4 5 de 0.03* - 0.37* -
III-1 3.1 3 replicate 0.3* ~0.33*
III-2 4.3 3 replicate -0.9* -0.33*
-III-3 3.1 4 replicate 0.3%* 0.66*%
IIT-4 3.4 (1) discarded replicata (0.3* -
Mean of IIT 3.4 3.33
St. dev. of 0.6 0.58
Hr mean dev.  0.002 0.025
(*group) :
st. dev. 0.35 0.33
{*group)
t test
£ 90 0.47 0.45
£ 95 0.62 0.58

£9% - 0.%4 a.87

‘*Used for error determination. Replicate deviations fram mean of replicate data.
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TABLE XV A

Emulsions of 15% SEA Base Stocks. S8 Type

Formulation, % of Total, Nominal

. Vinsol PAMAK Orzan Marasperse Natrosol
Code NVX WCFA A CE 250HR
20-18Aa 1.14 - 0.38 - -
20-33a 1.14 - 0.38 - -
20-462 1.33 - 6.38 - -
20-46B 1.33 - - 0.38 -
20-46C 1.52 - 0.38 - -
20~-46D 1.52 - - 0.38 -
20-47Aa 1.71 - 0.38 - -
20-47B 1.71 - - 0.38 -
20-92B 2.28 - - 0.78 -
20-159 2.4 - - 0.8 0.2
20-181:29 1.69% - - 0.56 .056
25-50L1 2,00 1.7 - 0.60 ’ 0.086
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TABLE XV B

Emulsions of 15% SEA Base Stocks. SS Type

Stability
%
Gode Solids  Mill | 24h > 24h oH Notes
20-18a - yas - yes 10.2 soft settlement
20~-33a = yes - - 11.2 good, slight settlement
20-463 - yes - no 10.5 settlement like 20-46B,
more than desireable
20-46B - yes - ne 10.1 settlement like 20-46A
20-46C - - problem with mill invalidated test
20-46D - - see 20~-46C
20-47A - yes yes no 10.5 1
20-47B 1.1 ves yes o) 0.4 1
20-928 63.8 ves yes yves 1.5 2
20-159 6l.5 - yes yes yes 10.5 3
20-181:29 1.6 ves yves ves 11.0 2
25-50L1 59.2 yes yes yves 11.0 4, S gallen

1) After 5 days, excess sediment, however sediment was soft and readily remiwved.
Marasperse CE may have slight advantage over Orzan A, however the differences
could be within experimental errcr.

2) Bmlsion was excellent

3} Excellent emilsion, would not mix with slurry sand, however. Very viscous
emlsion.

4) 3% PAMAK WCFA added to the sulfur {(based on sulfur), 2.8% PAMAX WCFA on
asphalt. PRMAK and sulfur reacted for at least 2 hours prior to adding to
asphalt. '
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TABLE XVI A
Emulsions of 15% SEA Base Stocks. RS Tvpe

. Formulaticn, § of Total, Nominal
Dresinate PAMAK PAMAK Dresinate PAMABK WCPA Natrosol

Code 731 4 25 TX Ins® In Seap 250HR
20-49A 0.4 - - - - - -
20-498 0.8 - - - - - -
20-99A - 1.0 - - - - -
20-998 - - 1.0 - - - -
20-100A - - - 1.0 - - -
20~100B - - - - - 1.0 -
20-157 - 2.0 - - - - 0.2
20-158 - - - - - 2.0 .2
20-181:60 - 2.0 - - - - 0.2
20-189:1 - - - - - 2.0 0.2
25-501.20 - - - -~ o3 0.72 0.7

TABLE XVI B
Emnlsions of 15% SEA Base Stocks. RS Type

Stability
s

Code Solids Mill 24h  »24h PH Notes

20-49A - ves no 11.2 Total Loss

-20-498 - ves no 11.2 Total Loss

20-99a - ves yes 1i.5 Soft bottom sediment after
24 hr. ,

20-99B8 - yes - 1.0 Thick surface laver after 24 hr

20-10GA - yes - . - Same as Above

20-100B - yes - il.0 Grainy, 85% settled

20~-157 62% yes yes yes 11.0 Excellent

20-158 - yes yes yes 10.5 Excellent

20-181:60 - yes yes yes 1l.0 Excellent

20-189:1 42% yves yes yes 10.8 Excellent

25~-50L20 €5 yes yes yes 11.0 5 gallen batch excellent

1) Reacted with the sulfur for 2 hours at 275°F. :
2) Added to asphalt and neutralized in situ during emilsificaticn.
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TABLE XVII B

Emulsions of 15% SEA Base Stocks, CSS5 Type

Formulation, % of Total, nominal

Stability
Code Mill 24h »24h pH Notes
20-94B yes no - 1.5 Grainy, 85% sediment
20-95a yes no - 2.3 Same as above
20-95B ves no - 2.2 Same as shove
20-98A ves no - 1.5 Solidified
20-98B ves no - 1.5 Solidified
20-160 yes no - 2.4 Thick layer on surface
20-161 yes ne - 2.2 Complete Loss
20-183:25 yes yes yes 2.0
25~-18:A yes ne - 1.5 Failure
25-183 yes ne - 1.5 Failure
25-19a ves yes ves 1.5 1, Stable 20 days plus
25-19B yes yes yes 1.5 2, Better than A
25=37L3 yes no - 3.2 3,
25-37L16 - - - 4.0 PRough Texture
25~46L15 yes ' yes yes? 1.5 4,y W-3 better than E4868
25-46L16 yes yes no - 4,{ Reacting PRMAK first
25-47L3 yes yes no . - 3, with sulfur produced
25-47L5 yes yes no - 3,/ better emlsicn

1) Redicote AP, PAMAK WCFA and Sulfur added to asphalt and cured for 2 hours.

2) Redicote AP, 3% PAMAK WCFA (on asphalt) added to asphalt, 3% PAMAK WCFA added
to sulfiur and cured for 2 hours then sulfur and asphalt blended just prior to
emilsification. ’ ‘

3) PRMAK WCFA reacted with sulfur and aschalt.

4) PAMAK WCFA reacted with sulfur first, then added to asphalt.
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-TABLE XIX B.

