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1.0 INTRODUCTION 

1.1 Bac kq round 

During the past decade, the cost of asphalt cement 
has increased drastically and at times and in certain 
locations, the supply has been unpredictable. In 
order to lessen the dependence of the highway indus- 

i 

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 (l*, 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 (SOZ) and hydrogen sulfide 
(H2S) 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 modif ica- 
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. 

.I. Asphalt emulsions (a fluid dispersion of asphalt and 
water) are commonly used in pavement construction 
arid, in many instances, can be used in place of as- 

r phalt cements or cutback asphalts (13, 14). Asphalt 
emulsions can be mixed with aggregate and compacted 
at ambient temperatures. 

*Note: Numbers in parenthesis refer to references listed on 
pages 43 to 44. 



The major advantage of using asph it emulsions over 
asphalt cements is that use of em lsions does not 
require mixture heating during pr duction and thus, 
energy and cost savings can resul . When emulsions 

(15, 16) 

i 
are used in place of cutback asphqlts, less hydro- 
carbons are lost to the atmospher@, resulting in less 
pollution and a savings in petrolqum based solvents 

I ~ 
I 

The development and use of emulsiffied sulfur- 
extended-asphalt and plasticized Sulfur binders would 
be very advantageous. Mixing andcompaction of pav- 
ing mixtures containing the sulfu~ binders could be 
performed at ambient temperature resulting in reduc- 
tions in health and environmental !hazards from SO2 
and H2S evolution and energy requkrements due to am- 
bient mixing temperature. ~ 

1.2 Project Objective 

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

1.3 Project Scope 
I 

Modified sulfur-water emulsions were produced with 
I both sulfur-extended-asphalt (SEA) and plasticized 
1 

I sulfur (Sulphlex) materials using state-of -the-art 
I knowledge of water emulsification systems and materi- 
I 
I als. Sulfur-extended-asphalt binders at four sulfur 
1 

I replacement levels - 10, 15, 30, and 40 percent and 
I 

plasticized sulfur formulations were considered. 
I Both cationic and anionic emulsions having slow, me- 
I 

I dium, and rapid setting characteristics containing 
1 both SEA and Sulphlex binders were studied. Success- 
I ful emulsions which were produced were characterized 
j using ASM D244, "Standard Methods of Testing Emulsi- 
! 
I fied Asphaltsm (17) testing procedures and several 
I non-standard procedures. 
I 
I 

1 
, 
I 
I 



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

2.1 Sulfur-Extended Asphalt 

Sulfur-extended-asphalts (SEAts) at four sulfur re- 
placement percentages were emulsified. Replacement 
percentages used were 10, 15, 30, and 40 percent by 

w weight of SEA binder. 

Two asphalt base stocks were used during this proj- 
d ect. An AR2000 from U.S. Oil and Refining of Tacoma, 

Washington was used for initial sulf ur-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-2.0 obtained from Husky Oil of Spokane, Washington. 

Sulfur utilized in the SEA blends was obtained from 
U.S. Oil 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. Oil and Ref in- 
ing AR2000 and blends with 10, 15, 30, and 50 percent 
sulfur are tabulated in Table 1. From 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. Initial characterization experiments 

, were performed with a maximum of 50 percent sulfur in 
the SEA binder-, however, emulsion formulaticrns with 
SEA binders used a maximum of 40 percent sulfur. 

2.2 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) 
wexe 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. O I L  
AND REFINING AR2000 AT SULFUR EXTENSIONS 

OF 0, 10, 1 5 ,  30, and 5 0  PERCENT 

% S u l f u r  (by weiqht of T o t a l  Mix) 
Property - 0 - LO - 15 - 30 5 0  - 



TABLE 2 

FORMULATIONS OF SULPHLEX SAMPLES 

Sulplex 
a Desiqnation 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: CDC = Cyclodiene Dimer Concentrate 
DP = Dipentene 
VT = Vinyl Toluene 
CT =CoalTar 
DPCD = Dicyclopentadiene 



I 

I 

Absolute viscosity (ASTM D2171) Jnd penetration 
(ASTM D5) tests were performed o the Sulphlex 
samples before and af ter aging i% the rolling thin 
film oven in accordance with AST D2873. Results 
are tabulated in Table 3. Resul f! s show that pene- 
trations, absolute viscosities, ercent retained P penetration, and viscosity agingindex of the Sul- 
phlex samples differed greatly. penetrations 
varied from 13 to 169 and aged p 
to 74. Unaged viscosities varie 
poise and aged viscosities from 
poise. Sulphlex 233 CDC was use 
emulsification experiments. 

The three Sulphlex 233 formu~atibns 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 +nd 233 CDC formu- 
lations was obtained from different batches from the 
same s uppf i ere I 
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3.0 EMULSION FORMULATION AND PRODUCTION 

3.1 Experimental Design 

Emulsions were formulated and produced by Petroleum 
Sciences, Inc. Forty-eight different types of emul- 
sions were to be formulated incldding both cationic 
and anionic emulsions with rapid medium, and slow 
setting characteristics. Emulsi ns were to be for- 4 mulated with four sulfur-extende -asphalts and four 
different Sulphlex formulations 4s base stocks. The 
emulsion formulation experiment matrix is shown in a 

Figure 1. 

Early in the project during f ormJlation exper inents, 
considerable difficulty was expe ienced with several 
of the formulations, especially ith the cationics 
and emulsions which contained ba s e stocks with a 
high specific gravity (sulf ur-extended-asphalt at 
above 20 percent replacement and ~ul~hlex) . Use of 
various combinations of emulsifiers was found to 
result in modified emulsion settjng rates. For 
example, an emulsion which was fqrmulated to be a 
slow set may actually have settiqg characteristics 
closer to those of a medium set. / Therefore, modi- 
f ied 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. 

3.2 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.  



i! ii 6 4 

PHVSBOCHEMICAL TYPE 

EMULSION SET TYPE 

.BINDER TYPE - 
SULFUR EXTENDED SULPHLEX 

30% 15% 10% 

C 

I 

N 
1 

O M S - - - - - - - - - - - . -  
----------- 
s s - 1 - - - - - - -  

40% I* 

i R S - - - - . - - - . - - -  

h 

- 

C 

I 

1 
C - 

*Note: S i g n i f i e s  f o u r  d i f f e r e n t  Sulphlex Formulat ions 

FIGURE 1 Emulsion Formulation Experiment Matrix 

I 

6 . " - I - - - - - - - ,  
MS-------- 

c s s - - - - - - - -  

2 3 4 





TABLE 4 ,  continued 

Ingred ien t  Manufacturer Type 

si %!dicote E-l1 Anmk Cationic, CSS emulsifiet 
8401 W, 47th St, amhe 
NcCook, I l l i d s  60525 
313-242-2750 

JI 

Redicote E 6 3  Rmde Cationic, CS3 ezrailsifier, 
amine 

Jet- AE-7 Jetco i3emid.s  Curpny Caticnic, CSS emulsir'ief 
P.0, Bax 1278 qUa- amhe 

T V f c A  Nacm Cationic, cQs-CsS 
14439 South AVdlon emulsifier, amine 
Garderd, CIS. 90248 
23-515-1700 

TyfbB Naca3 Cationic, CQS-CSS 
amksifier, li- 
derivitive 

Arosurf m-54 Sherex Cationic, CRS &.e 

Rrosusf M-55 Sherex Cationic, C M  d e  

Rrosurf M6O Sherex Cationic, CIS 

Redi~te  E-67 Asmak Cationic, CRS amine 
with viscosity builder 

Jet= AE 6 Jetco Cationic, LTRS amine 

Redicote E-4868 &nak Cationic, CSS amine 
I 

Redi~rste AP Antli?k Internal dispersant for 
asphalt, amine 

Vamnic Q 230 Sherex ~~nrlsiiier, ethoxylateci 
ccco amine 

Varonic T 225 S k r a  EXnrlsifier , ethixylated 
t a l l ow  amir.e 

Redicate E d 4  An:ak Cationic, CRS amine 

* Tesgitcl 1 5 - 5 9  Union CarSic!e Capra t i on  msifierfdi-sant 

270 Park Avenw eiti~wlated nonyl phew1 
New York, N.Y. 10017 . 
212-695-5054 

* 
Varion #S Sherev Ehnilsifier, coco 

sulf0kew.e 

0 7 5 2  Sherex Ezmilsifier, et-hoxjlated 
anline 

11 " 

- -- 



I 

During emulsion formulation expeiiments, it was 
I / found that it was very difficultto clean emulsion 

mills after making SEA or Sulphl$x emulsion. Stain- 
I 

less steel piping is required inthe 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 

I remove sulfur from the mill system. 
I 

3.3 Findings Durinq Emulsion Formu1at:ion 

, 

Very early during emulsion f oraulat ion 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. 

I 

Experiments 

The first step in developing SEA and Sulphlex emul- 
sions was to determine whether or not standard as- , 
phalt emulsion formulations coul4 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- 

I 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. 

I 

During the emulsion formulation bnd production phase 
of the project, several impor tank observations and 
findings regarding SEA and sulph$ex emulsion produc- 
tion characteristics were noted. Details of the 
findings briefly discussed below are contained in 

I 

! Appendix A. 

For an emulsifier to be effective, one part of the 
emulsifier must be soluble in the base stock phase, 
and another part ih 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 



reaction at 275F (135C) for two hours prior to emul- 
sification would greatly improve the quality 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. 

*L 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, ta 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 
quality were more pronounced with the cationic 
emulsions studied than with the anionics. 

3.4 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. 



I 
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4.0 PHYSICAL CHARACTERISTICS OF SULFUR-YXTENDED-ASPHALT AND 
I 

! 
SULPHLEX EMULS Ions 

1 

4,l Data Analyses 
I 
i 

I 

i Sulf ur-extended-asphalt (SEA) Sulphlex emulsion 
1 formulations having adequate ility and resis- 
I tance to breaking were characterized 
i 
I 'according to ASTM D244. tions were made to 

several of the test procedures t accommodate unique 
char'acteristics of the sulfur-wa er emulsions, A 

... major modification, outlined in ppendix B, was the 
development of a modified distil ation procedure. 
Several nonstandard test procedures were also used. 
Tests were performed in duplicat and results ana- 
lyzed statistically using conven ! ional one-way anal- 
ysis of var iance (ANOVA) techniq es. U 
The model for the analyses is: 1 

I 

Yij = response variable 1 
IJ = effect of overall meaq 

i Ei = effect of emulsion tyge 
= experimental error I 

f , i j 
1 

The experimental analysis matrix i s  shown in Figure 
2. For several of the emulsionsfl it was not pas- 
sible to perform all tests due td the emulsion 
breaking before completion of tegting or due to 
testing problems related to emulsion characteris- 
tics, Therefore, degrees of freddom for the ANUVA 

h 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 

P 
I (18). Cell variances for all data were found to be 
4 

I homogeneous, therefore, data transformations were 
I not required, 6 

If emulsion type was found to be a significant ef- 
fect, the data were ranked using the Newman-Reuls 
multiple range test (19) to determine where differ- 
ences existed. Data, means (%) ,  standard deviations 
(s) , coefficients of variation (GV) , ANOVA summar- 
ies, and Newman-Keuls results for emulsion proper- 
ties are contained in Appendix C. 





I 

I 
4.2 Emulsions Tested i 

I 

Fourteen different modified sulfdr-water emulsions 
I were characterized. These emulsm'ons and their form- 

ulations are tabulated in Table $. The SS 10' and 
RS 10" emulsions were produced early in the study 

I prior to finding that reaction 04 PAMAK WCFA with 
the sulfur at 275F (135C) for a qinimum of two hours 
prior to emulsification would gr atly improve emul- 
sion quality. The second set of SS 10 and RS 10 
percent SEA emulsions were,formu ated with PAMAK 
WCFA reacted with the sulfur. I 
Storage stability tests were not performed with the 
cationic emulsions due to insuffScient 1 sample size. 
The cationic emulsions were prodjced in one quart 
batches so that they would cool quickly enough to 
prevent the emulsion from failinq as explainea 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" 
I emulsion, and the distillation residue penetration 

with the RS 30 were not performed, 
I 

All of the cationic emulsions boiled over during the 
distillation procedure possibly due to the high con- 
centrations of catianic 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, 

4,3 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 H2S and SO2 evolution and possible exces- 
sive hardening of the binders. 



TABLE 5 Emuls ion  D e s i g n a t i o n s  and F o r m u l a t i o n s  
Which Were C h a r a c t e r i z e d  

Emuls ion  Base  
D e s i g n a t i o n  S t o c k  E m u l s i f i e r s  

. *l SS- 10- 10% SEA 2 2% V i n s o l  NVX, 0.7% =asperse CE, 0.15 % 
Natrosol 250 HR 

RS loX1 10% SEA 0.75% PAMAKWCFA (in aspha l t ) ,  0.3% P A W  
WWA added to sulfwc, 0.25% N a t m s o l  250 HR 

SS 10 10% SEA 0.18% PAMWC WCFA (in sulfur)3, ,0.54% PAMAK WCF'A 
(in asphalt), 0.06% N a t r o s o l  250 HR, 2.0% V i m 0 1  

NVX, 0.6% &&asperse CE 

- RS 1Q 10% SEA 0.18% PAM?X WCFA (in sulfur)3, 0.70% P A W  WCFA . 
(in asphalt)  , 0.06% N a t r o s o l  250 HR 

SS 15  15% SEA 2.2% V h 1  NVX, 0.08% lGmasperse CE, 0.08% 
Natr~sol 250 ER 

RS 15 15% SEA 0.3% PAEIPU( WCFA (in 0.7% PAMAK WCFA 
(added tE> asphalt)  0.07% N a t m s o l  250 HR 

SS 30 30% SEA 3 2.5% Vinsol NVX, 0.54% PAMAK WCFA (in sulfur) 
0.84% PAMAK WCFA (in asphalt)  

RS 30 30% SEA 0.54% P M  WCFA (in sulfur)3, 1.50% PAMAX WCFA 
(in asphalt:), 0.075% N a t r o s o l  250 HR 

RS 40 40% SEA 0.74% PNRK WCFA (in 3.50% PAMAK WCFA 
(in asphalt), 0.6% Natrasol 250 HR 

CSS 10 10% SEA 3 0.24% PAMM WCFA (in ~ulfur)  r0.54% Redi~ate A P  
(in asghalt), 2.0% Sherex AA57, 0.06% N a t r o s o l  
250 HR, 0.001% 35% H U  

CRS 10 10% SEA 3 
0.24% PAMAK WCFA (in sulfur) r0,54% FWUcz~te AP 
(in asphal t ) ,  2.0% Sherex AA54, 0.06% N a t m s o l  
250 HR, 0.8% 35% HQ; 

CSS 1 5  3 
15% SEA 0.35% PAMM WCF!A (in sulfur.) , 0.51% &dieate AP 

(in as-t), 2.0% Sherex A M ,  0.06% Natrrosol 
250 HR, 0.001% 35% H U  

CRS 15  15% SEA 0.35% PAWK WCFA (in s u l ~ ) ~ , 0 . 5 1 %  Redicate AP 
(in asphal t ) ,  2.0% Sherex AA54, 0.06% Natrosol 

w 250 HR, 0.8% 35% HQ; 

RS SX Sulpklex 2% PAErPU( W W A  (in Sulph lex)  3, 1% (based on 
233 QX (Sulphlex) PaMAK WCFA neutrdized with NaOH 

CI in soap solutionr. s u f f i c i e n t  caustic t o  
' neut ra l i ze  PAMAX WCFA in Sulphlex 

NOTE: - * * 
h 10 RS 10  initial fonrmlations without PAMAK W W A  reacted i n  s u l f u ~  

2 ~ s i f i e x  percentages are based on total emulsion weight 

3~~ WCFA reacted w i t h  sulfur two hours (&urn) a t  275F prior to  
csnulsification 
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Therefore, a modified distillati n procedure was 
developed which consisted of  hea 1 ing the emulsions 
to 260F (127C) and sweeping with COZ . Details of 
this distillation procedure are ontained in 
Appendix B. The ASTM D244 evapo ation procedure 
(Sections 14 to 18) was followed, f for water content 
determinations by evaporation exbept that the evap- 
orations were performed at 2758 (135C) instead of 
the stipulated 325F (163C) to prbvent excessive H2S 
and SO2 evolution and possible b nder hardening. t 
Water content by distillation rebults are tabulaced 
in Appendix C in Table 12 and the ANOVA summary in 
Table 13. Emulsion type was a s gnificant effect at 
the 0.01 confidence level. Newm k n-Keuls ranking 
(Figure 11) shows that water content of the RS Sul- 
phlex emulsion was the highest (#7.1% average) and 

I that the RS 40 and RS 30 p e r c e n t s ~ ~  emulsions were 
I 

similar and had the lowest water contents (31.3% 
average). Other differences were noted as shown in 

I Figure 11. 
1 

Water content by 
I I 

in Appendix C in 
I Table 15. Emulsion type was a 
I the 0.01 confidence level. 
I (Figure 12) shows that the 
I 
I 10 percent SEA emulsion was 
I 

I 

1 

I 
I Figure 12. 

that the RS 30 and RS 40 
I similar and had the 
1 average). Other 

, 
4 

I 4.4 Storaqe Stability 
1 
I 

Storage stability tests were perlormed 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) . Stofage stability test 
results are tabulated in Appendiy C in Table 16. 
The data reported are the differknee in residue con- 
tent of the emulsion from top toibottom 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 i s  a significant 



effect at the 0.01 level. ~ewman-~euls 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. 

4.5 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 ofman 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 SS 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. 

4,6  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 refease 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 Granit$rock 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 

fi in all determinations. Emulsion residue specific I 

gravities were calculated based on emulsion specific 
gravities measured using a 250 mlvolumetric flask . 

and the residue content by evaporation, Emulsion 
and residue specific gravities are tabulated in 
Table 7. 

19 
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TABLE 6 

GRADATION, SPECIFIC GRAVITY, AND 
ABSORPTION OF GRANITEROCK AGGREGATE 

USED IN EMULSION BREAK TIME DETERMINATIONS 

.. 
S i e v e  Size % Passinq 

3/4 in (19.0 mrn) 100 

1/2 in ( 1 2 . 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% 

", 

m 
-2 
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TABLE 7 

SPECIFIC GRAVITIES OF EMULSIONS AND RESIDUES 

I 
Measured 1 I 

I 

Emulsion Emulsion S,G, ' 
Calculated 2 

Residue S.G. 

CSS 10 

CRS 10 1,042 

CSS 15 1,049 

CRS 15 1,049 

Note: 

*PAMAK WCFA not reacted with sulfur. 
C 

l~eiisured volumetrically using a 250 rnk pycometer at 77F 



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- 

C 

onic emulsions, eken 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) . 