Emulsions of 30 and 40% SER Base Stocks. Slow Set

Code

20-18V
20-18Ba
20-1%A

20-19A/C
20-1643/C
Factorial I-1

20~1783
25-51C10
25-51C22
25-51C24
25~51C26
25-52-a

Note 1.

Note 2.

Note 3.
Note 4.
21 days.

I-4
II-2
II-3
-2
Iv-3

V-1

V-4

II7-1
ITI-2
ITI-3
III-4

I-2

I-3
II-1
11-4
-1
Iv-4

v=-2

V-3

Stability
Mill 24h 224h o Notes
yes yes - 10.0 Soft sediment in 14 days
yes no - 10.0 Clay added, canplete loss
yes yes - 10.7 Soft sediment
yes no 10.7 Clay added, complete lcss
yves - - 11.8
yes yes yes - PAMAK WCFA cured in sulfur
yes yes yes - and asphalt blend for 2
yes yes yes - hours before making emulsions.
yes yes yes - See Tables VII and VIII
yes yes yes - for results.,
yes yes yes -
yes ves yes - n n
yes yes yes - " "
yes yes yes - n n
yes yes yes - " "
yes yes yes - " "
yes. yes yes - " "
ves yes yes - " . "
ves yes yes - " "
yes ves yes - " "
yves yes yes - L] n
yes ves yes - u "
Yes yes YGS - b "
yes yes yes - " "
yas yes yes - ) " L
yes no - - Solidified
yes yes yes - Note #1,
yes- yes yes - Note #2, settled
yes ves yés - Note #2, good
yes yes no - Note $#3, unstable
yes yes - Note %4,

yes

3% PAMAK WCTFA cured 2 hours min. with suifur (based on sulfur), 2% PAMAK
WCEFA in asphalt. 5 gallon sample. v
3% PAMAX WCFA cured 2 hours min. with sulfur (based on sulfur), 4% PAMAK
WCFA in asphalt. €22 had 0.1% (T) NaCH while C24 had 0.2% NaOH., Marked improve-
ment at the higher caustic soda level.
No PAMAK in asphalt. )
3% PAMAK in sulfur. 5 gallon sample. Soft remixable sediment after

Unstable
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TABLE XXI A. Emulsions of 30 and 40% SEA Base Stocks. Cationic Slow Set

Formulation % on Total, Nominal Except as Noted

% sulfur Indulin PAMAK  Redicote Natrosol %
in SEA W-3  AA-57 E-11 [E-63 AE-7 WCFA AP 250IR Solids
20-94¢ 30 2.0 - - - - - - - -
20-952 30 2 600 - - - - - - -
20-95B 30 - - 3.0 - - - - - -
20-98A 30 - - - 3.0 - - - - -
20-988 30 - - - 230 - - - -
25-21~ (=) 30 2.24%) - - - R T T 0.048% 68
a 40 2.20 - - - - 1.40 0.70 0.045 70
b 30 2.24 - - - - 0.68 0.34 0.048 68
ab 40 2.11 - - - - 0.67 0.34 0.050 67
c 30 3.68 - - - 1.30 0.33 0.053 65
ac 30 3.57 - - - - 1.32 0.33 0.051 66
“boe 30 3.36 - - - - 0.68 0.68 0.048 68
abc a0 3.15 - - - - 0.70 0.70 0.045 70
a 30 3.39 - - - - 0.43 0.43 0.171 43
ad 40 2.24 - - - - 0.67 0.67 0.093 67
=f 30 2.24 - - - - 1.3 0.34 0.099 67
abd 40 2.45 - - - - 1.30 0.33 0.105 65
od 30 6.83 - - - - 0.35 0.18 0.195 35
acd a0 5. 36 - - - - 0.49 0.25 0.153 29
bod 30 3.68 - - - - 1.30 0.65 0.105 65
abed 40 3.78 - - - - 1.28 0.65 0.108 64
25-52 40 2.01 - - - - - 0.51 0.19 51.4

1)Actual formulation {not nominal) in factorial. The Redicote AP and the PAMAK WCFA were added to the
asphalt and cured for 2 hours. The sulfur was then added and cured 15 or 120 minutes as determined
in the design. Cure time was variable b and was 15 minutes where b is absent in the code and 120
minutes where b is present.
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TABLE XXI B
Emulsions of 30 and 40% SEA Base Stocks. Cationic Slow Set

Stabilify

Code mill 24h »24h pH Notes
20=-94C yes no - 1.5 Complete Loss
20-95a yes no - 2.3 Solidified
20-95B yes no - 2.2 Grainy, 85% settled
20-98Aa yes no - 1.5 Solidified
20-98B yes no - 1.5 Solidified
25=21~(=} yes no - Stirring caused brezk
a yes na - Broke
b yes no - Broke
ab yes no ~ PRapid Distress
c yes no - Rapid Distress
ac yes no - Rapid Distress
bec=e yes no - Slcw break
abc yes no - Better than e
d yes yes no Appeared like cottage
cheese, could be mived
with HpO.
ad yes no - Broke
bd=£ yes yes no Pasts, however adding
water would make emilsicn.
abd yes no - Distress after awhile,
better than ab, ¢ or ac.
cd yes neo -
acd yves no -
bed ‘ yes yes yes Not perfect, but good
abed yes ne -
25-5A yes nao - Failed in about 30 min.
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APPENDIX A.

Below is a tabluatien of the emulsifiers and other ingredients
The inclusion of brand names or manufactur-
er's names is solely for information purposes and is not to im-
Emulsifiers differ sufficiently, even if
they are of a similar nature, thus it is important for future
duplication of this work to detail the materials used.

used in this study.

ply an endorsement.

Ingredient

Manufacturer

Tyee

Vinsol NVX and Resin

Orzan A

Marasperse CE

SPV 200 Clay

Natrosol 250HR

Dresinate 731

PAMAK 4

PAMAK 25

PAMAK WCTA

Dresinate TX

NP 1007

Indulin W-3

TDA-40

Arvsurf AA~37

Hercules

1 Maritime Plaza

Golden Gateway Center
Suite 1250

San Francisco, CA. 94111
415-986-2535

Camas, Washington
206-834-4444

American Can Company
908 Town & Country Blvd.
Suite 230,

Houston, Texas 77024

. American Colloid Coampany

5100 suffield Court

Skokie, Illinois

Hercules

Hercules

Hercules

Hercules

Hercules

Hercules

Emery Industries
8733 5. Dice Rd.

Santa Fe Springs, CA. 90670

213-723-8386

Wastvaco

P.0. Bax 5207

North Charleston, S.C.
29406

803-554-8350

Emery

Sherex Chemical Corpany
P.O. Box 646
Dublin, Chio 43017

99

Abdiatic acid. Anicnic
SS emilsifier

Sodium ligno sulfonate.
dispersant for SS type
emlsions.

Sodium ligno sulfenate.
dispersant for SS type
emlsions.

Bentonite clay

Rydroxyethyl cellulcse
viscosity builder.

Anionic PS emilsifier.
Rosin Scap

Anionic RS emlsifier,
tall oil.

Anionic RS emilsifier,
tall oil.

Anicnic RS emulsifier,
tall oil.

Anionic RS emulsifier,
Rosin Soap.

nonionic, CSS emilsifier,
100 mole ethoxylated nenyl
chenol, 70%

Cationic, CSS emlsifier
modified ligno sulfcnate.

Monionic, CS8 emulsifier,
40 mole ethoxylated tri-
decylalcohol.

Cationic, CSS emulsifier,
amine



A~2

Ingredient

Manufacturer

Type

Redicote E-11

Redicote E-63
Jetco AE~7

Tyfo A

Tyio B

Arosurf AA-54
Arosurf AA-55
Arosurf AA~60

Redicote E~67

Jetco AE 6
Redicote E-4868

Redicote AP
Varonic Q 230
Varonic T 228

Redicote E-64
Tergitol 15-5-9

Varion Cas

G-752

Armak

8401 W. 47th St.
McCook, Illionis 60525
313-242~2750

Armak

Jetco Chemicals Campany
P.O. Box 1278

Nacco

14439 Scuth Avalon
Gardena, CA. 90248
213~515-1700

Nacco

Sherex
Sherex

Sherex

Jetco

Sharsx
Sherex

Armak

Union Carbide Corporation
270 Park avenue

New York, N.Y. 10017
212-695-5054

Sherex

Sherex

100

Cationic, CSS emalsifier
amine

Cationic, CSS emilsifier,
amine

Cationic, CSS‘emulsifier
quaternary amine

Caticnic, CQS—Css
amilsifier, amine

Cationic, CQS—CSS
emilsifier, lignin
derivitive
Cationic, CRS amine
Caticnic, CRS amine
Cationic, CRS amine

Cationic, CRS amine
with viscosity builder

Cationic, CRS amine
Caticnic, CSS amine

Internal dispersant for
asphalt, amine
Emisifier, ethoxylated
coco amine

Emulsifier, ethoxylated
tallow amine

Cationic, CRS amine

Emilsifier/dispersant
ethoxylated nonyl phencl

Bmisifier, coco
sulfobetaine

Emulsifier, ethoxylated
anine



APPENDIX A - Supplement 1
Formulation of RS Sulphlex Emulsion

Preparation of Sulphlex Fmilsion

A Sulphlex emulsion, based upon the RS type emulsifier, PAMAK WCFA was prepared.
2% PAMAK WCFA (based upon Sulphlex) was added to the Sulphlex and reacted for

a minimm of two hours at 275°F. An additional 1% PAMAK WTFA (based upon
Sulphlex) was then neutralized with scdium hydroxide to form the scap solution.
sufficient caustic was used to also neutralize the PAMAK WCFA in the Sulphlex,
The resulting emulsion appeared to be of excellent quality. The scolids were 48%.
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APPENDIX A - Supplement 2

Additional Formulation Experiments
With Cationic SEA Emulsions

Anionic Frulsions from 10% SEA Base Stocks

S gallen samples of an RS and SS emulsions were made with the SEA base stock con—
taining 10% sulfur. The emlsions were excellent when produced and when received
by ETL, The data on these emulsions are shown in Table X,

The change in formulation which made these emilsions work where previcus ones had
failed, is that the sulfur was reacted with PAMAK WCFA before being added to the
asphalt.

CRS and €SS Fmlsions

Cne quart samples of CRS and C5S emilsions were prepared using the 10% and 15%

SEA base stocks. The formmiation details are shown in Table I. The CSS emlsions
were excellent and appeared to be quite stable over a prolenged pericd of time.

The CRS emilsions appeared to be excellent when first prepared, however upon stand-
ing, a thick layer formed along the inside surface of the plastic jars. Based upon
these results, five gallon samples of CSS emulsions based on 10% and 15% SEA base
stocks were prepared. The 15% sample appeared to be excellent when made, however
the 10% sammle didn't make. The emulsion fiom the 15% S2A base stock had sawe lams
in it the next day. It was remilled to be smooth and shipped to ETL. The sample
when received by ETL had a 1* layer of broken smulsion on the bottom. The CSS eml-
sion of the 10% SEA base stock was prepared after the emilsion made with the 15% SFA
base stock. The asphalt used in the 10% SEA base stock was camposed of some asphalt
fram the day before into which had been added Redicote AP and PAMAX WCFA ard fresh
asphalt to which these materials were added. Apparently day old asphalt into which
has been added the Redicote AP and PAMAK WCFA are not readily emulsifiable.

We found that cationic emilsions in gquart containers were of superior quality to -
those in 5 gallon containers, Possibly the sulfur can continue to react and degrade

the emulsion in 5 gallon Samples, but cool fast enough in tne 5 gallom containers
to reduce the detrimental effect.

If this is true, considerable difficulty will be experienced in mammfacturing these
cationic emlsions camercially, especially the CRS type. CRS emulsions are applied
hot, thus an emilsion that is not stable at 140-170°F would be of comsiderable
trouble. While same emulsion plants have heat exchangers, most don't, thus even if
the product could be used cdd, most producers couldn't cool it.

Cationic Emlsions from 10 and 15% SEA Base Stocks

We were successful in preparing emulsions of 10 and 15% SEA base stocks in one
quart samples. The formulaticn data are shown in Table I. We were not able to
make 5 gallon samples, hkwever. It appeared that the length of time that the sul-
fur ard asphalt were with contact with sach other prior to emulsification, and the
time the emilsions remained hot after emulsification were significant. In the ex-
periment shown in Table I, each of the emulsions was split into two samples, gne
set of which was cooled immediately, while the other sample was heated at 140

for 16 hours. As may be seen, the heating was detrimental to the emlsions,

102



Five gallon samples of the most successful €SS emlsion formulations based upon
both the 10% and 15% SEA bhase stocks were attempted ard the samples cooled with
cooling coils as fast as possible. The emlsion failed. The data may be seen in
Table II. It appears that the length of time that the asphalt and sulfur are mixed
together hot affects the quality of the emulsions.