4.7 Viscosity 

Viscosity tests were performed in accordance with 
the ASTM 0244 procedure (Sections 22 to 24) using 
the Saybolt Furol viscometer. Test results at 77F 
( 2 5 C )  are tabulated in Appendix C in Table 21 and 
the A N W A  summary in Table 22. Emulsion is a sig- 
nificant effect at the 0.03. level, Neman-Keuls 
ranking (Figure 15) shows that the SS lo* percent 
SEA emulsion had the highest viscosity (226 seconds) 
and that the CRS LO, CSS 15, CSS 10, CRS 15, and RS 
40 percent SEA emulsions and the RS Sulphlex emul- 
sion were not aifferent 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. 

4.8 Coatinq Ability 

Coating ability tests were performed in accordance 
$D with the ASTM D244 procedure (Sections 50 t d  55). 

This test is designed for medium setting emulsions 
to determine the ability of the emulsion to coat the 

.m 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. 



I 

I 

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

k 
I 

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 plow set emulsions 
washed off of the aggregate yielping a poor rating 
after rinsing. This is expectedl since the slow sets 
would not have had time to break! prior to rinsing. 
The RS 15 percent SEA emulsion wl*th dry aggregate 
yielded a good rating after rins'ng indicating that 
it had broken on the aggregate s rface. The other 
rapid sets yielded either poor o fair ratings in- 

surface during the test. 

i 
dicating that they did not break; on the aggregate 

r 

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

as either fair or poor. 

t 
set emulsions yielded coatings after rinsing rated 

I 

4.9 Modified Water Miscibility 1 

i ! 1 

Modified water miscibility tests were performed in 
I3 accordance with the ASTM D244 pr cedure (Sections 45 

to 48). The test is designed to; determine if medium 
or slow setting emulsions can bei mixed with water 
(17). It is not applicable to rapid setting emul- 
sions (14). The test was perforbed with all emul- 
sions formulated since setting characteristics were 
not precisely known. I 

Test results are tabulated in Ap endix C in Table 24 
and the ANOVA. summary in Table 2 . Emulsion is a 
significant effect at the 0.01 c nfidence level. 
Newman-Keuls ranking (Figure 161 shows that the 
water miscibilities of the CSS 1 , CSS 10, CRS 15, 
RS 10, and SS 15 percent SEA emu sion were not dif- 
ferent and that these emulsions xperienced the 
greatest degree of separation (4 .5% average). The 
RS 30 and RS 15 percent SEA emulFions and the RS 

I 



\ 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. 

4.10 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 Seckion 

?1 4.2. The ASTM D244 demulsification procedure (Sec- 
tions 25 to 28) using as appropriate'calcium chlor- I 

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 (68.8% 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 0.01 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. 

-PI 

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. 

i 

1 

25 
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FIGURE 4 Water Miscibility of SuL ur-Water Emulsions 
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FIGURE 5 Comparison of Residue 
Distillation and 

Contents by 
Evaporation 



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 l.llg/liter 
CaC12 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 5.559/liter CaC12 

*I 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. 

-a 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 (14). 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 
( 1 4 )  

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 
deer ease, 

4.11 Long Term Stability 

The long term stability of the emulsions was evalu- 
ated by visually examining their consistent and 

Y determining if settlement could be stirred ack into i5 
the emulsion to give a homogeneous, unbroken prod- 
uct. Observations are tabulated in Appendix C in 
Table 32. 





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- 

w 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 old 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) . 



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

5.1 Data Analyses 
I 

Emulsion residues obtained from ithe distillation and 
evaporation procedures were charlacterized using pen- 
etration (ASTM D5) at 77F (25C), absolute viscosity 
(ASTM D2171) at 140F (60C) , and ductility (ASTM 
Dl131 at 77F (25C) . Tests were !performed in dupli- 
cate and results analyzed stati tically using con- 
ventional one-way ANOVA techniq es. The model and 
analysis procedure used are-the same as discussed in 
Section 4.1. Data, means (x), deviations 
(s) , coefficients of variation (ICV) , ANOVA summar- 
ies, and Newman-Keuls ranking rqsults for residue 
characteristics are contained in Appendix D. 

5.2 Residue From Distillation I 

Penetrations at 77F ( 2 5 C )  of diqtillation residues 
are tabulated in Appendix D in , able 33 and the 
ANOVA summary in Table 34. E m j  sion is a signifi- 
cant effect at the 0.01 confide ce level. Newman- i Keuls ranking (Figure 20) shows , that the SS lo*, RS 
10, RS 15, RS 30 and RS 10" perqent SEA emulsions 
were similar and had the highesq penetration (105 
average). The RS Sulphlex emulqion had a penetra- 
tion of 8 which was the lowest of all residues test- 
ed. Other differences are notedlin Figure 20. Pene- 
trations of RS and SS emulsion &esidues tested are 
plotted in Figure 7. From ~igute 7, it can be seen 
that as sulfur concentration inlthe binder increas- 
es, penetration decreases for rapid set emulsions, 
but tends to increase for slow Sets. 

I 

Absolute viscosities of distillition residues at 
140F (60C) are tabulated in Appendix D in Table 35 
and the ANOVA summary in Table $6. Viscosities for 
residues with 30 and 40 percentsulfur could not be 
obtained due to sulfur separati n in the viscometer. 
Emulsion is a signficant effect at the 0.01 level. 
Newman-Keuls ranking (Figure 21 1 shows that the SS 
10 percent SEA emulsion had thehighest viscosity 
(1656 poise) and that the SS 151 RS 15, SS lo*, and 
RS 10 percent SEA emulsion were similar and had the 
lowest viscosity (856 poise aveqage) . Additionally, 
the RS lo*, SS 15, and RS 15 percent SEA emulsions 
were similar (952 poise average) . 
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Ductilities at 77F (25C) of disdillation residues 
1 

I are tabulated in Appendix D in pable 37 and the 
a ANOVA summary in Table 38. ~muqsion is a signifi- 

? 
cant effect at the 0.01 confideqce level. Newman- 

2 Keuls ranking (Figure 22) shows that the SS 10* and 
I RS 10 percent SEA emulsions had the highest ductil- 
4 

ity (both were 100 + em) and th$t the SS 30, SS 15, 
and RS 40 percent SEA emulsions ;were similar and had 

1 the lowest ductility (31 cm average) . Other differ- 

9 ences shown in Figure 22 are noqed. Ductilities of 
i anionic RS and SS emulsions are plotted in Figure 

8. From Figure 8, it is noted dhat as percent sul- 
1 

1 fur in the binder increases, du tility tends to 
I decrease. 
r I 

C I 
1 5.3 Residue From Evaporation 
I ! 

I 

penetrations at 77F (25C) of e~4~oradion residues 
are tabulated in Appendix D in Table 39 and the 
ANOVA summary in Table 40. EmuJsion is a signifi- 
cant effect at the 0.01 confidence level. Newman- 
Keuls ranking (Figure 23) shows that the CSS 10, CRS 
15, CSS 15, RS lo* and RS 10 peacent SEA emulsions 
were similar and had the highest penetrations (125 
average). The SS 15, RS 30, SS30, and RS 40 per- 
cent SEA emulsions were similar and had the lowest 
penetrations (66 average). Other differences are 
noted in Figure 23. Penetration results are plotted 
in Figure 9. From Figure 9, itiis noted that for 
both anionic and cationic slow &et and anionic rapid 
set emulsions, as percent sulfuq in the binder in- 
creases, penetrations tend to decrease. 

I 

Absolute visosities at 140F (60d) of evaporation 
residues are tabulated in ~ppendix D in Table 41 and 
the ANOVA summary in Table 42. IEmulsion is a sig- 
nificant effect at the 0.01 confidence level. New- 
man-Keuls ranking (Figure 24) sbows that the SS 10, 
CRS 10, CSS 10, CSS 15, SS 15, +nd SS 10* percent 
SEA emulsions were similar and bad the highest vis- 
cosities (1429 poise average). The RS 10, RS lo*, 
and RS 15 percent SEA emul~ions~were similar and had 
the lowest viscosities (712 poise average). Other 
differences are noted in Figurel24. 

Ductilities at 77F (25C) of eva oration residues are 
tabulated in Appendix D in Tabl i 43 and the ANOVA 
summary in Table 44. Emulsion s a significant 
effect at the 0.01 confidence 1 vel. Newman-Keuls 
ranking (Figure 25) shows that he SS 10, RS 10, 
R S  40r and all cationic were not different 
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and had the highest ductilities 
SS 30 and RS 15 percent SEA emu1 
and had the lowest ductilities ( 
Other differences are noted in E 

:all 100 + cm) . The 
;ions were similar 
-9 c m  average)  . 
. gu re  25 .  



6.0 COMPARISON OF PROPERTIES OF SULFUR-EXTENDED-ASPHALT AND 
SULPHLEX EMULSIONS TO ASTM D977 AND D2397 REQUIREMENTS 

6.1 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 

* Asphaltw and D2397, "Standard Specification for 
Cationic Emulsified Asphalt" (17) requirements. 

r Properties of anionic slow set SEA emulsions and 
ASTM D977 specification requirements for SS-1 and 
SS-lh 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-lh emulsion. The SS 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 SS-lh 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 requirementd 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 o f  nonconformance were' noted 
with other emulsions as indicated in Table 9. 

C 

Properties of cationic slow set SEA emulsions and 
ASTM D2397 specification requirements for CSS-1 
emulsions are tabulated in Table 10. Since the 

P 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 SLOh 
EMULSION PROPERTIES TO SEVERA 

REQUIREMENTS FOR SS-1 EM 

I 

1 
li Property SS lo* SS 10 SS 15 

i Tests on Emulsion: 
3 
I 

I Viscosity, 
Saybolt Fur01 , 

I/ 

772 (25C); s 226 72.2 45 , '  

Storage Stability 
24 hr; % Q. 6 0.5 0,2! 

Residue by ' 

Distillation; % 59.7 59-5 6 2 , :  

Tests on Residue: 

Penetration, 

Ductility, 77F 
(25C), 5 cm/min; cm 100+ 68 3 

Note: l~e~uirement for SS-lh emulsi 

SET SEA 
ASTM D977 
LSIONS 

Specification 
SS 30 Limits 

0.20 1 max 

34 40 min 





TABLE 10 

I 

COMPARISON OF CATIONIC S L ~ W  SET SEA 
EMULSION PROPERTIES TO ASTM ~ 2 3 8 7  REQUIREMENTS 

FOR CSS-I EMULSIONIS 
I 1 

1 

I 
Viscosity, Saybolt 
Fur01 at 77F (25C); s 26.0 24 . 1l 20-100 

Residue Content; % 

Ductility, 77F (25C), 
5 cm/min; cm ~ 0 0 + ~  40 min4 

Notes: , 

betermined by the evaporation procedure 

Z~pecified by the distillation procedure 

3~etermined on evaporation residue 

4~pecified by distillation residue 

I 

I 
I 
! 

I 

I 

1 
I 

! 

I 

! 
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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 tesidue solubility were not I 

determined. Both the CSS 10 and CSS 15 percent SEA 
emulsions meet viscosity, residue content, and 
residue penetration and ductility requirements for a 

w CSS-1 emulsion. 

Properties of cationic rapid set SEA emulsions and 
ASTM D2397 specification requirements for CRS-1 1 

emulsions are tabulated in Table 11. 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. 

I 

1 

P 
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TABLE 11 

COMPARISON OF CATIONIC RAP+ SET SEA 
EMULSION PROPERTIES TO ASTM D23'7 REQUIREMENTS ? FOR CRS-1 EMULSIONIS- 

i 
Property 

I Specification 
CRS 10 CRS 115 Limits 

Tests on, Emulsifier: 
I 

Viscosity, Saybolt I 

Furol, 122F (50C) ; s 15.5 25,3 20-108 

Residue Content; % 

Tests on Residue: 

Penetration, 77F (25C) ,  
lOOg, 5s; 1/10 mm 

Ductility, 77F (25C), 
5 cm/min; cm 

60 min 2 

40 min 4 

I 

Notes: 
1 

I 

l~eterrnined by the evaporation procedure 

Z~pecified by the distillation procedure 

3~etermined on evaporation residue 

4~pecif ied by distillation residue 

I 
I 

1 

I 
I 

I 

i 
i 

I 

40 
I 

I 

I 



7 . 0  CONCLUSIONS 

7.1 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 

e 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 he 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 (PAMAR WCFA) prior to. emulsification 
greatly improves emulsion quality. 

2. Addition of a viscosity builder (Natrosol 250 BR) 
to modified sulfur-water emulsions reduces set- 
t lement . 

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. 

As the percent sulfur in the SEA 
creases, greater settling of the 
observed. 
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8.0 RECOMMENDATIONS FOR FUTURE RESEARC~ 
I 
8 

8.1 This study has demonstrated that stable emulsions 
using either sulfur-extended-asphalt or Sulphlex as 
base stocks can be produced. ~ u r / i n ~  the study, many 
observations were made regarding pmulsion production 
and testing which deserve further attention. 

1. Develop methods to increase 02 improve the dis- 
persion of sulfur in asphalt prior to or during 
emulsification which could poksibly reduce emul- 
sion settlement and improve e se of formulation. b 

I 

2. Further investigate the benef kcial 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 ehulsion modifies 
properties of resulting emuls~on residues. 

I 

4.  Investigate interactions betwhen emulsif iers 
which can cause modified settjng rates of SEA and 
Sulphlex emulsions. I 

i 
5. Develop more stable cationic SEA emulsions and 

further investigate the detrimental effects of 
heat on the cationic emulsion$ produced during 
this investigation. 

6 .  Investigate the properties ofiSEA and Sulphlex 
emulsion-aggregate mixtures f+r various paving 
uses such as surface, base, ahd open graded 
friction courses. 1 

7. Develop a test procedure for Jeasuring the vis- 
cosity of SEA emulsions conta ning greater than 
20 percent sulfur in the base,stock. i 

I 

1 



References 

1. Pickett, D. E.; Saylak, D.; Lytton, R. L.; Conger, W. 
E.; Newcomb, D.; and Schapery, R. A., "Extension and 
Replacement of Asphalt Cement with Sulfur," Report No. 

P FHWA-RD-78-95, Federal Highway Administration, March 
1978. j 

2. Gallaway, Be M.; and Saylak, D., "Beneficial Use of - 
Sulphur in Sulphur-Asphalt Pavements, " Final Report on 
Texas A&M Research Project RF-983-lA, Texas A&M 
Research Foundation, Texas A&M University, College 
Station, Texas, January 1974. 

3. Kennepohl, G.J.A.; Logan, A.; and Bean, D.C., "Conven- 
tional Paving Mixes with Sulphur-Asphalt Binders," Gulf 
Oil Canada Limited, presented at the Annual Meeting of 
the Association of Asphalt Paving Technologists, 
Phoenix, Arizona, February 1975. 

4. From, Ha J.; and Kennepohl, G.J.A., flSulphur-Asphaltic 
Concrete on Three Ontario Test Roads," Proceedinqs AAPT 
Volume 48, 1979. 

5. Meyer, F. R.; Hignell, E. T.; Kennepohl, G.J.A.; and 
Haas, R.C.G., "Temperature Susceptibility Evaluation of 
Sulphur-Asphalt Mixes," Proceedinqs AAPT Volume 46, 
1977 . 

6. Kennedy, T. W.; Hass, R.; Smith, P.; and Kennepohl, G. 
A., "Engineering Evaluation of Sulphur-Asphalt Mix- 
tures, ' a paper presented at the Fif ty-Sixth Annual 
Meeting of the Transportation Research Board, Washing- 
ton, D. C., January 1 9 7 7 ~  

7. "Sulphur-Asphalt Binders Pavement Test, U.S. 69, 
Lufkin, TexasrA a paper prepared for The Sulphur In- 
stitute, Washington, D. C., by Texas Tra*nsportation * 

Institute, Texas A&M University, College Station, 
Texas, August 1975, 

8. Izatt, 3. O., ffSulphur-Extended-Asphalt Field Trials-MH 
153 Brazos County, Texas," Report FHWA-TS-80-214, Fed- 
eral Highway Administration, December 1979. 

43 



I 
1 
I I 

I I 

i 
9. From, He J.; and Kennepohl, G.J.A!, "Sulfur-Asphaltic 

Concrete on Three Ontar io Test ~oads, " Proceedinqs AAPT 
Volume 48, 1979. 

1 

10. Love, G. D., "Sulfur: Potential ~dvement Binder of the 
Future," Transportation Engineerin4 Journal, ASCE, 
Volume 105, No. TE5, September 197 . 9 

11. Harrigan, E. T., 'Research on Plas icized Sulfur (Sul- 
phlex) Binders," FHWA Technical February 28, 1979. 

12. Ludwig, A. C.; Gerhardt, B. B.; an@ Dale, 3. M e ,  
"Materials and Techniques for ~mprdving the Engineering 
Properties of Sulfur," Report No. ~HWA-RD-80-023, Fed- 
eral Highway Administration, June t980. 

13. The Asphalt Institute, "A Brief Introduction to Asphalt 
and Some Of Its Uses," Manual Ser i$s No. 5 (MS-5) , 
Seventh Edition, September 1974. 1 

14. The Asphalt Institute, "A Basic ~mblsion Manual," 
Manual Series No. 19 (MS-19) , ~arc6 1979. 

15. Fory, Go K., "Mix Design Methods fdr Base and surface 
Courses Using Emulsified Asphalt A !state-of-the-~rt- 
Report," Report No. ~ ~ ~ ~ - ~ ~ - 7 8 - 1 1 3 j  Federal Highway 
Administration, October 1978. 

16. Encyclopedia of Chemical Processinq and Desiqn, John 
McKetta, Ed, Volume 4, pp 1-23, "~dphalt Emulsion," 
1977. I 

I 

17. American Society for Testing and ~dterials, 1981 Annual 
Book of Standards, Part 15, Road, yaving, Bituminous 
Materials; Travelled Surface Charaateristics, 1981. 

I 

\ 
18. Burr, I. W.; and Foster, Lo A * ,  "Ai~est For Equality of 

Variances," Mimeograph Series No. 382, Statistics 
Department, Purdue University, Lafdyette, IndPana, 1972. 

19. Burr, 1. We, Appli ed Statistical Methods, Academic 
Press Pnc., New York, 1974. 







- 

Abstract 

C 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 

L 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 af the sulfur was disolved in the asphalt while the 
zest 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 Natrosol 
250HR to the water phase, and emulsion quality was greatly en- 

" hanced by reacting a tall o i l  with sulfur or Sulphlex .prior to 
emulsification. Successful anionic emulsions were made from all 
base stocks, however considerable trouble was encountered i n  
making same of the cationic emulsions. Factorial designed experi- 
ments greatly aided the investigations. 

d 

Y 

4 7  -. 