One gallon samples of CSS and CRS emulsions of both the 10 and 15% SEA base stocks
were prepared a quart at a time, and those emulsions, which appeared quite good,
were sent to Engineers Testing Laboratories for evaluation.

Cationic Emulsions from 30 and 40% SEA Base Stocks

As may be seen in Table I'I, we were not able to make cationic emulsions from the

30 and 40% SEA base stocks. This «does not imply that it is impossible, however

we could not find the combination of ingredients that would produce satisfactory
emilsions as there were not sufficient funds left in this project to carry out more
research.

Effect of Temperature on Hmulsion Quality

Sulfur will react with asphalt and the emilsifiers. In fact, one o.' the ingredients,
PAMAK WCFA (a tall oil) is added specifically to the sulfur to react with it prior
to making emulsions. Previous work has shown that the PAMAK WIFA must be added to
the sulfur and reacted for at least two hours prior to blending the sulfur with the
asphalt. If the asphalt is added with the PAMAK WCFA, the emulsions are poor. Our
recent studies now irdicate that the length of time the emulsion is' stored hot can
influence quality, and also the length of time the asphalt and sulfur are mixed to-
gether prior to emulsificaticn. This is especially a factor with the caticnic eml=
sicns. The anionic emulsions were produced without much difficulty.

To make large quantities of cationic emulsions which contain sulfur, the sulfur and

asphalt phases should be introduced into a static mixer just prior to emlsifying
and the emulsian should be passed through a cooler prior to going into storage.
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APPENDIX B
MODIFIED DISTILLATION PROCEDURE
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INTRODUCTION

The standard ASTM D244-80 emulsion distillation test was not
used with the modified sulfur-water emulsions formulated
during this project due to the requirement of heating the
emulsion to 500F (260C) during the test which could result
in evolution of H,S and S0, and possibly a considerable
change in residue ' characteristics. Therefore, a modified
distillation procedure consisting of heating the emulsion to
260F (127C) and sweeping with CO, was developed.

Apparatus
100 ml boiling flask
Condenser tube

Connecting apparatus consisting of rubber stopper to fit
flask, delivery tube, and stopper to fit the condenser

Thermometer - ASTM 113C

Aeration tube - 9 inch (22.9 cm) long, 1/8 inch (0.3 cm)
diameter glass tubing

Electric heating mantle controlled by a variable rheostat

Heating mantle support consisting of ring stand and appro-
priate clamps

CO2 source and adequate flow regulators
Gas flowmeter
Graduated cylinder, 100 ml capacity

CO2 heating apparatus consisting of a beaker, oil, copper
coil, and a hot plate.

Procedure

l. Assemble apparatus. A schematic of the assembled app-
aratus is shown in Figure B10.

2. Thoroughly stir emulsion and add 250 grams to the pre-
viously weighed boiling flask (weight including ther-
mometer, stoppers, aeration tube, and delivery tube),
place the flask into the heating mantle, and connect to
the condenser.
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10.

Begin heating the emulsion with the electric heating
mantle,

Begin introducing warmed CO, (oil bath at 135C) at a
rate of 1 to 2 liters/minute when the temperature of
the emulsion reaches 200F (93C) with the bottom of the
aeration tube approximately 1/2 inch above the top
level of the emulsion.

Adjust the transformer sco that the emulsion boils as
rapidly as possible without boiling over.

When emulsion temperature reaches 260F (127C), lower
aeration tube into the emulsion (bottom of tube approx-
imately 1 cm from the bottom of the f£lask) and continue
CO introduction.

Maintain the 260F (127C) temperature for 30 minutes to
complete the distillation.

Remove flask, with thermometer and delivery apparatus,
allow to cool and weigh,

Calculate percent residue as:

F-1I
E x 100%
in which:
F = final weight of flask delivery apparatus, and
‘ residue
F = initial weight of flask and delivery apparatus
E = initial weight of emulsion

To remove residue from the boiling flask, heat the
flask and residue to 260F (127C) in an oven and pour
residue into an 8 ounce tin.
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APPENDIX C
PHYSICAL PROPERTIES OF EMULSIONS
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TABLE 12 Water Content by Distillation; $%

S5 10]|RS10]SS 10 |RS 10|58 15 |RS 15 |55 30|Rs 30|RS a0lcss1o]crsiolcssis|crs1s|Rs SX
E 40.8 |34.9 | 39.9{ 34.6}38.0 |34.3}37.8{29.4|33.1| - - - - J4s.4
T [39.9 |3s.1 | 41.2] as.8|37.9 {33.7] 37.5030.0 { 32.5] - - -t = l4s.¢
x |49-3 [35.0 40.5| 35.2|37.9 |34.0] 37.8]20.7 | 32.8| - - - - Jerar
o] @802 2| 1afoafosf enfos| os| - - o I KRS
oy 20| 0-6) 300 31l oz tast osbaa} s - - -] - |s.s6
dopie = 0.624 q = 0.513

*Note: PAMAK WCFA not reacted with sulfur.

TABLE 13 One-Way ANOVA Summary, Water Content by

Distillation
Source af sSS MS F F.05 F.01
Mixture 9 431.2 47.91 55.3 3.02 4.94
Error 10 8.7 .87

Total 19 439.9

* *
RBSX 8510 6510 Ss15 S8S30 RS10 RS1O  RS15 RS40 RS30

Note: Emulsions which share a common underline are not
significantly different at the 0.05 confidence level.

FIGURE 11 Newman-Keuls Ranking, Water Content by
Distillation
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TABLE 14 Water Content by Evaporation; %

s$s10 RS 16 S$S10 JRS 10{SS 15 {RS 15 {SS30|RS 30|RS 40{CSS510|CRSI0{CSS15|{CRSIS{RS SX

37.1 135.1 141.0) 36.5[39.7 | 34.1] 38.0f30.2 | 32.4 | 42.0] 38.5}42.1 ] 37.6f40.5
40.5 [34.6 141.21 36.4[38.0 | 33.5| 39.9{30.1 | 33.8} 43.3] 38.3}42.3] 38.4]39.5

38.8 }34.8 1 41.1] 36.4}38.8 |33.8] 38.9{30.1 ]| 33.1| 42.6] 38.4]42.2 ] 28.0]40.2
3.0 0.4 0.2 0.11 1.5 0.5 1.7 0.1 1.2 1.2 0.2] 0.2 0.7] 1.2
7.7 1 1.1 0.5 0.3] 3.9 1.5 4.4] 0.3 3.6 2.8 0.5} 0.5 1.8) 3.0

w X |»-ro

Qopip = 0-522 q = 0.266

*Note: PAMAK WCFA not reacted with sulfur.

TABLE 15 One-Way ANOVA Summary, Water Content by

Evaporation
Source af SS MS F F.05 F.01
Mixture 13 343.9 26.5 28.80  2.43 3.87
Error 14 12.9 0.92
Total 27 956.8

* *.
CSS10 CSs15 sSsl0 RSSX SS30 SS15 SS10  CRS10 CRS15 RS10 RS10O RS15 RS40 RS30

Note: Emulsions which share a common underline_are not
significantly different at the 0.05 confidence level.

FIGURE 12 Newman-Keuls Ranking, Water Content by
Evaporation .
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TABLE 16 Storage Stability; %

S5 18RS 10]SS10 RS 10]SS 15 [RS 15 ssao[ns 30|Rs 4o0{cssiolcrsiofcssis|crsis|rRs sX

" E -0.1| - 0.7] 0.1} 0.6{-0.2f o0.0§-1.1{ 30.7]| - - - - }59.6

} 1.3 - 0.3] 0.5}-0.2] 0.5/ o0.4-0.3]3s.8] - - |- - ls0.4

x| o8] - 0.5] 0.3}o0.25]0.15] 0.20 -0.7] 33.3| - -1 - - lso0.0

s | 12| - 0.4] 0.4]o0.62|0.62] o.4 o.7] 4.5] - -1 - -} o2

cvl 207 - | 70.9| 118| 248| 413] 177 101§ 13.6] - - ! - - | 1.2
derit = .750 q = ..722

*Note: PAMAK WCFA not reacted with sulfur.

TABLE 17 One-Way ANOVA Summary, Sto;age Stability

Source gg §§ MS F F.05S F.01l
Mixture 8  7427.2 928.4  544,2 3.23  5.47
Brror 9 15.3 1.7

Total 17 7437.5

*
RSSX RS40 SS10 Ss10 RS10° SS15 SS30 RS15 RS30

R R

Note: Emulsions which share a common underline are not
significantly different at the 0.05 confidence level.

FIGURE 13 Newman-Keuls Ranking, Storage Stability
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TABLE 18 Freeze Thaw Resistance

Replication 1 .. .. . . Replication 2
Emulsion Cycle 1 Cycle 2 Cycle 3 Cycle 1 . Cycle 2 Cycle 3
SS 10%* H** H H i : H H
RS 10% B B B B B 'B
8§58 10 H H H H H H
RS 10 B B B B B B
sS 15 B B B B B B
RS 15 H,T B B H,T B B
SS 30 B B B B B B
RS 30 H H,T H,T H H H,T
Ccss 10 B B B B B B
CRS 10 ' B B B B B B
css 15 B B B ‘B B B
CRS 15 B B B B B B
RS 585X B B B B B B
Notes: * = PAMAK WCFA not reacted with sulfur
**H = homogeneous
B = broken as judged by stirring with a glass
T = thickened stirring rod and visual examination
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TABLE 19 Emulsion Break Time; min

S$S10IRS 10 [SS 10 |RS 10(SS 15 {RS 15 |$S$ 30|RS 30(RS 40 |cSS10{CRS10|CSS15{CRS15(RS SX

15.0 0.5]18.5} 4.0 fll.0 5.51 11.5 5.5 5.01 40.0(-24.0030.0] 30.0[20.0

D

A

I 16.5 0.5]|18.5] 4.2 |13.0 6.0) 10.8] 6.7 6.01 38.5¢ 22.0{30.01 31.0§20.0
X |1s5.8 0.5} 18.5| 4.1 | 12.0 5.8] 11.2] 6.1 5.5{ 39.3} 23.0]30.0| 30.5}20.0
S

1.3 0.0 0.01 0.2 1.8 0.4 0.6f 1.1 0.9 1.3 1.8] 0.0 ¢.91 0.0

Cv 8.4 0.0 0.01 4.3 | 14.8 7.7 5,6]117.4§ 16.1 3.4 7.7 0.0 2.9] 0.0

= 0.522 9= 0.169

*Note: PAMAK WCFA not reacted with sulfur,

TABLE 20 One~Way ANCVA Summary, Emulsion Break Time

Source gg SS MS F F.05 F.01
Mixture : 13 3505.1 269.6 451.5 2.43 3.87
Error - 14 8.4 0.60

Total 27 3513.5

: . .
(CSS10 CRS15 CSS15 CRS10 RSSX SS10 Ss10 SS15 SS30 RS30 RS15 RS40 RS1C RS10
L4 SRR AT S ——
SRR

Note: Emulsions which share a common underline_are not
significantly different at the 0.05 confidence level.

FIGURE 14 Newman-Keuls Ranking, Emulsion Break Time
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TABLE 21 Saybolt Furol Viscosity, 77F; sec

yJ I—
$S10{RS 10 {SS 10 |RS 10{S5 15 |RS 15 |55 30JRS 30|RS 40|c5510|CR510|CSS15|CRSIS{RS SX

239 |45.2 1 71.7]45.0 | 45.8 | 74.9[65.6 1211 20.2§ 25.9] 31.7|28.0] 25.8]18.8
213 }44.0 ] 72.7144.0 [ 45.0 [ 66.4|67.5 | 140 ] 20.1| 27.37 31.5/28.2] 26.3|19.3

226 144.6172,2)44.5 }45.4]170.766.6 {13.1]20.2] 26.6} 31.6]28.1 26.1]13.1

v X I1P-i>p

23.0 1.1 0.91 0.7 7.5 1.7j16.8} 0.1 1.2 0.2 6.2y 0.4 0.4] 0.4
Cv|10.2 ] 2.4} 1.2] 2.0 1.6 110.7] 2.5 ]12.9 0.4 4.7 0.6] 0.6 1.7} 2.3

Qopjp = +522 4= .473

*Note: PAMAK WCFA not reacted with sulfur.