-- - - 



, 
I 

qaS p~dex aTuotqe3 *ysa7s asea vi13s %ST uozg suoTsTnuI3 
qaS m s f ~  sTuo~~e3.0q30qS asea VXS %ST urol3 suorsTnurg 

23s P T ~ X  *qaoqs asea vzs %ST mo13 suojsTnur3 
33s M ~ T S  -y303s asea YZS %ST uoxg suojs~num 

93s p ~ d e x  sruol qe3 yaoqs asea YZS %OT UOZJ suoysPnw 
73s yarnb syuo 7723 'yaoqs aseg YES %OT uor3 s u o ~ s ~ n m  
qaS fio~s ~ y u o  qe3 -yaoqs asea ~ 3 s  w o z ~  suoys~nmg 

ws PT ex *yaoqs asea ms %OT moxg suo~stnwz i 93s M TS - Y ~ O ~ S  asea ~ 3 s  urors suo~s~nwi 





INTRODUCTION 

The p&pose of this project is to develop watLr emulsions using 
sulfur extended asphalt (SEA) and plasticized sulfur (Sulphlex) 
base stocks whish might find application in h'ghway construction. i 
These emulsions were to be designed to be comparable to the var- 
Zous grades of aspKalt emulsions, namely, rapkd, medium and slow 
setting types, both anionic and cationic. 

Th= base stocks studies w re selected to be similar to those re- 
ported in the literature lej, with sulfur concehtrations of l0-40%, 
based upon the mixture of asphalt and sulfur=e00%, and selected 
grades of Sulphlex 2) as supplied by ~ngineers! Testing Laboratories 
and Southwest Research Institute, I 

I 
In developing the formulations we attempted t produce emulsions P which could be readily made commercially withllittLe or no change. 
We therefore avoided emulsifying equipment which had a very much 
greater input of energy per unit mass than a komercial mill, and 
avoided emulsification techniques which would1 produce a product 
at a temperature lower than that which one wo 18 expect from a 
commercial mill. This latter point is very ilportant as certain 
emulsifiers, such as the polyethoxylates, hav an inverted solu- 
bility, thus emulsions might be readily made !t a low temperature, 
but not be made at a normal emulsifying temperature, 

The first area of study were those formulatioqs which are in gener- 
al use in asphalt emulsions, and expanding and revising those for- 
mulas to fit the SEA and Sulphlex base stocks. In our terminology, 
we used the classification (ie SS for slow set) which was usually 
associated with a particular emulsifier Iie   in sol for SS, RRMAK 
E-67 for CRS, etc.) even if the final emulsiob may not have exact- 
ly fit the classification. Our challenge wasito find ways to emul- 
sify the base stocks with those various catagbries of emulsifiers 
with some very difficult base stocks. For that reason, "SS" type 
emulsions might in reality behave more like a$ MS. Future formu- 
lation studies will be needed to elucidate aP$ the effects of for- 
mulation variables. 

As we felt that any product which we should d velop should have 
commercial applications, we did keep cost in &ad. In many cases, . 
we found it necessary to use high levels of ehulsifiers which will 
probably reduce the attractiveness of those f6rmulations because 
of cost. Future work, especially with additives, may show the 
means to reduce cost, however. 

, 



CONCLUSIONS 

General 

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

2. Adding Natrosol 250HR to the emulsifier solution markedly in- 
* creases the qudlity of the emulsion with anionic and cation- 

ic emulsions. 

3 .  Adding the tall oil PAMAK WCFA to the sulfur extended as- 
phalt or the Sulphlex, and curing the mixture for.2 hours at 

& 275O~ or above markedly improved the quality of most anionic 
and cationic emulsions. 

4. Adding Redicote RP [an amine made by Armak) was beneficial 
for certain emulsions. 

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

6 .  A disposable viscameter 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 250HR, a hydroxy- 
ethylcellulose. 

2. 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, PANAK WCFA was added to the SEA 
binder and cured as described in (I) abave. Natrosol 259HR 
was used to reduce settlement, and Redicote AP, added to the 
SEA base stock just prior to making the emulsion, appeared to 
be beneficial. 

3, CSS and CRS emulsions were made of the SEA base stocks can- 
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 CSS and Armak E-67 for the CRS. 
Tall oil and the amine Redicote AP were also added to a2d 
emulsification. 

4 .  Clay based emulsions made with Sulphlex appeared quite pro- s 
misinq. 



EXPERIMENTAL 

Laboratory Mills 

Two laboratory mills were used. In our initiar work we used the 
system shown in Figure 1. The mill consisted o~f 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 thb asphalt lines as 
sulfur reacts with copper, destroying the tubinp. 

We then set up the system shown in Figure 2, which uses a Char- 
lotte mill. In this case, the speed of the vikFng pumps were ad- 
justed so that emulsions of the desired solids Fontentcould be 
produced. Both of the asphalt tanks were used. Sulfur extended 
asphalt (SEA) and Sulphlex cause considerable cpntamination pro- 
blems, thus the SEA or Sulphlex were the smaller aux- 
illary pot and asphalt or an aromatic 

running Sulphlex emulsions. 
pot to be used as a purge. This was when 

I 
I I 

Cleaning of Mills I 

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 q+te inconceivable 
to use a solvent as dangerous as carbon disulfiqe, or the halo- 
genated, extremely expensive solvents which will, dissolve sulfur. 
Sulfur is soluble, to a certain extent, in asph$lt and aromatic 
oils however. Two separate methods have been uged to clean out 
the system. In one method, when quart samples gf SEA emulsions 
or Sulphlex emulsions are made, asphalt is usedtas the solvent. 
As may been seen in Figure 2, the mill is fed by two asphalt pots. 
First 2-3 gall~ns of asphalt are placed into the 18 quart asphalt 
pot, and recirculated throughout the system. Tqe SEA or Sulphlex 
base stock is then heated to 2 7 P F  and poured into the smaller pot. 
Sufficient emulsifier solution is made to make more 
than the desired quart of emulsion. The soap 
the mill started, then the asphalt is switched 
and asphalt emulsion is made. The three way 
small and large pot is then turned to feed 
base stock to the mill. As soon as SEA or 
coming out of the mill, a quart sample is taken4 then the valve is 
turned back to feed the pump with asphalt, agairj.making asphalt 
emulsion. The mill feed valve for the asphalt 4s then switched to 
recirculating, allowing the lines to be full w i r h  asphalt. The 
soap pump continues to flush the mill, after whjch hot water is 
used ts flush the soap lines and mill. f 

i 

The second procedure is quite similar to the ab vet except that in- 
stead of using asphalt, a heavy aromatic oil is and left in 
the lines after flushing. When it is ]necessary to switch back to 
rnanuf acturing regular asphalt emulsions, we flush the whole as- 
phalt system with hot aromatic oil, including tqe mill. We have 
found that oil to be very effective in cleaning put the system. 

I 

1 

I 

I 
5 

I 

I 
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Ease Stocks 

Asphalt. Two asphalt base stocks were used; one from U.S. Oil 
Refining Company in Tacoma, Washington and one from Husky Oil 
(from their Spokane bulk plant.) The sulfur extended asphalt 
base stocks were prepared by blending either powdered sulfur or 
rnoiten sulfur with the asphalt. We found that the preferable 
method was to add the molten sulfur to the asphalt just pribr 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 Ln this study 
was Sulphlex 233 (CDC soft) which consisted of 70% sulfur, 12% 
cyclodiene dimer Concentrate, 10% dipentene and 8% vinyl toluene. 

rP 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 nat available. 

Emulsifiers 

A wide variety of emulsifiers were used, ranging from anionic, 
nonionic, cationic and same 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 02 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 ~ernpthorne3) and "Optimization and 
Industrial Experimentation" by Biles and swain. 4) The experi- 
ments were 2n factorial and from b to % replicate. To aid in ass- 
essing error we ran four replicates at the center point on one of 
the experiments. As we w e r e  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. 

Each of the variables were transformed so that they could be mapp- 
ed anto the interval [-I +17# thus the experiment is confined to 
intergers in the set P = {(a, b... n) I a E K-1 ,+11 , ~ E I I - I ~  u . . .  
nrC-i,+l]with the center point = (0,Q.. . . . .O) . The precise design 
of each ex~eriment will be discussed under the appropriate section 
under Results and Discussion, 

P 
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RESULTS AND DISCUSSION 

Properties of the SEA Base  docks 
The addition of sulfur to asphalt caused a considerable decrease 
in the viscosity of the asphalt. Typical dataa are shown in Table 
IP . 

Development of Disposable Viscometer ,,for Sulphlex 
! 

It is quite difficult to clean the vis~ornete~s used to measure 
the viscosity of the Sulphlex because 05 the 'poor solubility of 
the Sulphlex in convenient solvents. We thersfore developed- a 
disposable viscometes which consisted of a t st tube and a piece 4 of glass tubing. The bore of any one long pi,ece of glass tubing 
is precise enough so that the viscosity of a known standard may 
be run in one section to calibrate the othexsj. 

The test method used is essentially that desc ibed in ASTM test 
method P-2171, with the viscometer used consi, E ered to be a madifi- 
cation of the modified Xoppers viscometer deskribed in that method, 
The viscometer is shown in detail in Figure 31. 

Pn this method, a four foot length of glass tube is cut into six 
pieces and each piece i s  masked off as is shohn in Figure 3. The 
glass tube is inserted into the test tube so ithat the first mark 
is exactly 3 inches above the bottom of the tbbe. Exactly two in-. 
ches of asphalt or Sulphlex are placed into the test tube, then 
the glass tube reinserted. (The asphalt or shlphfex will raise a 

I 
bit, but all will be identical.) Vacuum is abplied and the time 
required for the passage of the miniscus through each segment is 
determined. The times are recorded for duplikate samples of an 
asphalt for which the viscosity is known, and: calibration constants 
are determined for the other four tubes of thp set, 

Once the capillary tubes are used, they are dhscarded. The test 
tubes may be cleaned by first soaking them in'asphalt or an ars- 
matie oil, then cleaning them with trichlosethylene. 

Data obtained on three samples of Sulphlex ar$ shown in Table III. 



Emulsion Formulation Studies 

Evaluation of 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 quite 

* 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 dissolved 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- w 
phlex base stock. 

Satisfactory anionic emulsions could be readily prepared at 10 
and 15% if the emulsifier was increased, however considerable 
difficulty was enccuntered in making any of the other emulsions. 
Our initial attempts to make emulsions from the Sulphlex base 
stock were miserable failures. In 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 
component that establishes itself at the interface of the two in- 
compatable phases, The two phases we ase 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 to be formed, one part of that chemical {the emulsifier) 

1 must be soluble in one phase while another part of the emulsifier 
must be soluhle in the ather phase, The continous phase is usually 
that which has the greatest affinity far whichever part of the 
chemical. Thus, if the water soluble part of the emulsifiex is 
more strongly dissolved in water tiian is the "oil"* soluble part 
soluble in the nail", the emulsion will be Oil in Water (O/W). 

If, on the other hand, the oil solubility is stronger, the emulsian 
will be Water in Oil (W/O).  It is possible to make emulsions at 
one temperature in which O/M prevails only to have them invert to 
W/O when the tem@erature is changed, or the electrolyte is changed. 
As examples, an OJW emulsion based upon Sodium Stearate can be in- 
verted by cooling the emulsion. Likewise, emulsions prepared at 
lower temperatures (70-120°F) with certain exthoxylated emulsifiers 
may be inverted by increasing the temperature, Other factors may 
cause inversion including adding multivalent ions (to anionic emul- 
sions) adding sodium ions ta certain sadium soaps (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 emulsifiers 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 

Y 

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

I 

*"Oilw in this case to inclde SEA on Sulphlex base stacks. 
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Subfur, being similar to oxygen, is a very element. In 
nature it occurs as a polymer containing 
molecule. Light can cause the S-S bond 
the sulfur to react, although 
light would not be expected to 
have shown that the S-S bond is. 
reagents such as SQ , CN-, RS-or 
that R3N: and Rj P : nucleophides 
Thus the cationic emulsifiers, being amines, may very well caty- 
lize the sission of the S-S bond and accelerate the reaction of 
sulfur with asphalt. 1 

I 
We have noticed a strong odor of H2S in emulsior@, even though 
the sulfur is added just prior to emulsificatio~. 

I 
The reaction has been suggested to be; I 

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

Batman et a16) have discussed the interaction of the S-S bond 
with olefinic double bonds. The electron daner activity of the 
alefinic bond will promote polarization of the Sf-S bond and then 
attachment at the double bond. 

Ross U) has studied the kinetics of the reaction of sulfur with 
cyclohexene and other olefins at llQ-140°C and has found khe 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 Ludwig 21, who 
found that adding previously reacted Sulphlex to] a new batch being 
prepared markedly increased the reaction rate. 

1 

It is quite evident from this very brief discuss$on that the in- 
teraction of sulfur with the asphalt and emulsifiers may be quite 
involved. We know from experience that air blowlng asphalt re- 
duces its desirability as an emulsion base stock~ One might ex- 
pect that sulfurization of asphalt might also be; detrimental to 
emulsion quality. 

Use of Multifunctional Emulsifiers 

One of the causes of problems with stability of Fhe sulfur contain- 
ing base stocks might be lower solubility of the'oil" soluble m i -  
ety of the emulsifier in the sulfur containing oil. It appears 
that this might be progressive, occurring after emulsion has 
been made. Since sulfur will react with amines, we felt that adding 
an aminated ethoxylate might provide us with a w y to obtain an 
emulsifier which would have an adequately oil so uble radical. T o  

evaluate this, we obtained some samples of an etboxylated tallow 
amine, an ethoxylated oleyl amine and a coco sulfobetaine from+Sherex 
rhernical Company. W e  made cationic emulsions of the first two 
-.-.c en anionic emulsion with the latter one. Thd cationic emub- 
;;ons failed quite soon after being made, hbweveg the latter one 
elid not look bad, although reversible aggbomeration had occurred. 
> 3  base stock was Sulphlex, 
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-:se of Unsaturated Fatty Acids 

2 discussing our problem with Dr. Michael ~aymon&~! it appeared 
::at molecules with double bonds might be caused to react with 
ulfur. If such a material also had a water soluble or potentially 
.iter soluble group which might not react with the sulfur, it might 
.2 possible to produce stable emulsions by pre-reacting the sulfur 
ar Sulphlex with that material, then making an emulsion. Our first 
qerirnent was attempted with the aid of Dr. Brian Collar at the 
'sderal Highway Administration Laboratory. We found that reacting 

L). .:ulphlex with oleic acid at about 275O~ for an hour would allow us 
2 produce satisfactory emulsions of the Sulphlex base asphalt, 

7~ntinuing along that line of experimentation, we obtained several 
Y -::ixtures of oleic acid and linoleic acid and found them to be quite 

>ffective. The most effective of those which w e  tried was PAMAK 
.;CFA (Western Crude Fatty Acid) made by Hercules. The concept which 
-iorked for Sulphlex worked equally well for the SEA base stocks. We 
?iso found that reacting the PAMAX WCFA with sulfur containing base 
stocks also greatly improved the quality of cationic emulsions as 
well as anionic emulsions. 

3ffect 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 continuous phase. Ac- 
cording to Stokes 14), 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 proportional to the viscosity of the continuous phase (with 
the assumption that the dispersed phase is rigid. If the dispersed 
phase is deformable, the rate of settlement will be greater). Thus 
adding materials which increase the viscosity of the aqueous phase 
should reduce the settlement. Although we have obtained about 25 
differen* samples of protective colloids which might increase the 
viscosity, 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 ZfOHR, mace by Hercules,which ' 

is widely used by the paint industry. 

By reducing the sate 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 sate of coalescense)' as 
a by-product. 

Effect of Redicote AP 

We wish to consider Redicote AP (ARMAKJ separately from other addi- 
tives, as it appears to provide some beneficial effect, although 
the extent is not quite clear. Redicote AP is used as an additive 
to asphalt to improve the ameneability of that asphalt to be emul- 
sified. ARMAK recommends that it be added to asphalt and be allow- 
ed to cure for several hours prior to emulsifying the asphalt. As * it is heat stable, and is an mine, we felt that it might react 
with the sulfur, providing a system which w~uld, 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- 

TD - cote AP in conjunction 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 is an acid, the sulfur reaction producr 
most probably is soluble in sulfur (since certain of the Sulphlex 
fopulaticns were based upon crude tall oil pitch2) ) , they would 
react, and possibly aid the primary emulsifiers in producing an emul- 
sion. 
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We have found that adding the anionic emulsif ie? PAMAK WCFA to cat- 
ionic systems appears to improve the emulsions. 
suggest that the presence of Redicote AP 
systems might be quite beneficial- The 
is outside of the scope of this project 

ion products on emulsion quality. 
perirnentation to obtain specific effects react- 

I 

Effect of Reaction Conditions of the Sulfur, PA&RX WCFA and Asphalt 

on Emulsion Quality , . 

the effec-te of 
separate 

Effect of Time. The longer the 
together, the better the emulsion. 
time to 2 hours, our data definitely indicated' hat the longer the 
PAMAX WCFA was reacted with the sulfur, the bet er a e  emulsion, 2 
hours was definitely better than % hour, and re et-ng them overnight 
was definitely better than 2 hours, We arbitra ily settled on 3% 
PAWU WCFA, based 0n sulfur, for the mount use although the data 
did not show any particular trend with respect do the amount of PAMAX 
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 wer,e not able to get a 
clear picture, although the only experiment tried was to compare the 
effect of temperature of curing of a mixture of Isulfur, P A M  WCFA 
and asphalt on emulsion quality. No clear trend appeared.. As we 
know that oxidation (air blowing) reduces the quality of an emulsion 
base stock, and sulfur reacts with asphalt in a banner similar to 
oxygen, the experiment may have been confounded by the presence of 
the asphalt, Although we cannot include in the iscope of this project 
a study of the reaction kinetics of sulfur and upsaturated fatty acids, 
it would be very interesting to determine if reakting them at a high- 
er temperature in the absence 'of asphalt would bk beneficial. 

Effect of the Presence of Asphalt. PAMAX WCFA i d  quite soluble in 
asphalt, '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 wi-trh suck blends were better than emulsiond made with uncured 
base stocks, the presence of the asphalt was dedriaental. Consider- 
ably better emulsions were prepared when the P*K WCFA and sulfur 
were reacted separately, then added to the asphqlt than when as- 
phalt was present during the curing. 

I 

Effect of "In Situ" Neutralization of the ~melsi/fiers. As was men- 
tioned above, the rate of settlement of emulsioi particles is direct- 
ly proportional to the square of the particle s$ze, Thus, a reduct- 
ion in particle size to, say, 4 of the originallsize will decrease 
the rate by a factor of four. The method generqlly used to make 
emulsions is brute force,*ie, the oil phase,is pqaced into a high 
shear field which physically reduces the size oJ the emulsion part- 
icles, Another method of making emulsions is "~ersuasion", ie, the 
emulsion is "persuaded" to Eom by the thermodydamics of the system* 

\ As an example, one way to make an oil in water +ulsion is to add a 
fatty acid, such as oleic acid, to the oil, the slowly add a caus- 
tic soda solution. A W/O emulsion is first faded, as the caustic 
reacts in situ with the fatty acid, because of +he very high volume 
of the oil phase. At some point, when the phase volume is 
high enough, the emulsion inverts, forming O/W emubsion, 
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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 temperature ma5 
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 5ree acid (sach as PAMAK WCFA when used as an emulsifier 
or Vinsol resin) to the oil 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" techniques. 
We found that emulsions made,in that manner were of superior quality 
to those made neutralizing the emulsifier in the aqueous phase prior 
to making the emulsion. 