TARLE 22 One-Way ANOVA Summary, Saybolt Fural Viscosity

Source af ss MS F F.05 F.0l
Mixture 13 81738.1 6287.5 157.26 2.43 . 3.87
Error 14 559.8 39.98

Total 27 82297.8

8510* RS30 SS10 RS15 S530 SS15 RS10 RSlO* CRS10 CSS15 CSS10 CRS15 RS40 RSSX
<
e e d

Note: Emulsions which share a common underline are not
significantly different at the 0.05 confidence level.

FIGURE 15 Newman-Keuls Ranking, Saybolt Fural
Viscosity
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TABLE 23 Coating Ability of Sulfur Water Emulsionsl

Dry Aggregate Wet Agdregate
Emulsion Initial Coating Initial Coating
Designation Replication Coating After Rinse Coating After Rinse
SS 10% : 1 G2 P G G3
2 G P G P
SS 10 1 G P G P
2 G P G P
RS 10 1 G P P P
2 F P P P
55 15 1 G P G P
2 G P G P
RS 15 1 G G Pi p3
2 G G P P
Ss 30 1 G P G P
2 G P G P
RS 30 1 G F G F
2 G F G F
RS 40 1 G P G P
2 G P G P
¢css 10 1 G P G P
2 G | G P
CRS 10 1 G F G G
2 G F G G
css 15 1 G p G F
2 G P G P
CRS 15 1 G F G G
2 G F G G
RS 5X 1 G P G P
2 G P G P
NOTES :

* PAMAK WCFA not reacted with sulfur
1. The RS 10* emulsion broke prior to testing

2. G = Good Coating, F = Fair Coating, P = Poor Coating
3. Emulsion foamed during mixing

4. Emulsion appeared to break during mixing and would not coat.
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TABLE 24 Water Miscibility, Maximum Difference; %

"
SS510|RS 10 |SS10|RS 10|SS 15 |RS 15 |SS30JRS 30|RS 40}CSS510 |CRSIOICSSIS|CRSIS|RS SX
R 26,8 | - 32,24 42.7}47.1 {10.6| 32.4}10.5] 35.7] 50.4] 37.0{52.3] 46.4]10.0
I 28.2 - 37.9] 47.4| 3%.5 9.4 45.9]12.5 | 37.6} 50.%9] 35.3]51.3}) 46.3] 9.1
)_( 27.5 - 35.1) 45.1{43.3 | 10.0] 39.2}11.5] 36.7| 50.7] 36.2{51.8} 46.4} 9.6
S 1.2 - 5.1 4.2] 6.7 1.1]12.0] 1.8 1.7 0.4 1.5 0.9 0.1] 0.8
Cv 4.5 - 14.4 9.2]15.6 | 10.6] 30.6115.4 4.6 0.9 4.2 1.7 0.2 8.3
.. = 0.560 = 0.395
qcrlt 4

*Note: PAMAK WCFA not reacted with sulfur.

TABLE 25 One-Way ANOVA Summary, Water Miscibility

Source af 5§ Ms E F.05 F.01
Mixture 12 5433.4 452.8 37.91 2.63 4.900
Error 13 155.3 11.9
Total 25 5588.7 |

' *
CSS15 CSS10 CRSIS RS10 SS15 SS30 RS40 CRS10 SS10 SS10 RS30 RS15 RSSX

TSRS SR G
R

Note: Emulsions which share a common underline are not
significantly different at the 0.05 confidence level.

FIGURE 16 Newman-Keuls Ranking, Water Miscibility
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TABLE 26 Residue Content by Distillation; %

8S 10 RS 10 {SS 10 |[RS 10}SS 15 JRS 15 |SS30]RS 30|RS 40[CSS10 |CRS10JCSS15[{CRSIS|RS SX

D }59.2 |65.1)60.1]65.4 }|62.0 |65.7] 62.2470.6]66.9 - - - - 54.6
A

I 60.1 164.9 ) 58.8)64.2 }62.1 |66.3) 62.1]70,0}67.5 - - - - 51.1
X 159.7 |65.0]59.5]64.8 |62.1 {66.0| 62.2]70,3 ]| 67.2 - - - - 52.9
5 0.8 0.2 1.2 1.1 0.1 0.5 0.1 o.s 0.5 - - - - 3.1

Cv} 1.3 0.3 1.9} i.6 0.1 0.8 0.1] 0.8 0.8 - - - - 5.9
q = 0.694 q= 0.513

crit

*Note: PAMAK WCFA not reacted with sulfur.

TABLE 27 = One-Way ANOVA Summary, Residue Content by

Distillation
Source §£ §§ MS F F.05 F.0l
Mixture 9 431.2 47.91 55.30 3.02 4,94
Error 10 8.7 .87
Total 19 439,9

RS30 RS40 RS15 RS10™ RS10 8830 SS15 SS10° $S10 RSSX

A
PR S e
S ——

P

Note: E@ulgigns which share a common underline are not
significantly different at the 0.05 confidence level.

FIGURE 17 Newman-Keuls Ranking, Residue Content by
Distillation
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TABLE 2§ Residue Content by Evaporation; %

SS10[{RS 10 {5510 |RS 10[SS 15 {RS 15 |SS30[RS 30|RS 40)CSS10 {CRSIO|CSS15{CRSIS|RS SX
62.9 | 64.9 | 59.0163.5 | 60.3 | 65.9 62.0169.8 | 67.6{ 58.0| 61.5|51.9} 62.4{59.1

5%.5 165.4 | 58.8163.6 §162.0 | 66,5} 60.1|69.9| 66.2] 56.7} 61.7]57.7] 61.6]|60.4

61.2 165,21 58.9]63.6 |61.2 |166.2[ 61.1J69.9] 66.9| 57.4] 61.6{57.8] 62.0}59.8

w » IP»-~>Q0

3.0] 0.4 0.2 0.1 ] 1.5 9.5 1.74 0.1 1.2 1.2 0.2} 0.2 g.7] L.z
Cv] 4.9} 0.7 0.3} 0.1 2.5 0.8 2,8 0.1] 1.9 2.0 0.3] 0.3 1.17 1.9

gq = 0.522 9 = 0.266

crit
*Note: PAMAK WCFA not reaced with sulfur.

TABLE 29 One-Way ANOVA Summary, Residue Content by

Evaporation
Source daf SS - Ms F F.05 F.0L
Mixture 13 343.9 26.5 28.80 2.43  3.87
Error 14 12.9 0.92
Total 27 356.8

RS30 RS40 RS15 RSlO* RS10° CRS15 CRS10 SSlO* SS15 SS30 RSSX S8S10  €SS15 CSsio
E— S — g
: IS SIS ———— A QR

Note: Emulsions which share a common underline are not
significantly different at the 0.05 confidence level.

FIGURE 18 Newman-Keuls Ranking, Residue Content
by Evaporation
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TABLE 30 Demulsibility; %

$510[Rs 10 |ss 10 |rs 10]ss 15 |Rs 15 {s530[RS 30|RS 40|css10 |casio|cssisicrsis|rs sx

Pios] - 0.0f71.6 {10.3 | 70.2] o.7|33.5|32.5] o.s| 0.2 0.3 o.2]30.3

X 0.2 - 0.0§80.2 [10.8 | 68.0 0.8]135.71 24.7 0.4 0.2 0.3 0.2}32.1

x| os| - 0.0f75.9 |10.6 | 69.1] o.e|l34.6|28.5] o.5| 0.2 0.3| o.2f31.2

s 0.5 - 0.0] 7.6 0.4 1.9 0.1] 1.9 6.9 0.1 0.0] 0.0 0.0} 1.6

Cv 106 - 0.0}110.0 4.2 2.8] 11.8 5.6] 24.2} 19.7 0.0f 0.0 0.0f 5.1
., = .560 =

*Note: PAMAK WCFA not reacted with sulfur;

TABLE 31 One-Way ANOVA Summary, Demulsibility; %

Source daf SS Ms F F.05 F.01
Mixture 12 17476.3 1456.4 255.24 2.62 4,00
Error 13 74.2 5.71

Total ‘25 17550.5

RS10 RS15 RS30 RSSX RS40 SS15 SS30 SSlO* C3510 CSS15 CRS15 CRS10 SS10
e — e

Note: E@ulgiqns which share a common underline are not
Significantly different at the 0.05 confidence level.

'FIGURE 19 Newman-Keuls Ranking, Demulsibility
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Time+
Emulsion (Months)

TABLE 32

LONG TERM STABILITY OF
SEA AND SULPHLEX EMULSIONS

Notes

SS

RS

S5

RS
sS8
RS
S5

RS

RS

CS5

CRS

Css

CRS

RS Sulphlex

10%*

10%*
10

10
15

15
30

30

40
10
10

15

15

Note:

12

12
3
3

12

12

12

12

12
1.5
1.5

1.5

1.5
7

Contained small broken globules which
could not be suspended

Broken, solid residue

Good

Good, slight settlement, easily suspended
Thick settlement, but could be restirred
Thick settlement, but could be restirred
Broken, semi-solid residue

Thick settlement, but could be restirred,
small broken glcbules

Bfoken, semi-solid residue
Good
Good, no settlement or separation

Beginning to break, slight water separa-
tion and small asphalt globules present

Good, slight settlement

Slight settlement and separation of water
and residue, slight of trying to break

1Age at examination from date of production
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APPENDIX D
PHYSICAL PROPERTIES OF EMULSION RESIDUES
BY DISTILLATION AND EVAPORATION
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TABLE 33 Penetration of Residue From Distillation,
77F, 100g; 1/10 mm
$S810Rs 10 [SS 10 |RS 10|ss 15 |Rs 15 |ss30|RS 30|RS 40|cssi0[cRsiolcssis|crRsisirs sx
R 128 88 62 111 75 120 111 - 87 - - - - 9
I 99 | 83| s8 114 | 70 J1os | 9o} - | 62 | - - |- - 6
x| 124 | 86| 75 | 123 | 73 123 |2102f - | 85 | - - 1- - 8
S |25.7 4.4 ] 23.0) 2,7 14.4 13,3 18.6 - 4,4 - - - - 2.7 -
Cvizz. 6] 5.2)30.7] 2.4 }6.1 J11.8] 18.5¢ - |s6.9 - - - - J35.4
qcrit = ,750 g - .273
*Note: PAMAK WCFA not reacted with sulfur.
TABLE 34 One-Way ANOVA Summary, Penetration of
Distillation Residue
Source daf ss MS F F.05 F.0l
Mixture 8 18398.0 2299.8 18.19 3.23 5.47
Error 9 1138.0 126.4
Total 17 19536.0
* *
8510 RS10 RS15 8830 RS10 SS10 S815 RS40 RSs5X
- —

Note:

M

Emulsions which share a common underline are not

significantly different at the 0.05 confidence level.

- FIGURE 20
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TABLE 35 Absolute Viscosity of Residue From
Distillation, 140F;  Poise

SS mRS 10 |SS10 RS 10|SS 15 |RS15 SSSOIRS 30|RS 40{Cs5510 |CRS10|CSS15iCRSIS|RS SX

729 919 | 1601 | 816 | 977 867 - - - - - - - -

890 1183 1 1711 | 799 940 824 - - - - - - - -

810 1051 § 1656) 808 } 959 846 - - - - - - - -

w X PP

143 | 234 97| 15 33 [ 38 | - | - - - -] - - -

Cvli7.6 |22.3) 5.9] 1.9 13.4 |4a.5 - - - - - - - -

Aopit = -949 9 = .460

*Note: PAMAK WCFA not reacted with sulfur.

TABLE 36 One-Way ANOVA Summary, Absolute Viscosity of

Note:

Distillation Residue

Source Qg‘ SS MS F F.05 F.01
Mixture 5 1.06-E06 2.12-E05 22.84 4.39 8.75
Error 6 .06-E(06 9269

Total il 1.11-E06

* *
SS10 RS10 Ss15 RE15 §5510 RS10
A
Emulsions which share a common underline are not

significantly different at the 0.05 confidence level.