?rt 

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

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 remain constant. 

A factorial designed experiment, on the other hand, providesinfoxma- 
tion concerning effects and interactions. It is also possible to 
add additional variables by mconfounding" the effect of a variable 
with interactions, 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 va~iable 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 coefficients, 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 those with variables for treatments) entered at two 
levels, They are designated as 2"actorial designed experiments. 
For a full replicate, 2n 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 equation: 

a= 2X - X2 - X1 
X2 - XL 

where a= transformed variable, an integer 
X= treatment 

X2= high level 
XI= low level 

X :- a ~ E i , + i ]  

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

d 
lowing eight sets of treatments. 

Experiment Treatments 

A B C 

- -1 -1 -1 
a +I -1 -1 
b -1 +l -1 
ab +1 +I -1 
c -1 -1 +1 
ac +1 -I +l 
bc -1 +I +I 

abc +1 +1 +1 
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From this experiment, we can assess the effeck of the three treat- 
ments, and their interactions. Evaluation of/ the data from these 

to other effects, they 
may be used to usually overestimate). 

is possible to enter 
To do this, one 

makes a (separating the 

ing table is shown such a defined contrast (the Is are eliminated 
for convenience) . I 

Experiment Treatment 1 
1 

M A B AE3. C I A C  BC ABC 

abc + f -4 i= I + -  9 -4 
+ i 

I 

Those circled are selected for the defined cohtrast. Note that 
the variable a is confounded with -bc, b is cbnfounded with -ac 
and e is confounded with -ab, that is, one ca@not tell the differ- 
ence between b and -ac, a and -bc and c and -kb. We are assuming 
that the interactions are quite small in comp+rison with the main 
effects. This 23,  1/2 replicate experiment i$ designated z3-1. 

The experimental design as shown is selected /for reasons of geo- 
metry which will greatly aid.in evaluating tkk experiment. First 
of all, all columns vectors, X j o f  X ,  the exp~rimen,tal,matrix are 
orthognal, that is, the vector product XT X . '0 J * 3 J The re- 
gression equation is 3' = X H + f  where g:errO< & f = ~  is the least 
squares estimator,y is the matrix of observe9 ata and 21 is the 
M.XN design matrix, where M = 2n-; n = the n&er of treatments, 
and 6 = O for a full replicate, % for 1/2 repkicate, 2 for l J 4  
replicate, etc. 
h 

pare the least squares estimator for the experiment. This equa- 
tion can be rearranged to 1 

xT - = tkanspose of x 
This particular type of design results in dTX =m I where 

X , = j t , . . - m  
7 1: = Ieentity matrix 

Thus ( xT X I-' = 5/m I and I 



4 
If one finds that many of thepi 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 
point of the experiment ( O , O ,  ....', 0) may be run to obtain an inde- 
pendent estimate of error. The total sum of squares is given by 

SST =y7y  
and that from regression; 

a Ss~eg =p TX Tx/2 i 

'0 =@'m z , P  
error of course is 

SSE = SST " SSReg 
4 

In o x  studies, the rnatrixf was separated into two matrices: 
A ,& 

such thatfiincluded those which were felt to be signi- 
ficant whixe those ofp?were used for error. SSBeg then became - - 

4 7  
sse3 = /j: hl 

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

CSS Emulsion. 30 and 40% Sulfur in SEA. A 2 , l/4 replicate fact- 
orial designed experiment was carried out using as variables those 
shown in Table IV. The variables used were 8 sylfur (a), reaction 
time of PAMAK WCFA and sulfur fb) , % Indulin W-3 Ic) , % Matrosol (d) , 
% Redicote AP (e) , and % PAMAK WCFA (f). The interactions between 
the % Indulin W-3 and reaction time, and % Natrosol 250HR and reack- 
ion time were considered to be quite small, thus the S Redicote AP 
was canfounded with the bc interaction and the % P W K  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" 24  
full replicate, and e and f were interactions. This was done for I 

convenience because of the length of time requised 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 8 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 IndJlin 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 exgesiment, 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 rste for the feed pump. The PAMAK appeared to 

t. increase solids and decrease the viscosity. 

Ndne of these emulsions were of suitable quality, however tne in- 
formation obtained suggests directions of future study. 



SS imulsian.  30 and 40% Su l fu r  i n  SEA. A z5, lone ha l f  r e p l i c a t e  
f a c t o r i a i  d e s ~ g n e d  experiment was c a r r i e d  ou t  w i t h  % s u l f u r  ( a ) ,  
cure temperature ( b f ,  m i l l  s e t t i n g *  ( c ) ,  % Vinsol (d) and % Redi- 
co t e  AP ( f )  a s  t h e  v a r i a b l e s .  The cur ing  sysdern f o r  t h e  s u l f u r  
cons is ted  of adding 3% PAMAK WCFA (based on s d l f u r )  i n t o  a mixture 
of a s p h a l t  and s u l f u r  and cur ing  them f o r  2 hdurr a t  t h e  tempera- 
t u r e s  s e l ec t ed  i n  t h e  design.  

The v a r i a b l e s  a r e  a s  fol lows:  

a .  Su l fu r  30, 40% Abased on basg s tock)  
b e  Cure tern. 280, 310 F 
c. So l id s  approx. 55 & 60 (base on m i l ;  s e t t i n g s )  
d. Vinsol HVX 1 .0 ,  1.6 4 
em. Redicote AP 0, 0.2 (based on base ! s tock)  

A def ined  c o n t r a s t  was made on t h e  abcde i n t e  a c t i o n ,  which re- 
s u l t e d  i n  t h e  confounding of c e r t a i n  e f f e c t s  nd i n t e r a c t i o n .  
Following i s  a  list of t h e  e f f e c t s  and i n t e r a  %ions  which a r e  
con f~unded  with each o t h e r  ( a s  -bcde means t h  t t h e  e f f e c t  a  i s  
confounded with t h e  nega t i ve  of t h e  bcde 

m 5 -abcde d r -atace tac n -ade 

a  a -bcde e z -abcd ad + -bce bie s -acd 

b E -acde ab z -cde bd r -ace ee 5 -abd 
I 

c z -abde - ac E -bde cd r -abe die s -&c 
i 

( t he  nega t ives  occur because t h e  nega t ive  defikied c o n t r a s t  was used) .  
I 

Four r e p l i c a t e  exgeriments were run a t  t h e  c e n t e r  po in t  of a=35, 
b=297 (mean of t h e  Log of t h e  obso lu te  ternpeia/tures) , c=57.5, 
d=(mid l e v e l )  and e=0.1 t o  e s t ima te  e r r o r  and p o s s i b l e  d e t e c t  
curva ture ,  i 

Since on ly  four  emulsions can be made. a  day, the experiment was 
s e t  up with four  blocks o f  f ou r  runs each p l u s i t h e  r e p l i c a t e  block,  
The e f f e c t  of t h e  blocks a r e  confounded with t h e  m i l l  s e t t i n g  
( s o l i d s ,  ( c )  f Md % Redicote AP (e). The m i l l 4  s e t t i n g  was used 
a s  one because w e  f e l t  t h a t  a t tempt ing  t o  change t h e  m i l l  ( i e . ,  
p u p  r a t e  f o r  a spha l t )  each t i m e  would cause mpre e r r o r  than runn- 
inq two blocks a t  one s e t t i n g ,  t h e  mid p o i n t  bgock a t  another ,  
and then  two blocks a t  s t i l l  another  s e t t i n g .  iTke e f f e c t  of t h e  
xedicote  AP is unknown, but w e  would r a t h e r  haqe i t s  e f f e c t  con- 
founded wi th  t h e  blocks than e i t h e r  of t h e  oth$r  t h r e e .  

I 

1 

assessed  by us ing  

c rease  t h e  v i s c o s i t y  a s  d i d  i nc r ea s ing  t h e  cu re  temperature.  In- 
c r ea s ing  t h e  m i l l  s e t t i n g  ( increased  s o l i d s )  had a marked e f f e c t  
3-n v i s c o s i t y ,  a s  would be expected. The e f feek  of increased  emuE- 
s i f i e r  conten t  was below t h e  9 0 %  confidence li@t whi le  the addi-  
t i o n  of t h e  Redicote AP appeared t o  cause an i pc r ea se  i n  v i s c o s i t y .  

* Defined a s  speed of a s p h a l t  pump t o  m i l l .  

I 
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Three interactions appear to be significant; that Setween the % 
sulfur and mill setting, that between the cure temperature and 
mill setting and that between the % sulfur and % emulsifier. The 
first two caused a decrease in viscosity wnile the last caused an 
increase. Tables VLII and IX detail the analysis of variance. 

The effect on quality 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 liquid 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 

e 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 subjective assessment, 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 sectibns are described the emulsions which were 
attempted. fn the tables showing the formulations, the amount 
of sodium hydroxide os~hydrochloric acid.used is not shown as 
sufficient was us& to arrive'at the desire6 piI. When organic 
acids--or bases are added to the oil phase, sufficient base or 
acid fs added tcl.the aqueous phase to neutralize them and obtain 
the desired pH, :This is arrived at either by calculating the 
amount needed from the structural farmula or measuring it direct- 
ly by titration' prior to formulating the emulsions- 

The stability bf the emulsioris were.noted-immediately at the mill, 
24 .hours Later then a few days later* Emulsions which settled 
but-could be'remixed were considered to be good. 

The emulsions are divided up as to emulsif-ier type; anionic slow 
set, anionic rapid set, eationic slow set, cationic quick set 
and cationic'rapid set. The classifications are based upon khat 
bne might expect if asphalt-was the base stock. In general, the 
presence of sulfur tended to reduce the stability, thus an emul- 

e 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 PAMAR 
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 PAMAX WCFA is a rapid set emulsifier. 

Emulsions from 10% SEA, Slow Set. In Table X, are shown the SS 
type emulsions 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 emulsioss which were quite good, however settle- 
ment did occur. ' A s  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 asding the Vinsol 
to the asphalt prior to maki~~g the emulsion, and curing the as- 
phalt sulfur mixture in the presence of the ~ i '  sol would be bene- P ficial. We had found that such procedures wer,e very helpful in 
making RS emulsions. Trials 25.-14A, 15A and 1153 were involved 
in that study. We found that the best emulsidb was that in which 
the emulsifier was in the aqueous phase, and the longer the 
sulfur was in contact with the 
er the emulsions, All three 

Our recommended formulation for a 10% SEA emu%/sion is: 

0-7 Marasperse CE 
2% Vinsol NVlE fan tots$) 

I 

I 

0.1-0.15% Natrosol 2504~ 
I 

Emulsions From 10% SEA. Rapid Set. The 10% rapid set emul- 
sions were quite easy to make uslng PAMAK WCFA~ especially if 
the PAMAK WCFA is first added to the asphalt shffur blend, and 
the blend allowed to react. For that reason, host research which 
would be applicable to the 10% SEA emulsions were done on 15% SEA 
ernulsions. ff one can produce stable 15% SEA emulsisns, there 
would be no difficulty in producing 10% SEA em$lsions. The data 
are shown in Table XI, 

Adding the emulsifier to the blend of asphalt And .sulfur and ajllew- 
ing them to cure for two hours greatly improve4 the emulsions. The 
addition of Natrosol 250HR also was quite beneficial. The reccarmeslci- 
ed formulation is as follows, based an total: 

t 

0-5-0.75% PAMAK WCFA 
(added to ashhalt) 

0,3% PAMAK WCFA, added to t h e  sulfur 
0-15-0.25 Natrosol W C F ~  

t 
Emulsions of 10% SEA Base Stocks. Cationic ~ l h w  Set. The data 

on the emuPsions prepared are shown in Table X i  I. The emuPsifiers 
which appeared ta work best was Indulin W-3, a though, when used 

I by itself, did not perform exceptionally well. Increasing- the 
emulsifier content and adding Natrosol 250HR i proved the perfor- 
mance of the Indulin W-3, 

i I 

Adding 3% PAMAK WCFA to-the sulfur prior to adding the sulfur to 
the asphalt allowed the amount of emulsifier td be reduced, and 
excellent emulsions were produced. They remaiged stable, with only 
slight settlement for at least a couple of weep. 

More effort has been placed upon emulsions containing 15% or more 
sulfur as any formulation which will produce g od emulsions at 155 
sulfur in the SEA base stock will produce goodTemulsions with 10% 
SEA base stocks, There is some evidence that $he longer the PAZZAK 
WCFA cooks with the sulfur, the better the emufsion. Emulsion 
25-178 had less settlement after a couple of weeks than did emul- 
sion 25-17A. I 

I 
A formula which was found to work quite well w s one'containing the 
following ingredients, based on total emulsionf 

2.0% Indulin W-3 
8.065% Natrosol ZSOHR , 

I 

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

The significant effects were the benefits of the Natrosol 
250HR and the improvements that occurred 
with the sulfur prior to adding the sulfur. 



Emulsions of 10% SEA Base Stocks. CQS. Only three emulsions were 
tried ana 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 15% SEA base stocks since any formulation which will 
make emulsions 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 emulsion while decreasing the solids im?roves the ezml- 
sion. There are other influencial factors such as adding PAXAR- 
WCFA and Redicote AP, however those experiments were done with the 
15% SEA base stock. We did evaluate the effect of using Fee13 as 
an acid in place of HCI, The thought being that the pefci ion 
could pick up the sulfide and reduce the H2S odor. No great effect 
was found, and it appeared that the emulsion in which HC1 was used 
was superior. The data are shown in Table XIV. The formula which 
was used for the 5 gallon sample was: 

1.5% ARMAX E-67 
0,065% Natrosol 250HR 

Emulsions of 15% SEA Base Stocks, SS Types. In Table XV are shown 
the emulsions evaluated in this series. Very satisfactory emul- 
sions could be made using Vinsol NVX and Marasperse CE, Superior 
emulsions can be made when Natrosol 25OHR is also added. The frallcw-. 
ing formulation is the optimum one at this time: 

1.8-2.2% Vinsol W X  
0.6-0.08% Marasperse CE 
0.06-0.08% Natrosol 250HR 

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 usins solutions of neutralized PAMAK 
4 and P A N !  WCFA, at 2% (based on fotal emulsion) we obtained sup? 
ior results at half the level of emulsifier by reacting that plus 
0.7% mare PAMAX WCFA to the asphalt and forming the soap in situ. 
Caustic soda is placed in the aqueous phase which then reacts with 
the P A i i K  WCFA during emulsification. OW preferred formulation 
based upon total, is: 

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

0,7% PAMAX WCFA in asphalt as free acid 
0.07% Natrosol 25OHR in NaOH solution 

Emulsions of 15% SEA Base Stocks, Cationic Slow Set. In Table XVIII 
are shown the aata 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 CSS 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 ecanimically sound, however, in 

'b our frustrations, we wished to have at Least one successful ernul- 
sion, We therefore boosted the emulsifier and tried every trick 
we had to--produce a satisfactory emulsion. Experiments 25-19A & 
8 and experiments 25-46L 15, 16 and 25-47L 3 and 5 all demonstrate 
that it is inpr"at to react the PAMAX WCFA with the sulfur prior to 

*- adding it to the asphalt, and suggests that the Redicote AP nay be 
providing a benefit, Note that the addition of the anionic emul- 
sifier P I k W  WCFA to the cationic emulsion system markedly improves 
quality. The only successful fornula at this time is as follows: 

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

Redicclte AP 0.5 
PAEWK WCFA 1.8 
Natrosol 250HR 0.1 



The Natrosol is added to the aqueous phase witb the Indulin W-3 
and the pH is lowered to 1.5. 3% PAMAK WCFA (pn sulfur) is added 
to the sulfur and cured for at least 2 hours alt 2 7 5 ' ~ .  3% PAMAK 
and 0.8% Redicote AP (based on asphalt) are adbed to the asphalt 
and just prior to emulsifying the reacted sulfbr -PAMAR WCFA mix- 
ture is added, The emulsion is then made- I 

Emulsions of 15% SEA Base Stocks. Cationic Rdpid Set. The results 
of our attempts to make a satisfactory CRS emulsion using the 35% 
SEA are shown in Table XVIII. As may be seen,I all results were 
dismal failures except the one into which we deacted the sulfur 
with PAMAX WCFA and also added the PAMAX WCFA lint0 the asphalt. 
We went high on the emulsifier as the PAMAX a Id E-67 would be ex- 
pected to react with each other, perhaps prov3ding a benefit but . 
reducing the amaunt of emulsifier available. /That emulsion was 
excellent and remained that way. Further wor might show that the 7 emulsifier Pevelcpld be reduced, however at,tkis point, our re- 
commended formula is as follows, based on totijl emulsion: 

Redicote E-64 2. q 
* I  Natrasol 250BR O,q6 

P U  WCFA 0 62 
I 

3% PAMAK WCFA (based on sulfur) is reacted wiqh the sulfur fa r  a 
minimum of 2 hours, then added to the asphalt/to which 1% (based 
on asphalt) PAMAK WCFA had been added.' The em,ulsions was then 
immediately made. 1 

The chemistry of the interaction of organic adids and bases in 
these emuLsions are intriguing as one would e pect that such re- 
action products might harm the emulsion. On $he contrary, the 
emulsion was aided. 

I I 
i I 

I 

Emulsions of 30 and 40% SEA Base Stocks. slow/ Set. Data on the 
emulsions prepared-with SEA base stocks contai ing 30 and 40% 
sulfur are g@wn in: Table. g. - As may be seen1 many- potentially . .  - 
satisfactory emuisions were prepared. Many of these emulsions 
were discussed earlier un-der "SS Emulsion. 30 Bnd 40% Sulfur 
-in SEAt""ih the section on factorial 'designed egperiments, 
SuccessfuI~emuLsions required.the reaction of PAMAK WCFA with 
t&s.'Sulfur for at least two hours. We also fopnd that better 
'emQlsions were 'formed 2T PAMAK was also added to the asphalt-. 
The presence of PAMAX WCFA Ln the SS formufati~m makes the em%- 
sion--tend more towayds an MS emulsion than an BS. 

The optimum formulations which we have at tknis,time are as follows, 
based on tatal emulsion: 

Sulfur in SEA 

Viibsol W X  2 - 5  
Marasperse CE - 
PAMAK WCFA - in sulfur 0 - 5 4  
PAMAR WCFA - in asphaft 0.84 

The PAMAX WCFA is reacted with the sulfur for a minimum of 2 hours, 
-then added $0 t-he a-sphaEt just. prLor $0 making the emu1 sisn. If 
PAMAK WCFA is added to the asphalt, it is introduced prior ta add- 
ing the sulfur. 