FIGURE 21 Newman-Keuls Ranking,'Absolute Viscosity
of Distillation Residue



TABLE 37

Ductility of Residue From Distillation,

77F, 5 cm/min; com
$510|AS 10 |S5 10 |RS 10]Ss 15 |RS 15 {SS 30[RS 30|RS 40|css10lcRsiolcssis|crsis|rs sx
2 w0 | - 64 | 200} 31 | 37 s | 30 23 | - -] - R I
I wo | - 72 V100 ] 34 | 4a 30 43 § 29 - S -~ 1 -
X [100 - 68 | 100 | 33 41 34 | 37 25 - - - - -
S 10.9 - 7.3 Yy 0.0 2.7 §6.2 | 7.1 J1r.5% 3.5 - - - - -
Cvio.o - 10.4f 0.0 {8,2 f15.3{ 20.8{31.6§ 14.2] -~ - - - -
9orit = 793 q = ,286
*Note: PAMAK WCFA not reacted with sulfur.
TABLE 38  One-Way ANOVA Summary, Ductility of
Distillation Residue
Source at sS MS F ¥.05 F.OL
Mixture 7 13234.4 1890.6 81.54 3.50 6.18
Error 8 185.5 23.2
Total 15 13419.9
*
5510 RS10 810 RS15 RS30 8sS30 SS815 Rs40
e ] W

Note:

Emulsions which share a common underline are not

R

significantly different at the 0.05 confidence level.

FIGURE 22

Newman-Keuls Ranking,
Distillation Residue
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TABLE 39 Penetration of Residue From Evaporation,
77F, 100g; 1/10 mm
” k| §
S$S10{Rs 10 [$810 {RS 10185 15 |RS 15 |5S30|RS 30|RS 40|csstolcrsi0lcssis|crs15|{Rs 5%
E 91 tro7 | 87 {107 | 84 | 70 ] s0] 65 | &1 Y149 | 874313 |128 ] -
2| 76 [128 | 96 |14 § 66 |119 | o1 ]| 69 | so | 147 Jrosfiza |1ze | -
X 84 {118 | 92 Jaaz | 75 | o5 | 66| 67 | 56 | 248 | 98 {118 | 129 | -
s |13.3 |18.6 ) 7.9 |6.2 |15.9 Ja3.4| 27.5]3.5 | 9.7 | 1.8 | 18.6|l5.0 |09 | =
Cvlis.o {15.8 |.8.7 J5.6 |21.3)4s.9) a1.9)5.3 J17.6) 1.2 ) 19.0}6.8 0.7 | -
Derit = .560 q= 0.274
*Note: PAMAK WCFA not reacted with sulfur.
TABLE 40 One-Way ANOVA Summary, Penetration of
Evaporation Residue
Source daf Ss MS F F.05 F.O01
Mixture 12 17854 1487.9 7.52 2.63 4.00
Error 13 2573 197.9
Total 25 20427

CS510 CRS15 CSSls RSlO* RS10 CRS10 RS15 Ss10 SSlO* S815 RS30 SS30 RS40

S

Note:

.

Emulsions which share a common underline are not
significantly different at the 0.05 confidence level,

FIGURE

23

Evaporation Residue
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TABLE 41 Absolute Viscosity of Residue From
Evaporation, 140F; Poise

S510|RS10|5S10|RS10[SS15|RS 15 SS30IRS 30|RS 40{CSS10|CRSIOICSSIS|CRSISIRS SX

2 1325 640 | 1636] 708 } 1261 645 - - - 15601 1541 1364 { 1284} -

; 1055 762 ] 2111 7931 {1194 727 - - - 1140 1850} 1281 1085} -

X J1190 701 ) 1784} 730 | 1228 686 - - - 13507 1696) 1323 | 1185] -

s 239 108 ] 420 74 59 73 - - - 372 274 74 176} -
Cv}20.1]15.4]) 22.5] 9.8 4.8110.6 - - - 27.6] 16.1] 5.6 14.2}" -
) 3 = . 694 = . 233

orit d

*Note: PAMAK WCFA not reacted with sulfur.

TABLE 42 One-Way ANOVA Summary, Absolute Viscosity of
Evaporation Residue.

Source df Ss MS F .05 F.01l
Mixture 9 2.91-E06  3.23-E05 9.95 3.02 4.94
Error 10 0.32-E06 .32-E05

Total 19 3,23-E06

. . *
SS10 CRS10 CSS10 CSS15 SS15 SS10*CRS15 RS10 RS10 RS1S
PR
S

Note: Emulsions which share a common underline are not
significantly different at the 0.05 confidence level.

FIGURE 24 Newman-Keuls Ranking, Absoiute Viscosity
of Evaporation Residue




TABLE 43

Ductility of Residue From Evaporation,

77F, 5 cm/min; cm
$510|rRs 10 |S5 10 [RS 10[Ss 15 |RS 15 [s530|RS 30(RS 40|css10|cRs10lcss15lcRS15|RS SX
E 38 | - {100 |1oo 47 | 18 16 | 35 | 100 | 100 | 100|100 | 200} -
I 28 | - 100 [100 46 18 23| 39 {100 | 100 | 100|200 | 100} -
X|33.0] - 100 {100 {46.5] 18 | 19.5]/37.0] 100 | 100 | too0 {100 | 100 § -
$1 8.9| - ¢.0 [o.o 0.3]0.0 6.2] 3.5010.0 {o0.0]0.0]0.0¢ Jo.0o]| -
Cvlzs.8] - [o.0fo.0 | 1.9f0.0 31.8] 9.6% 0.0 J 0.0 ] 0.0f0.0 [o.0{-
qcrit = '598 q - .463
*Note: PAMAK WCFA not reacted with sulfur.
TABLE 44 One-Way ANOVA Summary, puctility of
Evaporation Residue
Source daf Ss MS F F.05 F.01
‘Mixture 11 29096 2645 382.43 2.72 4.23
Error 12 83 6.92
Total 23 29179

S510 RSlOl RS40 €SS10 CRS10 CSS15 CRSL5 SS15 RS30 5510* $530 RS15

Note: Emulsions which share a common underline are not
significantly different at the 0.05 confidence level.

FIGURE 2

5 Newman-Keuls Ranking,
Evaporation Residue
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