-Emulsions of  30 and 40% SEA Base Stocks.  Rapid Se t .  Very f e w  
emulsions were run t o  ob t a in  succe s s fu l  emulsions based upon SEA 
'base s tocks  conta in ing  30 and 40% s u l f u r , : a s  may be seen i n  Table 
XA. That was a r e s u l t  of what was learned with formulat ion of t h e  
o t h e r  emulsions. The  an ion ic  r ap id  s e t  emu-lsions were t h e  e z s i e s t  
t-a-formulate a s  long a s  p a r t  of t h e  emu l s i f i e r  was r eac t ed  w i th  t h e  
su l . fu r  before  making t h e  emulsion. The formulat ions which we f e l t  
were optimum a t  t h i s  time a r e  t hose  shown below. The formulat ions 
a r e  based upon t o t a l  emulsion. 

9 Su l fu r  i n  SEA 

c 30% 40% 
PAblAK WCFA 

i n  s u l f u r  0.54 0.74 
i n  a spha l t  1.50 2.40 

Natrosol  250HR 0.075 0.06 

The s u l f u r  and P h W  WCFA were r eac t ed  f o r  a t  l e a s t  2 hours before  
adding them t o  t he  blend of a s p h a l t  and t h e  remaining PAcYAK ICFA. 

Emulsions from 30 and 4 0 %  SEA Base Stocks. Ca t i on i c  Slow Se t .  
The d a t a  obtained a r e  shown i n  Table  XXL, A s  may be seen ,  ade- 
qua te  formulat ions f o r  CSS emulsions were n o t  a t t a i n e d ,  a l though 
one formulat ion appeared f a i r ,  based upon t h e  30% SEA base  s tock.  
That formula had a s  a d d i t i v e s  PAMAI(. WCFA and Redicote AP, which 
appeared t o  m a t e r i a l l y  improve t h e  emulsion. The mu l t i t ude  of  
v a r i a b l e s  make it very  d i f f i c u l t  t o  a s c e r t a i n  txends,  which was 
t h e  reason t h e  f a c t o r i a l  designed experiment was done. I n  t h a t  
s e r i e s ,  t h e  PAMAX WCFA and Redicote  AP were f i r s t  added t o  t h e  
a s p h a l t ,  cured f o r  2 hours ,  t hen  t h e  s u l f u r  was added and cured 
f o r  15 o r  120 minutes a s  des igna ted  i n  t h e  des ign .  L a t e r  work 
has  shown t h a t  t h e  PAMAK WCFA should be cured  with t h e  s u l f u r  be- 
f a r e  t h e  s u l f u r  is added t o  the a s p h a l t  r a t h e r  than  cured i n  t h e  
presence of t h e  a s p h a l t  a s  was done i n  t h e  f a c t o r i a l  experiment 
(which has  been di'scussed i n  d e t a i l  i n  the " F a c t o r i a l  Design" 
s e c t i o n ) ,  

Anather v a r i a b l e  which was n o t  eva lua ted  was t h e  e f f e c t  of  t h e  
r e a c t i o n  of  t h e  PAMAK WCFR and Redicote  AP,  which undaubtably 
took p l a c e  i n  t h e  a s p h a l t  and which was apparen t ly  b e n e f i c i a l .  

Although we have n o t  been succe s s fu l  i n  formulat ing a CSS emul- 
s i o n  based on t h e  30 and 40% SEA base slzocks, t h e r e  a r e  promising 
t r e n d s ,  a l though t hose  t r e a d s  cannot  be followed a t  t h i s  t i m e .  A 
f a c t o r i a l  des ign  wi th  % s u l f u r  i n  t h e  SEA, % PAMAK WCFA i n  t h e  

C s u l f u r ,  % PANAK i n  t h e  a s p h a l t  and % Redicote  AP i n  t h e  a s p h a l t  
a s  v a r i a b l e s  with c u r e  time he ld  cons t an t  would t e l l  us  i f  t h e s e  
emulsions could indeed be  made. 



Emulsions from 30 and 40% SEA Base Stocks. +ationic Rapid Set. 
Only one CRS emulsion was attempted with the: 40% SEA base stock 
and none with the 30% SEA base stock. None bad been attempted 
because we had not, until quite recently, ha4 success with the 
CRS emulsions made with SEA base stocks withilower concentrations 
of sulfur. The emulsion was attempted (825-613) on a 40% SEA base 
stock to which was added 1% Redicote AP (bashd on oil phase) with 
an emuisifier solution consisting of 2% Redi~ote E-67 and 0.2% 
Natrosol 250HR, based on total emulsion. We:had hoped that the 
Redicote AP would have the same effect on cafionic emulsions as 
the PAMAK WGFA had on anionic; we had not yet discovered the ex- 
tremely beneficial effect of the PAMAK WCFA bn cationic emulsions. 
The emulsion made fine, and had a solids of 51.5%. It completely 
solidified that same day. 

I 

There is again an opportunity for a factoria+ designed experiment 
to evaluate the emulsifiers and procedures needed to obtain an ade- 
quate  emulsion^ The variables might be, % R dicote E-67 in aqueous 
phase, "bedicote AP-in asphalt, % Pirll\iZAK WCF in asphalt, % PAMAK 
WCFA in the sulfur, and % sulfur.. 

~mulsions of SuPphlex. Since we had such a imited supply of 
the Sulphlex, most fomulation work was done on the SEA base i 
stocks, as we considered 
would pertain to both SEA 
data are shown in Table XXPI. As may be see , adding the PALW 
WCFA to the Sulphlex greatly aided in making emulsions, 
however adding mine type 
phlex did not generally aid in making 
Redisste AP, however, did appear to help. 

As may be seen in the data, clay emulsions based upon Sulphlex 
turned out quite well. Also, considerable s3ccess was found 
making RS emulsions, and some good CSS and CqS emulsions were 
also made. We ran out of base stock, thus cduld not make more 
emulsions. The key to making Sulphlex emuPs4ons is to react the 
Sulphlex with tall oil for at least one-two hours prior to mkkq 
the emulsion. 

PROPOSED DIRECTION OF FUTURE VORK 
1 

The fomulation of emulsions based upon sulfyr extended asphalt 
or Sulphlex turned out to be more than a simple extention of as- 
phalt emulsion technology. The reactivity oS sulfur in the SEAS 
and Sulphlex adds another dimension to these ,investigations, one 
which requires some attention to the chemistry of the interaction 
sf sulfur with mines, ethoxylates, unsaturaded hydrocarbons, etc. 
The scope of the pkoject was not broad enough to fully investigate 
such interactions, or even do an extensive l2terature search, as 
we a r e  combining sulfur chemistry with colla<dal chemistry {both 
the dispersion of sulfur in asphalt, and the /emulsification of 
such dispersions). Clearly, with some of fhff high sulfur SEA base 
stocks, the sulfur did came out of the asphaljt-sulfur dispersion, 
resulting in clogging of orifices jn our mil$. Futwre studies on 
these- systems might include the following ardas. 

~m~roving the Dispersion.of Sulfur in the ~sdhalt. A method to ob- 
tain a very stabie, small part~cle size aispqrsion of sulfur in as- 
phalt would be advantageous. Possible methoqs might include using 
a static mixer prior to the emulsion mill to lblend the sulfur and 
asphalt, and possibly use the roaction produqt between the tabloib- 
sulfur mixture and the Redicote AP-asphalt mixture to stabilize 
the dispersion. The syergistic effect betwedn tall oil and Redi- 
cote AP might carry over to improving the dislpersion. Such studies 
might evaluate the rate of settlement of high sulfur SEAS with and 
without these additives. 



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 22 asphalt emulsion with a sulfur dispersion. 

P Investigate the Chemistry of the Reaction of Sulfur with Tall Oil 
and Amines With and Without the Presence of Asphalt. The question 
has arisen in our minds as to wnat 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. SEAa base stock. 

Factorial Designed Experiments for Emulsion Formulation Studies. 

This project is ending with still many questions an the formula- 
tion variables. As interactions have been discovered, future 
studies should be layed out as factorial designed experiments ta 
further probe the formulatian 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. 

&J+ 
Robert L. Dunning, M.S, 
Consulting Chemist 
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TABLE 1. 

Effect of Emulsion 

D i s t i l l a t i o n  on Base Stock Pro 

I n i t i a l  A f t e r  Di 

10% S 182 1 

15% S 216 1 

TABLE 11. 

Prope r t i e s  of  Asphalt-Sulfur Base 
L 

Asphalt-U.S, O i l  Co. AR 2000 Emulsio~ 

% Su l fu r  (weight) Viscos i t y  @ 1 4 0 ° ~ ,  poi! 

1) A b o v e  about 20% s u l f u r ,  t h e  s u l f u r  is no . 
s u l f u r  s e p a r a t e d  o u t  and plugged up the v: 

jtocks 

Base Stock 

rnger so luble .  The a 

tubes .  





TABLE IV. EXPERILWNTAL DESIGN, 'CSS TYPE 

2 6 ,  1/4 Replicate Factorial ; ~ e t i ~ n  
I 

E g x x i m l t  Treatments I 

s o n  -in W-3 % *atm&i % Redicote ~e % PAMAX 
(a) - (b) (c) (dl ' - (e) f i d  - -1 -1 -1 -3. +I +I 

a .+l , -1 -1 -1 +1 +I 
b -1 +1 -1 -I -1 -1 
ab +I +I -1 -1 -I -1 
6 -1 -1 +l -I -1 +l 
ac +1 -1 . 4.1 -I -1 9% 
br% -1 +I +1 -I I +1 -1 

' ab2 +I +I +1 -1 ' +1 -I 
dl -1 -1 -1 +b I +x -1 
ar9 +1 -I -1 +I I +l -1 
I#li=f -1 +I. -1 -I +b :: +E +I -1 -1 +% 
ca -1 -1 +1 +1 I -1 -1 
acd +1 -1 +1 +I -1 -1 
kxt. -1 +I i-3. +I 91 
atrcca +I, +1 +I +b +b 

Treatment Transforms I Function 

-1 +I - 1 %S-35 
~ulfur (a1 li 30% 40% 7 5 

- R e a c t i ~ ~ T i m e , h  0.25 + t-1.125 
(b) 

2 * 00 1 8,875 

mtrosol (dl 3, 0.15 0.30 

RedicoteAe (el4) 0.5 1.0 

PAMRKWTA(fI4) 1 

1) % of sul- in SEL$ 
2 )  % of 35% solution in d s i f i e ~  phase 
3) in dsifier so1ution 
4) on dispersed phase 





TABLE VI. EFFECT MATRIX 3 
26f 1/4 Replicate 

% Solids Brookfield V i s  osity Quality 
I 

Experiment 

mean . 

a (sulfur) 

b(reaction time) , 8.0195% 8.9 299% 

ab $.4>90% 

c(Indu1in W-3) -4. l* 

ac 0-9" 

bc-e (Redisote AP) 4.1" 

abc leg* 

d (Natrasol) -10,9,99% 

ad 3.9* 

bd=f (PANAK WCFA) 7.9>95% 

abd -4.9* 

cd -3. l* 

aed -1 ,4*  -1.6*1 

bsd 13.93 99% 2.6 3 9 0 %  

abcd 0,9* 

1) Mean deviation i )  0.29 
Stand. deviation 3-56 

t test: - 
t90 4.92 

* Used far cagculating error. 
1) Mean deviation and standard deviation of those marked *. 
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-TABLE VIII ! 
I 

DATA and Ef fectsfrorn exparimenk$l Design 

% Solids and Vi3cbBitv 1 

**IEIU I 3'-w- 3 L g r u -  
Solids Ccde % Solids ; ficance Vismsity ficance 

I-3. .54.0 31 .5 mean 44.5 
1-2 

* 
58.7 38.9 a -2.99 

f-3 60.7 35.0 b 
999 

1-4 
-3-82 399% 

56-0 27.5 c 
If-1 

13-2 %9% 
g%*3 27.5 d 0,66* I - 0,81* - 

If-2 613 32,s e 2.43 >99% 2-74 )9fB 
IP-3 62.1 33.0 ab 0.39* - 1.44* - 
If-4 62.0 34.5 aC 0.21* / - -3.17 - > 95) 
W-1. 68. 0 47.3 bc 0.60* ' -3 -37 
Iv-2 

394 
58.6 53.0 ad 0.39* 1 - 3,44 

IV-3 58.2 63.0 M -0.05" - -8.06* - )99 

IV-4 67.5 47.8 cd 0" - -0.39* 
V-l 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 0,2SR / - 

v-4 
2-17" 095) 

66,O 55.9 de -0.73" i - 4.77* - 

I 111-1 63.9 35.0 replicate -1.6" -0.25" 
116-2 63.5 36.0 replicate -1.2* -1.25* 
111-3 60; 3 -34 0 0 .replicate 2.1f ; 0.75* 
III-4 61.6 34.0 replicate 0.7* i 0.75" 
mearn of I11 62-*.3 34.75 

st-dev, 05 Ilf 1.72 0,96 I 
i .  

nreaardev. 0.049 ! 0.07 
st .  dev. 0.912 1 1.U 

I 
I 

it T e s t .  
I 

* used for error determination; replicate devialtions, from mean of 
replicate data. 

I 



TABLE IX. DATA ANDYEFFECTS FROM EXPERIMENTAL DESIGNS 
. - 

C Settlement (Increase Zn number ZndLcateZ decrease in quality). 

Data Effects 

70h -Subjecti~- 7Uk~ ' jim- 
9 

.. - 
M j .  Signi- 

Ekprinw,t Settlement mn Settlenat W e  Set. ficance Assess. ficance 

1-1 7.6 1 f v ~  nrean 3,45 - 3.0 - 
slight) 

I-2 a 3.5 1 a 0.03* - -0.37" - 
1-3 5.4 1 b -0.54 ) 90% 0.25* 
I-4 3.7 0 ( ~ 3 n e )  c -1.18 99% 1.75 >99% 
11-1 6-8 1 d -0.41* - O* - 
II-2 3.2 3 CsUghtI e 30.61 790% -0.13* - 
Iz-3 3.0 1 ab -0.17'" - -0.37" - 
11-4 3.9 2 l n o t v e r y  ac -0.23* - -0.37* - 

slight 1 
Iv.-1 3.0 4(nr,re.t-han bc 0.53 390% OX - 

slight) 
N-2 3.9 8 (very ad 0.24* - 0.37* - 

severe) 
FJ-3 3.0 6 (serious) M 0.34* - -0.50 > 90% 
fv-4 2.4 4 cd 0.23" - 0.25* - 
V-1 1.6 3 ae 0.52 ) 90% ,O -25" - 
V-2 1.3 3 be 0.14* - 0.13* - 
V-3 1.6 5 (signi- ce -0,19* - -0.63 795% 

ficant ) 
V-4 1.4 5 de 0.03" - 0.37" - 
131-1 3.1 3 replicate 0.3* -0.33* 
In-2 4.3 - 3 replicate -0.9" -0.33* 
Iff-3 3.1 4 replicate 0.3* 0.66" 
IXL-4 3-4 (1) discadd replicate 0.3" - 
MEarldfIII 3.4 3.33 

St. dev. of 0.6 0.58 
XI1 

mean dev. 0.002 0,025 

st. dev. 0.33 
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I ! TABLE *, SS Emuls ions  of 10% SEA 

I Formulation, % of Total, Nonunal* 
I 

.... 
Stabi l i ty  - 

Mrasperse SPV200 Natmsol % off 24 Beyond 
Code Vinsol NVX Orzan A CE clay 250ITR sol ids  mi l l  hours 24 hrs pH Notes 

20-16B 1.14 0.38 - - ... 62  yes yes yes 10.4 
20-16Ba 1.14 0 ,38  - 1 .0  - 6 2  yes yes yes 1.0.2 . 
20-32A 1.14 0.38 - - - - yes yes yes 10.0 1,2 
20-4419 1 .33  0.38 - - - - yes yes - 10.6 1 t2  
20-44B 1 .33  - 0.38 - - - 

OO 20-446 1.52 0.38 - - - - yes yes - 10.6 1,2 
N 20-4515, 1 .52  - 0.38 - - - yes yes - 10.6 I I 2  

20-45B 1 . 7 1  0.38 - - - - yes yes - 10.6 - - - 1,2 
20-45C 1 .71  0 ,38  - yes yes ,, yes 10.6 
2 0 - 9 2 ~  . 2 .8  - 0 - 9  - - 53 yes yes - 11.5 
20-181~29 2.0 - 0', 7 - 0 , 2  64 yes yes - 11.0 3 
25-14A 2.38 - - - e 0.09 6 6 , s  yes yes yes - 4 - 

- - --- 25-15A 2.38 - -- - -- - ?zOL - _ S L L - Y @ ~  Y e s  Y e s -  - -- _ - _ -5 __ _ __ _ _- - - -- --- .- - 

215-1158 1 '-9 8 - - - 0,09 67.3 yes yes yes 111.2 
215.-66A 2.0 - 0 . 1  - 0.065 60,O yes yes yes 11.0 5gaX 

- 
Notes 
rift Settlement 

s q l e  

2. Comparing Orzan A and Marasperse (JE, the latter appeared to W e  a s l ight ly  better emulsion, 
3. Pest emulsion of the series to that time, Natrosol aided greatly. 
4. Vinsol added to asphalt the night before, su l fur  added 2 h a s  prior tso milling. 
5. Vinsol added to asphalt the night before, sulfur added a t  t h  of milling, 





Code 

TABLE .XXJ Emulsions from 10% SEA Base Stocks. CSS 

Formulation Stability 

mry Natrosol Indulin gn=y S W  200 Sherex Ann& Armak Jetco % mill 24 ?24 

- 0.5 - 0.1 - - .,. - 65 yes no - 2.9 - - 2.0 0.1 1.0 - - - 71 no - - 3 t  
1.0 - 2.0 - .. - - - - no - - 2 .3  - - - - 3.0 - - - - yes no ' - 2.2 
- - - - 4.0 - - - - yes no - 2.2 
5.6 - - - - - - - - yes yes yes 1.5 2 
5.6 - 0.5 - - - - - - yes yes - 1.5 2 
- - - - 6 -0 - - - - yes yes yes 2.3 3 - - - - - 3-0 - - - yes yea yes 2.2 
- - - - - 3.0 ' - - yes yes - 1.5 - 
- - - - - - - 3.0 - yes yes yes 1.5 

7.0 - - - - - - - 50 yes yes yes 1,s 4 
1.5 - - - - - - - 64 yes yes yes 1.5 5,6 
1.5 - - - - - - 63 yes yes yes 1.5 5,7 . - 
2.0 - - - - - - - 64.6 yes yes yes 1.5 5,6 
- 0.5 - - - - - - - yes no - 3,O 1 
1.0 - - - - - - - 

-- - . .- -- .-- - - - -- - - -- - - - - - 
- yes no - 2.0 - - - - -6 

ygs- - - -- - -- -- - 
2 1  - - - yes yes X ;B--^- 8 - 

1) Rim ermilsions at natural pH of emulsifiers 
2) Clay addd to 20-94Awith change. Any change observable was 

detrhntal . 
3) Snc~easing the emulsifier content improved stability. 
4) After a mnth this emulsion was still stable. 
51 Slight settlement 
6) 3% P A M  K F A  addd to sulfur, bsed on sulfur. lhr. cure. 
7) 3% PAMN( WCTA agded to sulfur, based on sulfur. Zhr. cure, all& to om1 and age one week, reheated in 

oven to 520-140 C before use. 
8) 3% PAMAK WLlFA added to sulfur, based on sulfur. 2 hr. cure, 5 gallon sarp1e. 
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TAOIbE XxXX.Emulsiana =rn 10% 8EA Dnrrei S k e c k s ,  C E  

Stability 
% 24 124 

Code Tyfo A TyEo 8 Solids mill h h p11 Notes 

20-55C 1.5 0.5 62 yes no no 2.8 These did not work 
20-55D 1.9 0.6 62 yes no no 3.0 
20-578 3.0 1.0 62 yes no no 3.6 
20-llC 0.8 0.2 62 1 x 3 - -  3.0 

TABLEXN. Emulsions from 10% SEA Base Stocks. CRS 

Formulations, % of Totals, Nominal 
Stability 

   her ex Armak Sherex Shetrex Armak Jetco Natrml 8 
Code AR-54 E64 AA-55 E67 AE6 250DR , - - - -- -- Solids Mill 24h 224h pIl . Notes 

, 20-20A - 1.0 - - - - - 70 yes no - 2.3 * 
20-20~C - l -0 - - - ... - '1 0 yes no - 2.3 1 

00 ." - - - - - 70 2 UI 20-2lA 1.0 yes no - 3.7 
20-248 0.4 - - - - - - 6 8 yes no 1.6 3,4 
20-25A 0.4 - - - - - - 6 8 yes no 3.6 4 
20-27A 0.8 - - - - .,. - 70 yes no 3 ,6  5 . - 
20-27B - 0.8 - - - - - - 70 yes no 2.0 5 
20-28A 1.6 - - - - - - 70 yes yes poor 2.0 - - - - - - 70 20-30A 2.0 yes yes yes 3.5 
20-308 2.0, - - - - - - 70 yes yes yes 1.2 2 
20-102A 1.5 - - - - - - 60 yes no 2.4 
20-1028 - - 3. - - - - 60 yes no 2.0 
20-103A ... - - 0.78 - - - 69 yes no 2 .O 
20-1038 - - - 0.8 - - 69 yes yes yes 2 .O 6 
20-104A - 1.0 - - - - - 5 9 yes yes yes 2.4 
20-104B - - - - - 0.96 - 52 yes yes yes 2.5 6 
20-183 : 50 - .- - - 1.5 - 0.2 48 yes yes yes 1.5 7 
20-llB 0.4 - - - - - - 68 yes no 
25-66D - - - 1.5 - 0.065 65 yes yes yes 3 2  8 
111% S W  200 clay added to 20-20A. It was detrimental. 5)lWperiment to determine whether EC1 or FeC13 might 
2)Used FeC13 as acid be best acid. IICl was best. 
3) O;l% (on total) CaC12 aGdd. 6 ) E  67 and AE-6 appeared to mrk the lsest 
4)Soft settlement after: 14 hours 7)Vis builder improved emulsion. 

813% PAMAK -A, based on sulfur, added to the Sulfur 
cured for 2 hrs. min. 5 gal sample 



TABLE XV A 

Emulsions of 15% SEA Base Stocks. SS Type 

I Formulation, % of Total, Nomihal 
I 

Vinsa1 PAMAK Orzan Marasperpe Natrosol 
Code .NVX WCFA 

___I_ A a3 ! 250WR 
I 
1 I 

20-18A 1.14 - 0,38 - - 
, 

20-33A 1.14 - Qe38 - I - 
20-468 1.3; - 8.38 - - 
20-46B 1-23 - - 0,38 - 
20-461: l,S2 - 0.38 - - 

1 20-46D P. 52 - 11) 0.38 
I 

- 
20-47A 1.71 - 0-38 - 

I 
- 

I 20-47B 1.71 - - 0.38 - 
I 

i 20-92B 2.28 - - 0.38 ? - 
I 20-959 2.4 - - 0.8 1 0,2 
I 

20-181:29 1.69 - - 0.56 / ,056 
I 25-50L1 2.00 1-7 - 0.60 1 0.06 
I 

I ! 
I 
I 

I 
I 

- I 
I 
I 
I 

P 

I 

i 

, 

1 
i 

I 

I 

I 

I 

I 
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TaBLE XV B 

Emulsions of 15% SEA Base Stocks. SS Type 
I i. 

S t a b i l i t y  
/ 

* % 
Code Solids Nil1 24h > 24h pH Notes 

20-18A - Yes - Yes 18 - 2  soft settlement 

20-3321 
- 

Yes - - 11 .2 gocd, slight settlement 

20-46A - Yes - no 10 ,5 settleamt like 20-46B, 

mre than desireable 
20-46B - Yes - no 10 ,1 settl-t 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 6 1 2  yes Y e  RO 10.4 1 
20-92B 63,8 Yes yes yes  11.5 2 

20-159 61.5 Y e s  yes yes  10.5 5 

20-181:29 71.6 Yes yes yes  11.0 2 

25-50L1 59.2. yes yes yes 11.0 4, 5 gallon 

1) After 5 days, excess sedirmt, hmever sedhw~t was soft and readily remixed. 

M=warse CE may have slight advantage avw Orzan A, m v e r  the differences 

could be wi- q k x h ? n t a l  erxxr. 

2) EmuLsion was excellent 

3) ~xcellent emulsion, would not mix with slwrry sand, however. Very viscx1us 
esrailsion. 

4) 3% P m  added to tfie sulftur (based an sulfur), 2.8% PAMAK W A  on 

asphdlt- PAMAK and sulfur reacted for at least 2 hours prior to adding to 
asphat.  

t 
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TAELE X V I  A I 
I 

Emulsions of 154 SEA Base stocks. RS Type 
I 

Formulation, 9 of Total, Nom'nal 
I 

20-99A - I , O  - - - - - 
20-993 - - 1.0 - - 

- - - - : I  20-IOOA 1 , O  - - - I 
20-100% - - - - - / 1-0 - 
20-1 57 - 2-0 - - - I -  0.2 

20-158 I - - - - 2-0 8 - 2  
I 

20-181 : 60 - 2. Q - - - 0 - 2  
20-189 : f - - - - - 2.6 .0,2 

25-50UO - - - - 0.3 0-y2) 0.7 

TABLE XYT B 
I 

~mulsions of 159 SEA Base Stocks. :RS Type i 
S t a b i l i t y  1 

I 
% ! 

Code Solids Mil1 24h 324h pH I Notes 
8 

20-49A - yes no 

.20-493 - yes  no 

11 .2  p-1 loss 
1 1 - 2  $tab Loss 

I 

20-9921 - yes  yes  aa , 5 / a f t  bta=mn s-t aft= 
124 hr, 

20-993 - Yes - 11 .0  kck .surface layer after 24 hr 

2 0 - 1 0 0 ~  - Yes - - qarrse as Above 

20-1008 - Yes - %b,O 4;rainy,85%settled 

20-157 62% yes yes yes 1 1 , 0  E2cellent 
28-158 - yes yes yes 10 .5  Excellent 

20-$81:60 - yes  yes yes 11 .0  &celfe-at 

20-189:l  42% yes  yes  yes 10-8 cellent 
25-SOL20 6 5  gallon k t~% CX~ellmt 

19 Reacted wftk the sulfur for 2 baurs at 275'~. 
2) Mded to a s ~ r a l t  





TABLE XVPP EL 

Emulsions of 15% SEA Base Stocks, C5S Type 

FsrmuLation, % of Total, nominal 

Code 24h >24h Mill pH! Notes 
I 

2) Rrdicote AP, 3% PAMRK KTA (on asphalt) added to aspLt. 3% P M  ICFA added 
to nil~hr and cured for 2 Emou-s then sulfur and asphrilt blended just prior to 
ermilr;ification. I 

3 )  PAMAM WiZFA reacted with sulfur and asphalt, 
4) PAMAK tiXZFA reacted w i t h  sulfur first, then added to asphalt, 

20-94~ yes no - 1.5 i~rainy, 85% sedirrent 
.2 0 - 958 Yes m - 2 - 3  
20-953 Yes m - 2-2 

Sarreaslabve 
S ~ E  as ahwe 

20-98A Yes no - 1.5 SsPidified 
20-98B Yes no - 1.5 ~ o l i ~ i e d  
20-160 Yes na - 2-4 / Thick layer on surface 
20-161 Yes no - 2.2 /Ccanplete bss 
20-183:25 yes Yes Yes 2.0 I 
25-18 :A Yes no - 1.5 /Failure 
25-18B na - 

yes yes 
1.5 'Failure 

25-19A 
yes yes 

Yes 1.5 Stable 20 days plus 
25-19B Yes Yes 1.5 2, B t t ~  t h a n A  
25-37L3 Yes no - 3.2 ,3, 
25-37L16 - - - 4 - 0  'Rough Tevtuhe 
25-46Lf 5 Y@S yes? W-3 better than E4868 

yes yes 25-46L16 Yes no Reacting PANilK first 
25-4723 Yes Yes no 
25-47L5 Yes Yes no 

I 

1) Redicote AT?, PAMAK K 2 A  and Sulfur added to asphalt &d cured for 2 hours. 





TABLE 'YIXA, Eanulsions of 30 and 40% SEA Base S t o c k s .  Slow Set 

Formulation, % of Total, nominal 

% S i n  &zan Marasperse PAMAK Natrosol Wicote % 
Code SEA Vinsol A CE WTA 250IlR --- TDA-40 NP Solids 

20-18B 30 3.Q 1.0 - - - - - - 
20-18% 30 3.0 . 1.0 - - - - - - 
20-19A 30 3.0 1.0 - - - - , - 
20-19A/C 30 3-0 1.0 - - - 1.0 t- - 
20-]164A/C 30 2.4 - - - - 1.0 - - 
Factorial 1-1 30 1.0 - - 0.49 9.06 - 0 54 

1-4 30 1.6 - - 0.50 0 -06 - 0 56 
11-2 30 1.0 - - 0.55 0.06 - 0.2 61.5 
11-3 30 1.6 - - 0,56 0.06 - 0.2 62.1 
W-2 30 1.0 - - 0.52 0 58-6 0.06, - 
N-3 30 1.6 - - 0.52 0.06 - 0 58-2 

rn V-1 30 1.0 - - 0.60 0.06 - 0.2 66.5 
N V-4 30 1.6 - - 0.59 0.06 - 0.2 66,O 

111-1 35 1.3 - - 0.67 0.06 - 0.1 63.9 
111-2 35 1.3 - - 0.67 0.06 - 0.1 63-5 
111-3 35 1.3 - - 0.63 0.06 - 0.1 60.2 
111-4 35 1.3 - - 0.65 0.06 - 0.1 61.6 
1-2 40 1.0 - - 0.70 0.06 - 0 58.7 
1-3 40 11.6 - - 0-73 0.06 - 0 60.7 

- - - - ------=-&-A+- .* ---- - Q-. 74 -we----- - - -- b1 

11-4 40 1.6 - - 0-74 0.06 - 0.2 62 -0 
W-1 40 1.0 - - 10.72 0.06 - 8 60.0 
rV-4 40 1.6 - - 0.81 0.06 - 0 67.5 
V-2 40 1.0 - - 0.81 0.06 - 0.2 67.8 
V-3 40 1.6 - - 0.79 0.06 - 0.2 66.0 

20-l78A 30 - - - - 0.06 1 - 58-3 
25-5kClO 3 0 2.5 - - 1-34 0.07 - - - 
25-51C22 40 3.0 - - 1-74 0.08 - - - 
25-51C24 40 3.0 - - 1-74 0.08 - - - 
25-SIC26 40 3,O - - 0.74 0.08 - - - 
25-52-A 40 2.638 - 0.8 0.72 0.07 - - 65.2 





TABLE XX 

E ~ n u l s i o n s  of 30 and 409; SEA Base S t o c k s .  Rapid Set 

Fornulatio~l, % of Total, n d n t l l  S Wif i ty 

% su l fur  PAMAK PI\MAK 
i n  VCF'A KT. Natrosol Tergitol  % 

Cade SEA i n  sulf& i n  asphalt  25DIiR 15-5-9 Solids mi l l  24h )24h J& Notes 

20-163 30 2 - 0 0  - 0.20 65.7 yes no - 11.8 
20-166 30 2.00 - 0 , lO  0.05 - yes no - 10.5 
20-167 30 2.00 - - - - yes 0 - 10.0 
20-189-2 30 0.6 k. 4 - - 40 yes yes yes l 1 . 0 l ) E x c e l b e n t ~ l s i o r  
20-190-1 30 0.6 1 . 4  0.20 - 4 5 . 1  yes yes yes 10.6 l)Excellent  
25-47L15 30 0 , 5 4  1 .5  0.075 - - yes yes yes - 2)Excellul t  
20-190-3 40 0.8 1 . 2  0.20 - 45 yes yes yes 10.4 1) 3) Excellent 
20-190-2 40 0.8 1 . 2  0.20 - 53 yes yes yes 10.6 1)Excellent 
25-51-C20 40 0.74 2 , 4  0.06 - - yes yes yes - 2)Excellent 

- -  - - -  -- 

- - - - - - . - - - --- - 
- - - - - -- 

-. - - - - - - - - - . - 

1) PAMAK rived in su l fur  one hour, i n  asphalt  25 minutes. E h u l s i f i e r  formed i n  s i t u  wllen base s t&kblend  
of sulfur. and asphalt  are milled w i t h  an aguBEXts caus t ic  sc@a solution, Fomnilafcions b s e d  upon 50% SEA. 

2) Formulation based on 60% SFA. PAMAK W A  cured 2 hows i n  su l fur  before add- su l fu r  to blend a£ asphalt  
md remaining PAMAK W2FA. 5 gallon sample. 

3) S u l k  and PAMAK were curd svedght.  PAF1AK and sulfur appeared as one, s imi la r  to Sulphlex. 



rl 

TABLE X X I  A. Emuls ions  of 30 and 40% SEA Base S t o c k s .  C a t i o n i c  Slow S e t  

F a r m u l a t i o n  8 on Total, Nominal Excep t  a s  Noted 
Z S sulfur Indulin PAMAK Redicote Natrosol % 

in SEA W-3 AA-57 E-11 E-63 AE-7 W A  AT? 250IIR Solids - - -- - 
20-94C 30 2.0 - - - - - - - - 
20-9 5A 30 - . 6.00 - - - - - - - 
20-933 30 - - 3.0 - - - - - - 
20-98A 30 - - - 3.0 - - - - - 
20-98B 30 - - - 3.0 
25-21- (-1 30 2.G1) - - - - 1-36 0 .68~)  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 2,31 - - - - 0.67 0.34 0.050 67 
c 30 3.68 - - - - 1.30 . 0.33 0.053 6 5 

ac  40 3-57 - - - - 1.32 0.33 0.051 66 
bc=e 30 3.36 . - - - - 0.68 0.68 0.048 6 8 
abc 4 0 3.15 - - - - 0.70 0.70 0.045 7 0 

d 30 3.39 - - - - 0.43 0.43 0.171 43 
ad 40 2.24 - - - - 0.67 0.67 0.099 67 

bd=f 30 2.24 - - - - 1.34 0.34 0.099 67 - - - 0.33 0.105 65 abd 4 0 2.45 - 1.30 
Ca 30 6.83 - - - - 0.35 0.18 0.195 35 
a d  40 5.36 - - - - 0.49 0.25 0.153 49 
bcd 30 3.68 - - - - 1.30 0.65 0.105 65 
abcd 4 0 3.78 - - - - 1.28 0.65 0.108 64 

25-521 40 . 2 . 0 1  - - - - - 0.51 0.19 51.4 

1)Actual formulati~n (not naninal) in factorial .  The m i c o t e  AP and the PAMAK FX=FA were added to the 
asphalt and cured for 2 hoes. The sulfur was then added and cured 15 or 120 minutes as determined 

the design. Cure tihe was variable b and bas 15 minutes where b is absent in! the code and 120 
minutes where b is present. 

m 
d 
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TABLE XXI B 

Emulsions of 30 and 40% SEA Base Stocks. C 

S W  1 +v . . 

Code mill 24h 22Ah 

20-94C Yes no 
20.9511, Yes no 
20-953 Yes na 
20-9811 Yes no 
20-98B' Yes no 
25-21- (-1 Yes no 

a Yes no 
b Yes no 
ah Yes no 
c Yes no 
ac Yes no 

bc=e yes - no 
abc Yes no 

d Yes Yes 

ad Yes no 
bd=f Yes Yes 

abd Yes no 

cd Yes no 
acd Yes no 
bcd Yes Yes 
abcd Yes no 

25-SA no 

:ionic Slow Set 

b 
Notes - 

Cmplete Loss 
Saliaf ied 
Grainy, 85% settled 
S s L i d i f l d  
SBlidifa 
S;tAxri.ng caus;& bredk, 
Broke 
Broke 
Rapid Distress 
Rapid 'Klistress 
Rapid Distress 
Slcw break 
Better  than e 
Appeered like wt-qe 
cheese, could be mix& 
w i t h  H20. 
Broke 
Paste, -ever &ding 
water would rake emulsion, 
Distress after awhile, 
better than ab, c or ac. 

H a t  perffxt, but g d  

Fail& in about 30 &. 





TABLE XXIL B. Emulsions of Sulphlex 

Stability 

Code 24h >24h F& - - Notes 

20-125A yes yes 2 Excessive shot & broke in a few days. 
20-1258 yes Yes yes yes 3.5 Excellent 
20-130 no no no 11.2 Emulsion didn't make. Waring Blender 
20-134B no no no 11 Failed 
20-l34A no no no 11 Made in Warkng Blender. Excessive Foam. 

No Emulsion 
20-135 Yes yes yes 4 Good 
20-1788 Yes yes no - 
20-178C Yes yes yes Q 

- Lasted 4 days. 
00 20-188-1 Yes yes yes 10.5 Excellent 2)' 

20-188-2 no no no - Did not make. 
20-188-3 Yes yes no 9,8 3 
20-188-4 Yes yes yes 10.5 Excellent. 2) 
25-2A Yes yes yes 2 - 1 Good, 4) 

I 25-2B Yes yes yes 3.2 Good. 4) 
2 5 -3A Y a3 no - - 

, -  - - -  .- 

2-5 - - - - - - - - - -  - - - -  -. - - - - . -- . . - - - - - -- - - -- - - 

Yes no - - 

2) PdlMAK WCFA and Sulphlex reacted for 1 hour minimum. 

3 )  Varion CAS (coca sulfobetaine) added to Sulphlex prior to making emulsion. 

4) Redicote AP added to Sulphlex. Gas was evolved. 



APPENDIX A. 

Below is a tabluation of the emulsifiers and other inqredients 
used in this study. The inclusion of brand names or rnanufactur- 
erts names is solely for information purposes and is not to im- 
ply an endorsement. EmuLsifiers differ sufficiently, even if 
they axe of a similar nature, thus it is important for future 
duplication of this work to detail the materials used. 

V 

Ingredient Manufacturer Type 

si Vinsol NVX and &sin Hercules Abdiatic acid. Anionic 
1 Maritime Plaza SS emulsifier 
Golden Gateway Center 
Suite 1250 
San Francisco, CA. 9 4 U  
415-986-2535 

Onan A tkum Z d e r b a e h  sodim lignrr sdfonate. 
Camze, w&hbgton . dispersant for SS type 
206-834-4444 ermitsions. 

-m AmericanCanmnpmy W u m  ligno sulfonate. 
908 Town & ComW Blvd. dispersant for SS typs 
S u i t e  230, dsions . 
Houston, Texas 77024 

SmT 200 Clay American Colloid eampanY Bentonite clay 
5100 Suffield Court  
Sdcie, Illhmis 

Mtrosol 25OHR Hercules Hydroxyethyl cellulose 
viscosity builder. 

Dresinate 731 Hercules Anionic PS Wsifier. 
msin Soap 

PAMAK 4 Hercules Anionic RS emulsifier, 
tdll oil. 

PAMAK 25 Hercules Anionic RS erraitsifier, 
tdll oil. 

PAMAK FXTA Hercules Anionic FS emulsifier, 
tall oil. 

Dresinate TX Hercules Anionic R S  d s i f  ier, 
Rssh Soap. 

NP 1007 Emery Induslies nonionic, CSS dsifier, 
v 8733 S, Dice Rd. 100 mle ethoxylated ncnyl 

Santa Fe Springs, CA, 90670 phenol., 70% 
213-723-8386 

Inlulin w3 
w ~ s t v a c o  Cationic, CSS emulsifie* 

P.O. Bax 5207 nrdified. ligm sulfonate. 
North alarleston, S.C. 
29406 
803-554-8350 

-40 Emery Nonionic, CSS emulsifier, 
40 mle ethoxylated tri- 
decyldLco~l. 

-surf AA-57 Sherex Chdcal Ccrmpany Cationic, CSS dsifier, 
PA, Bax 646 mine 
Dublin, Ohio 43017 
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I ng red i en t  Manufacturer 

Arntak 
8401 W. 47th St. 
McCmk, Ufiomi,~ 68525 
313-242-2750 

Jet- c!kmi& Ccanpany 
P.O. Eox 1278 

%!fa A Nacre tdodc ,  CYTS-CSS 
14439 South AWon @ sifierp amine 
Garda, CA. 90248 
U3-5s-1700 1 

I 

?kfsB 
I 

%CCCl dZ%~8micp c w a s  
ebn.ilsirfia, aignh 
wivitive 

Arasurf BA-54 Sheex: Gationic, CBS axrine 

Aro& 2424-55 Shesex @ti&c, CRS amine 

Apesurf AA-60 Shere;r% q t ion i c ,  Qls amine 
t 

Redicote E-67 Anrak &tionic, cis amhe 
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Additional Formulation E 
W i t h  Cationic SEA 

anionic l3mlsions frca~ 10% SEA Base Stocks 

. S gallon samples of an PS and SS enu.l.sions were made with the SEA basg stock, con- 
W q  10% s u l k .  The aulsions were excellent 4 pxoduced a d  when received 
by -. WE dat? 09 e-escl m ~ l s i n n s  are stvrwn in W 4 e  I, 

- 

paeviw anes h d  
being added ts the 

asphalt. 
I 

CRS ad CSS -1sion.s I 
Cne qx?xt -1.e~ of CRS ard b S  amlsicns were pre&led using the 10% ard 15% 
SEA base st&. The fomlla t ion  details are shm 3r/ 'fable I. The CSS arailsions 

excellent appeared ta be quite stable over a /prolonged period of tim. 
TZlle lCRS ~mulsions appeared to be excellent when first: ,prewed, however upon stand- 
ifu31 a thick layer famed along the inside surface of the plastic  j a s .  Based u p o ~  
tnese results, five gallon sanples of CSS d s i o n s  k p d  on 10% am3 15% SEA base 
stocks were prepared. The. 153 sample appeared to be &cellat whm made, W e r  
ths 10% smple rli&n8 t take, The emLsicx Ezm. ti?= 15% E9 bse six& L-uL~~E 
in it the next day, It was r d l l e d  tci be mth and ishipped to EX%. The sample 
when received by EIZ had a 1" layer of broken enuls* on the bottun. Ihe Cis d- 
sion of the 10% SEA base stock was prepared after the ~kmdsion made with the 15% SEA 
base stock. The asphalt used in the 10% SEA hase s 
fran the day before into which had been added 
asphalt to which these materials were added. old asphalt into a c h  
has been added the Redime AP and PAMAK WA 

If this is m e .  considerable difficulty w i l l  be aqxdimced in swn&ctwi.ng thege 
cationic dsions camereially, especially the CF6 +. CRS enrlriPM are app11ed 
hot, thus an d s i o n  t ha t  is not stable at  140-1709 IKNlLd be of -able 
trouble- W l e  sarae fmutsian plants have heat donmt, thus evm if 
the ~g~cduct coufd be used cad, mst pxcdwers 

stionic Ehrulsions fmn PO ard 15% SEA Base Seocks 

Wc found that cationic anufsiom in quart containers 
those in 5 gallon cont+xs ,  PossiBlv the srlr%fw car. 
the enu lsb  in 5 gallon hnples, but cool fast enm& 

We were successful in preparing ermlsions of 10 ard 19% SEa base stmdks En one 
quark samples. 2he foxxmiation data aee s tam kr ~abl;e I. We w e  mt able to 
IMke 5 gallon samples, hwever. It a m e d  ttiat the length 06" tims that the s u b  
fur ad aqhaLt were with contact w i t h  each. other to enrlsification, ard the 
tim? the emuLsi011~ -bed hot aft= BRllsificatian y r e  significant, In the ex- 
periment rbam in Table I: each of the aulsiols was -lit into tra samples, e 
set of which o m ~ k t e l y ,  while the theother -1e rs4 heated at 140q 
for 16 burs. As may be seen, the heating was detrimental to the emlsi~s. 

were of superior quality ter 
continue ta race  Zeqrade 
in tne 5 gafJLcgII c o n u s  

ka reduce the detrimntal effect, I 



Five gallon samples of the nost successful CSS a d s i o n  fomulations based u p n  
bth the 10% &IS% SEA base stocks were atterq3ted arrl the -les amid with 
amling mils as fast as possible, The emlsion failed. The data may be seen in 

a Table 11. Lt a m s  that the length of tine that the asphalt and sulfur are mixed 
tagether hot affects the quality of the ennrlsions, 

One gallon samples of CSS and CRS d s i o n s  of both the 10 an5 15% SEA base stocks 
a+t were prepared a qmxt at a time, and those aadsions, which appeared quite good, 

were sent to Engineers Testing Laboratories far evaluation. 

Cat,ionic mnilsions fran 30 and 40% SEA Base Stodcs 

As may be seen in Table 11, ws were mt able to make cationic aulsions fran the 
30 Jrd 10% SEA base-. This i-ioes n o t  imply tkt it is impxsible, hcswever 
we could not f iii the embination of ingredients that wuld prduce satisfactory 
Emulsions as there were not sufficient funds left in this project to cas~y out mre 
research. 

Effect of Tempratwe on hrulsion Quality 

Slllfu will. react with a s w t  and the emrlsifiers. In fact, one oL') the krgrolients, 
PAWK WZFA (a tall oil) is added specifically to the sulful to react w i t h  it prior 
ta fiaLing enulsions. Previous work has sha*m that the P M  K F A  rnust be added to 
the sulfur anl reacted for at least t k i ~  burs prior to blending the sulfur w i t h  the 
asphalt. If the asphalt is added w i t h  the PAEPIP; =A, the emulsions are poat. Our 
recent studies now indicate that the length OE tim the arnsZsion is. stored bt CM 

influence quality, ard dLso the length of time the asphalt and sulfur are mixed to- 
gether prior to emulsification. This is m ; i d t l y  a factor w i t h  the cationic d m  

sions. The anionic dsions viere pmduced without mch difficulty. 

To make 1- quantities of cationic emulsions 0anta.h ;sulfur, the sulfur a d  
mt phases shauld be introduced into a static mixer just prior to fnoiFsifying 
and the d s i m  s h d d  be passal through a apoler FQ~OT. M going into starage. 









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 2 S  and SO2 and possibly a considerable 
change in residue characteristics. Therefore, a modified 
distillation procedure consisting of heating the emulsion to 
260F (127C) and sweeping with C02  was developed. . 

a 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 1136 
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 

C 0 2  souzce and adequate flow regulators 

Gas f lowmeter 

Graduated cylinder, 100 ml capacity 

C02 heating apparatus consisting of a beaker, oil, copper 
coil, and a hot plate. 

Procedure 
?& 

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

P 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. 



3. Begin heating the emulsion with th electric heating 
mantle. 

Begin introducing warmed C O ~  (oil bath at 135C) at a 
rate of 1 to 2 liters/minute when dhe temperature of 
the emulsion reaches 200F (93C) wi h the bottom of the 
aeration tube approximately 1/2 in h above the top 
level of the emulsion. 

5. Adjust the transformer so that the emulsion boils as 
rapidly as possible without boilinq-over. 

When emulsion temperature reaches (127C), lower 
aeration tube into the emulsion (b of tube approx- 
imately 1 cm from the bottom of th and continue 
CO introduction. 

Maintain the 260F (l27C) temperatude for 30 minutes to 
complete the distillation. I 

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

j 
9. Calculate percent residue as: I 

I 

F = final weight of flask de ivery apparatus, and 
residue 

F = initial weight of flask and delivery apparatus 
E = initial weight of emulsiqn 

10. To remove residue from the boiling flask, heat the 
flask and residue to 260F (127C) id an oven and pour 
residue into an 8 ounce tin, I 

I 







TABLE 1 2  Water Content by D i s t i l l a t i o n ;  % 

%,it = 0.694 q =  0.513 

*Note: PAMAK WCFA n a t  r eac t ed  with s u l f u r .  

TABLE 13  One-way ANOVA Summary, Water Content by 
D i s t i l l a t i o n  . 

Source F F,O5 F.01 - df - SS - MS - - - - 
Mixture 9 431-2 4 7 - 9 1  55.3 3.02 4 , 9 4  

Error  LO 8 - 7  .87 - 
7 

T o t a l  19 4 3 8 - 9  

N o t e :  Emulsions which sha re  a common under l ine  are n o t  
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0.05 confidence l e v e l .  

FIGURE: 11 Newman-Keuls Ranking, Water Content by 
 ist till at ion 



TABLE 14 Water Content by Evaporation; % 

I 

q c r i t  = 0.522 S 7 0.266 
I 
I - 

* N o t e :  PAMAK. WCFA not  reactdd with sulfur, 
I 

I 

TABLE 15 One-Way ANOVA ~umnary, Water Content by 
Evaporatioh 

I 

Source df - - F.05 - F.01 - SS - MS : - F 
4 
I 

Mixture 33 343.9 26.5 28.80 2,43 3.87 

Error 1 4  . 12.9 0.42 - 
Total 27 956,8 I 

! 

Note: Emulsions which share a common bnderline are not .i 

significantly different at the 0.05 confidence l e v e l .  

F I G U R E  12 Newman-Keuls ~ a n k k n ~ ,  Water Content by 
Evaporation 

1 



RSSX RS40 SSIO* SSlO R S l D  SS15 SS30 RS15 RS30 

4 

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 

3 

Replication f . - Repl ica t ion  2 
E&ul s ion Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 

I % 





I 

TABLE 21 S a y b o l t  P u r o l ~ i s k o s i t ~ ,  77F; sec 

* N o t e :  PAMAK WCFA no t  reactdd with sulfur.  

1 

TABLE 22 One-way ANOVA Summary, Saybolt Fura l  Viscosity 

Mixture 1 3 .  81738.1 6287.'~ 1 5 7 . 2 6  2.43 3.87 

Error 14 559.8 39498 
-.-- 

TQ ta l  27 822997.8 1 
I 
I 1 
I 

I 
1 

I 

SSO* E30 SSIO E l 5  SS30 SS15 RSlO RS10*< C R S l O  &s15 CSSlO CRS15 IES40 RSSX 
\r 

I I 

I 

I 
Note: -Emulsions which share a common yder l ine  are no t  t 3  

significantly different a t  the  0i.05 c o n f i d e n c e  level. 
I 
I 

F I G U R E  15 Newman-Keuls Ranking, Saybol t  Fura l  
v i s c o 4 i t y  



TABLE 2 3  Coating A b i l i t y  of Sul fur  Water ~mulsions '  

Dry Aggregate W e t  Aggregate 
Emu1 s ion I n i t i a l  Coating I n i t i a l  Coating 
Designation ~ e p l i c a t i o n  Coating Af ter  Rinse Coating Af ter  ~ i n s e  

SS lo*  1 G~ P G G~ 
2 G P G P 

-. 
SS 10 1 G P G P 

2 G P G P 

s RS 10 1 G P B P 
2 F P P P 

SS 15 1 G -  P G P 
2 G P G P 

RS 15  1 G G p4 p3 
. 2  G G p4 P 

SS 30 1 6 P G P 
2 G P G P 

RS 30 I. G F G F 
2 G F G F 

RS 40  1 G P G P 
2 G P G P 

CSS LO 1 G P G P 
2 G P 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 S X  1 G P G P 
2 G P G P 

@ 

MOTES : 

* PAMAK WCFA no t  r eac ted  with sulfur 
1. The RS lo* emulsion broke p r i o r  t o  t e s t i n g  
2. G = Good Coating, F = F a i r  Coating, P = Poor Coating 
3 .  Emulsion foamed during mixing 
4. Emulsion appeared t o  break during mixing and would no t  coat .  

117 
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TABLE 24 water Miscibility, Maximum Difference; % 
I 

I 

*Note: PAMAK WCFA no t  react d w i t h  sulfur.  

TABLE Zg One-Way ANOVA Summar , Water Miscibility i. I 

1 
I 

Source df - S S  - MS 1 - F - F.05 FoO1 
s 

I 

I 

12 5433.4 Mixture 452.18 37.91 2.63 4.00 

E r r ~ r  13 155.3 11 ,#9 - 
T o t a f  25 5588.7 

CSSlS CSSlO CRSlS E l 0  SS15 SS30 RS40 CRS~D SSlO SS~; ILS30 RS15 RSSX - 
Note: Emulsions which share a corn& underline are not 

significantly different a t  thk 0.05 confidence level, 

Newman-Keuls  ank king, Water Miscibiliky 
1 .  



TABLE 26 Residue Content by D i s t i l l a t i o n ;  % 

= 0.694 q = 0.513 'crit 

* N o t e :  P A M  WCFA not reacted with sulfur. 

TABLE 2 7  One-Way ANOVA Summary, Residue Content by 
D i s t i l l a t i o n  

Source df - SS MS - F 
-L 

F.05 F.01 
7 

- - 
M i x t u r e  9 431.2 47 .91  55.30 3.02 4.94 

Error 10 8.7 .87 
. - 

Total 19 439.9 

RS30 RS40 RS15 R S ~ O *  RSlO SS30 SS15 S S ~ O *  SSlO RSSX 
ai - - 
I 

m 
Note: Emulsions which share a common underline are not 

significantly different at the 0.05 confidence level. 

FIGURE 17 Newman-Keuls Ranking, Residue Content by 
D i s t i l l a t i o n  
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TABLE 28 Residue Content  by Evaporat ion;  % 

PAMAK WCFA not reaceh with s u l f u r ,  

I 
!WBLE 29 One-Way ANOVA Summary, Residue Content  by 

E v a p r a t  ion 

I 
source - df - ss MS - 1 - F - - F.05 F.01 

I 

Mixture 

E r r o r  

N o t e :  Emulsions which share  a camno4 underline are not 
s i g n i f i c a n t l y  d i f f e r e n t  at thg 0.05 confidence level. 

I 
I FIGURE 18 Newman-Keuls ~ a n k f n ~ ,  Resic?ue Content 
I 
I by Evqporation 
I 

I 
I 

, 
1 

I 
120 
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TABLE 30 D e m u l s i b i l i t y ;  8 

El0 E l 5  RS30 RSSX RS40 SS15 SS30 S S ~ O *  CSS10 CSS15 CRS15 CRSlO SSlO 
1 - 

Note: Emulsions which share a common under l ine  are not 
h 

significantly different at the 0.05 confidence level. 

Newman-Keuls Ranking, Dernuls ib i l i ty  



TABLE 32 I ~ 
LONG TERM STABILITY OF 

s m  SuLPHLEx EMuLsIoN~s 

~ i m e l  
Emulsion (Months) 

Good, slight settlement, easily suspended 
I 

1. 

h 
I SS 10* 12 Contained small broken 

t 

could not be suspended 
j 
4 RS 10* 12 Broken, solid residue 

I SS 1 5  12  Thick settlement, but cduld be restirred 
I 

4 

L RS 15 12 Thick settlement, but cduld be restirred 
I 

SS 30 12 Broken, semi-solid resique 

globules which 

1 

RS 30 12 Thick settlement, but.cquld be restirred, 
small broken globules 

1 3 Good 
I ss 1 0  I 

RS 40 12 Broken, semi-solid resi ue 4 I 

CSS 10 1.5 Good j 
I 

CRS 

ess 

CRS 1 5  

RS Sulphlex 7 

Good, no settlement or deparation 

Beginning to break, sli ht water separa- 
tion and small asphalt lobules present 

Good, slight settlement 1 
I 

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

examination from date of prdduction 
I 





TABLE 33 Penetration of ~esid)ue From Distillation, 
77F, 100g; 1/10 rnm 

* 1 
I 

*Note: PAMAX WCFA not  reacted w i t h  sulfur,, 

I 
I 

TABLE 34 One-way ANOVA y ,  Penetration of 

Source - df - SS MS - I - F - F,05 - F,Q1 
I 

Mixture 8 18398,O 2299.8 18.19 3 2 3  5.47 

Error 9 
13- 

1138.0 b26,A 

T o t a b  I 7  19536.0 

S S ~ O *  R S l O  RS15  SS30 R S ~ O *  S S L ~  SS15 RS40 RSSX 
i 

I 

I 

N o t e :  Emulsions w h i c h  share a common nderline are nst 
significantly different at the -05 confidence level. 

- FIGURE 20 Newman-Keuls Ranking, Penetration of 
Distillation Residue 



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

* N o t e :  PAMAK WCFA not reacted with sulfur. 

TABLE 36 One-Way ANOVA Summary, Absolute Viscosity of 
Distillation Residue 

source df - SS MS - F - F.05 F.01 - - - 
Mixture 5 1,06-EO62,12-E05 22,84 4 . 3 9  8-75 

Error 6 .06-E06 9269 - 
T o t a l  11 L,ll~E06 

* * 
SSlO RSlO SS15 RS15 SSlO RSlO 

b - -- 

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

FIGURE 21 Newman-Keuls  ank king, Absolute Viscosity 
of  ist till at ion Residue 
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TABLE Ductility of Residue From Distillation, 
77F, 5 c m / m i n ;  Crn 

i qcrit = r 7 9 3  q ,286 
i 

* N o t e :  PAMAK WCFA not reactbd with sulfur. 
I I 

I 

I TABLE 38 One-Way ANOVA Summary, Ductility of 
Distillation Residue . 

1 

Source df - - F.05 F.01 
< I 

SS - MS - F 
I 

I 
I 

I Mixture 7 13234.4 1890.$ 8 1 . 5 4  3 . 5 0  6 - 1 8  
3 

i Error - 8 185.5 23.q 

1 Total 15 13418.9 1 
I 

I( , 
I i I 

i 

I 

I 

1. 
Note: Emulsions which share a common underline are not 4 

I significantly different at the '0.05 confidence level. 

Z 

F I G U R E  22 Newman-Keuls Itanking, Ductility of * 
~istillat$sn Residue 

1 
I 

I 
I 

4 

i 
I 

I 
I 
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TABLE 40 One-Way ANOVA Sumnary, Penetration of 
Evaporation Residue . .  

Source - df - SS MS - - F - F.05 - F-01 

Mixture 12 17854 1487-9 7.52 2.63 4.00 

Error 13 2573 197.9 - 
4 

25 20427 T o t a l  

TABLE 39 Penetration of Residue From Evapra t i on ,  
77F, 100g; 1/10 mm 

CSSlO CE15 CSS15 RS~O* E l 0  WlO RS15 SSlO SS~O* SS15 RS30 5530 W40 
P9 

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

FIGURE 23 Newman-Keuls Ranking, Penetration of 
Evaporation Residue 

1-2 7 

%i 

4 

x 
X 

S 

RS 10 

107 

SS 10 

87 

6 

SS 10 [RS 10 
-J 

qoit = -560 ¶ = 0.274 

*Note: PAMAK WCFA no t  reac ted  w i t h  sulfur. 

91 

0.7 

107 

lCv115.9 - 

114 

SS 15 

84 

6.8 15.8 8.7 

66 96 76 

17.6) 1.2 119.0 5.6 121.3 45.91  41.9 

128 

AS 15 I S S ~ O ~ R S  30 

129 

RS ~O/CSSIO 

5 . 3  

70 

- 
129 

0.9 

61 

122 

CflSlO 

87 

84 

13.3 

119 

- 
&- 

149 

CSS15 

113 

118 

8 . 0  

118 

18.6 

5 0  

92 

7.9 

I 
C R S ~ S ~ R S  sx 

65 

81 

95 

43 .4  

128 

67 

3.5 

66 

27.5 

111 

6.2 

- 
6 9  

75 

15.9 

50 X47 108 

98 

18.6 

56 

9.7 

148 

1.8 



I 

TABLE 41 Absolute Viscosity f Residue From 
Evaporation, 1404; Poise 

*Note: PAMAK WCFA not reacted with sulfur. 
j 

I I 

1 
TABLE 42 One-Way ANOVA summary; Absolute Viscosity of 

I Evaporation Residue 

4 Source - df SS - MS / - F - F.05 F,01 - - 
4 

Mixture 9 2.91-E06 3.23CE05 I 9.95 3.02 4 . 9 4  
i 
1 Error - 10 Q.32-E06 .32~E05 

~ s e a f  19 3.23-E06 
i 

Note: Emulsions which share a cbmo.n underline are n o t  ?! 
significantly different at thk 0.05 confidence level. 

1 
I FIGURE 24 Newman-Keuls Ranlcing, Absolute Viscosity 
i of ~vapor'ation ~esidue 

I 



TABLE 43 Ductility of Residue From Evaporation, 
77F, 5 cm/min; cm 

*Note: PAMAK WCFA not reacted with sulfur, 

TABLE 4 4  One-Way ANOVA Summary, Ductility of 
Evaporation Residue . 

Source - df - SS MS - F - F.05 F.O1 - - 
Mixture If 29096 2645 382 .43  2.72 4 . 2 3  

E r r o r  12 83  6.92 - 
T o t a l  23 29159 

% 

Note: Emulsions which share a common underline are not 
significantly d i f f e r e n t  at the 0,05 confidence level. 

FIGURE 2 5  Newman-Keuls Ranking, Ductility of - 
Evaporation Residue 
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I 
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1 INTRODUCTION 

1.1 Background 

1.1.1 Sul fur - Asphal t Paving Mixtures. 
Q 

Since 1973, the Texas Transportation Institute (TTI) has been 

C actively engaged i n  a number of studies related t o  the use of sulfur i n  
asphaltic pavement mixtures. Sulfur i s  unique i n  that i t  i s  one of the 
few materials which i s  expected to be in ample supply i n  the future. 
The primary reason for this potential over-supply i s  attributed t o  
pol lution abatement control s targeted a t  power plant stack gas emissions 
and the expected growth of recovered (secondary) sulfur suppl i es fol l  ow- 

- i n g  commercial iza ti on of processes for synthetic natural gas, coal 
1 iquification, shale oil and other a1 ternative energy sources. The pre- 
sent inventory of pollution abatement sulfur i s  increasirig a t  a rate of 
about 4 millibn tons per year and i t  i s  predicted that by the l a t t e r  
part of this decade the supply will begin to exceed the demand. For 
this  reason a considerable amount of research and development has been 
initiated to find uses for sulfur. One of the most promising areas 
being studied i s  i n  asphaltic pavement mixtures. 

Depending on the manner i n  which i t  i s  introduced into the mix, 
sulfur can be used as a structuring agent (i .e. playing the role of an 
aggregate) i n  upgrading poorly graded sands or  as an integral part of 
the binder in the form of sulfur-asphalt dispersions. 

The f i r s t  concept was pioneered by She1 1 Canada L t d .  [I -41 and 
resul ted i n  a patented sand-asphal t sul fur (S-A-S) mix call ed Thermo- 

11 

pave [5]. In S-A-S mixtures molten sulfur i s  added to  asphalt a t  a 
- 

sulfur/asphal t weight rat io,  S/A; of 2 to 1. Sulfur f i l l s  the in ters t i -  
d t ia l  voids around the aggregate particles which, upon cool i n g ,  creates 

a mechanical interlock from which the material derives its strength. 
Developed primarily for use i n  areas where quality aggregates are 



scarce, S-A-S mixes prepared using local1 y Lvail able dune sands 
and beach sands have been shown to have per orrnance characteristics 
equal to and i n  some cases superior to qua1 ty  asphaltic concrete mix- 
tures,  

The Texas Transportation Inst i tute  (TTI 1 under the sponsorship 
of The Bureau of Mines and The Sulphur 1nst"tute [6] are currently 
extending the technology developed i n  Canad for appl ica tion i n  d 
the United States. This project started i n ;  1973 and resulted i n  

the successful placement of the f i r s t  major:domestic f ie ld t e s t  o f  

Thermopave. The t e s t  section was a two-lan , 3000 f t  (914 m) long, e 
variable thickness pavement bui l t  on U. S.  7, south of Corpus 
Christi , Texas during April, 1977 [7]. T h i  I , pavement i s  now i n  the 
t h i r d  year o f  a post-construction evaluatiod. TTI participated i n  

another Themopave t r i a l  i n  Sulfur, Louisia a which took place d u r i n g  i January 1977. This t e s t  section was 2000 fq. (610 m) in length and 

24 f t  ( 7 . 3  m).wide. i I 
Considerable uncertainty about the futude avai labi l i ty  and cost of 

asphal t cement has been generated by the cuirent energy squeeze and 
I 

pricing as established by foreign suppliers; This has ini t ia ted 
considerable research act ivi ty i n  the United States 18, 9 ,  101, Europe 
[ l l ]  and Canada [I23 directed to  the par t ia l  or total  replacement o f  

the asphalt as the binder i n  asphaltic concrete. To th is  end, processes 
using sulfur as a substitute for  up to 50 pircent o f  the asphalt i n  

asphaltic concrete mixtures are making inro ds i n  the United States. 
These processes have been both developed a n ,  a demonstrated independently 
by Societe Nationale des Petroles d l ~ ~ u i t a i i n e  (SNPA)* i n  France [ l l ]  
and Gulf O i  1 Canada [I 21 using sul fur-asphalit "prebl endi ng" technjques 

w 

and equipment which are proprietary to each. TTI, under the sponsor- 
ship o f  SNPA and The Sulphur Inst i tute ,  condiucted a series of ,. 

* 
Currently Societe National e E l  f d 'Aquiltai ne (SNEA) 



verification studies using the SNPA process which culminated i n  a 
3,650 f t .  (1113 m )  long, two-lane t e s t  section on U. S. 69 near 
Lufkin, Texas [13]. The t e s t  binder was a sulfur-asphal t blend i n  

which 30 percent of the weight of the binder ( i  .e. , 15 volume percent) 
!a consisted of sulfur. Gulf Canada has reported the placement of pave- 

ment mixtures w i t h  50 weight percent sulfur i n  the binder [12]. 
L) In a cooperative ef for t  w i t h  the Bureau of Mines' Metallurgy 

Research Laboratory i n Boul der C i  ty,  Nevada, TTI has been investigating 
paving mixtures which are prepared using "direct" mixing  of the sulfur 
and asphalt [lo]. This method would eliminate the need for  
specialized h i g h  shear-rate colloid mills o r  emulsifiers as proposed 
by Gulf and SNPA. During January 1977, a t r i a l  section of pavement 
using this  concept was constructed i n  conjunction w i t h  the Nevada 
Highway Department on a portion of US 95 near Boulder City, Nevada. 
This pavement i s  also under post-construction evaluation by TTI for 
the Bureau. ' 

Another SEA f ie ld  t r i a l  took place i n  Bryan, Texas [I41 in 1979 
i n  which mixes prepared by both the "preblending" process and the 
Bureau of MinesJ "direct" mix ing  process were util ized. The t e s t  
section consisted of two lanes, 2,700 f t .  (824 m )  long and located 
on MH 153 i n  Brazos County, Texas. 

TTI was also being sponsored by the Federal Highway Administration 
to carry out an extensive investigation to u t i l ize  sulfur as an 
asphalt extender [9]. This program studied a wide variety o f  asphalt 
cements and aggregates to generate and optimize mix design rationale 
i n  which asphalt demand i s  reduced by the use of sulfur. 

b 

An additional approach for  the use of sulfur i n  road and highway 
construction i s  in the area of recycling old bituminous pavements 

a [ l ] .  This concept was conceived and i s  being developed as part 
of the TTI-Bureau of Mines cooperative effort .  Only laboratory data 
has been generated a t  this  time, b u t  plans are being formulated to 

\ 



construct a fie1 d demonstration sometime d u r i n g  1981 . One successful 
sulfur-recycled pavement was constructed by1 the Minnesota Highway 
Department near M i  nneapol i s  duri rig 1979 [16,]. Most of the conventional 
asphalt pavement recycling processes require the use of some type of 
softening agent to  peptize the age-hardened asphalt i n  the old pave- 
ment [I 71. Sulfur has the abi l i ty  to reduce the viscosity of sulfur- 
asphalt dispersions be1 ow that of the virgiin asphalt [I 1 , 123 a t  normal 

I 

mix temperatures and to increase the stiffn!ess of the sulfur-asphalt- 
aggregate mixtures when i t  cools. This characteristic i s  being 
investigated for c i ty  and urban streets  where cut-backs have a tendency 
to produce mixtures w i t h  low stiffnesses. 

A current on-going FHWA sponsored resea:rch program a t  TTI i s  
studying the use of sulfur-extended aspha14 (SEA) binder i n  open-graded 
fr ict ion courses ( O G C )  [18]. This project k i l l  produce a mix 

design procedure speci f i  cal ly  oriented to s;ul fur-asphal t mixes. An 
experimental f ie ld  demonstration project t o  construction an SEA-OFC 

I 

pavement near Nacogdoches, Texas, was comp1,eted d u r i n g  the summer of 
1980. The project utilized a dryer drum pliant for preparing the mixes. 

I 
I 

1.1.2 Sulfur Concrete Mixes f 

Mixes prepared without the use of asphail t are called sulfur 
concretes. Studies conducted by Southwest Research Inst i tute  [19] 
and the Bureau of Mines [20] have shown thait sulfur concretes can be 

made w i t h  compressive strengths equal to o( superior to portland 
I 

cement concrete w i t h  an added capability oq reaching full  strength 
within hours. SWRI studies were generated jprimarily to develop a 
building mte r i a l  whereas the Bureau of Minles act ivi ty dealt primarily 
w i t h  the fabrication of acid resistant hold-ing tanks and retaining 
walls. 

When molten sulfur, which has been mixeld with aggregate, solidifies 
and cools i t  undergoes an a1 lotropic change: from monocl inic to 
orthorhombic form. Orthorhombic sul fur beiing denser and smal l e r  in 



u n i t  volume than monoclinic brings about a h i g h  degree of shrinkage 
which creates h i g h  internal stresses. This renders the sul fur concrete 
susceptible to  freeze-thaw deterioration. This has been partial ly 
overcome through the use of glass fibers or pumice as an intermediate 
f i 1 l e r  and plasticizers such as dicyclopentadiene ( D C P D )  Di pentene 
(DP), etc. 

Field tests  on sulfur concrete slabs using 5% DCPD significantly 
out-performed the unmodified sulfur concrete i n  i t s  resistance t o  
weathering and temperature fluctuations. The flexural strength of 
modified sulfur concrete range from 18.25% of the compressive strength 
as compared t o  10015% of the compressive strength for straight sulfur 
and pcc materials. 

1.1.3 Sulfur and Sulfur-Asphal t Chemistry 
Elemental sulfur i n  i t s  pure f o n  i s  a yellow, crystalline solid. 

The me1 ting/freezing point of sulfur i s  around 240°F (1 16OC), subject 
to i t s  previous history and on i t s  rate of heating and cooling 
[21, 221. The heat of fusion i s  about 21.6 ~ t u / l b .  (12 cal/g) [22]. 
Above the melting point, sulfur i s  a thin liquid up to about 320°F 
(160°C), a f t e r  which the viscosity abruptly increases making pumping 
diff icul t  [2l, 231. Figure 1 shows the viscosity o f  sulfur versus 
temperature. Liquid sulfur i s  normally handled a t  a temperature 
range 270 to 300°F (132 - 14g°C) [?I]. W i t h i n  this range, i t  i s  no t  
corrosive t o  steel or aluminum unless trapped water or acid i s  present 
121 , 24, 251. Above 320°F (160°C), toxic gases form and increase as 
temperature continues to r ise .  In general, the amount of hydrogen 
sulfide (H2S) generated i s  higher as the hydrocarbon content of the 
sulfur increases. The flash point of sulfur ranges from 335 to 370°F 

% (169 to 188OC) 121, 26, 271 compared with 340 to 600°F (171 t o  316OC) 
of asphalt cement. The a u t o  ignition temperature of sulfur i s  around 
500°F (26U°C) [21, 281. Sulfur i s  n o t  soluble i n  water, b u t  i s  

-%I 

moderately soluble i n  many other 1 iquids 1291 including asphalt. 

5 
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The thermal conductivity of sulfur modified pavement mixes vary 
widely with composition. One series of tes ts  found nearly comparable 
val ues for Sulfur-Asphal t-Sand (SAS) pavement systems and asphalt 

2 concrete of 11.7 and 15.7 x lom4 cal/cm - sec - OC, respectively [30]. 

The primary hazards due t o  the presence of sulfur i n  pavement 
operations and handling situations are gaseous emissions of hydrogen 
sulfide (H2S) and sulfur dioxide (SO2) as we1 1 as airborne fumes and 
particulate (colloidal ) sulfur. These primary hazards can usual ly 
be gauged i n  terms of temperature, time-duration under temperature, 
and dispersion factors. The relative toxicity of these pol 1 utants 
will be discussed la ter  i n  this  report. 

The sul fur-asphal t mixes are prepared using elemental sul fur 
and asphalt preheated to temperatures ranging from 265 to 300°F 

(130 - 14g°C). Under these conditions the elemental sulfur can be 

oxidized to sulfur dioxide, which i n  turn can be converted t o  sulfur 
trioxide (Eqn 1 ) .  

1 a i r  
gS8 - so2 a i r  

S03 

. The oxidation of sulfur dioxide to sulfur trioxide i s  rather slow in 
the absence of catalysts. In the presence of moisture these two 
oxides o f  sulfur will dissolve i n  any water droplets present. Sulfur 
dioxide, which i s  quite soluble i n  water, will be physically dissolved 
i n  the droplets w i t h  an exceedingly small part reacting w i t h  the 
water to form sulfurous acid (Eqn 2 ) .  

H2° 
( 2 )  SO2 - S02dissolved -H2S03 

Aqueous solutions of sulfur dioxide possess ac idic  properties w i t h  a 
m 

dissociation constant of 1.3 x 1 0 ~ '  ascribed to the medium-strong 
sulfurous acid. 



Sulfur trioxide will form the strong an1 corrosive sulfuric acid 
(Eqn .  3 ) .  

During the various operations carried out a t  I elevated temperature, sulfur 
will be dispersed into the a i r  i n  particulake form. This particulate *r 

I 
sulfur can be deposited or be slowly oxidizbd. 

Sul fur reacts with many organic cornpoun~s. Saturated hydrocarbons il. 

are dehydrogenated w i t h  formation of hydrogkn I sulfide (Eqn. 4 ) .  The, 
thus, generated olefins can add sulfur across I the double bond forming 

I 
(4 )  RCH2-CH2R'- , R C H  = CHR1 + H2S 

I 
organic sul fur deri va t i  ves , or can pol ymeriize to hydrocarbons o f  

higher mol ecular mass. Instead of olefin qormation, sulfur may couple 
two hydrocarbon molecules ( E q n .  5) or yie14 i an organic sulfide (Eqn .  6 ) .  

Both of these reactions produce hydrogen sdl fide. 
I 

+1/8 S8 I 
( 5 )  I 

R-R + H2S 

ZRH< 
I I R - ( ~ ) ~ - ,  R + H2S ( n  + l,Z ,... ) 

The reactions of sulfur with organic compodnds are very complex and have 
not yet been elucidated in detail .  The ordanic products formed in 
these reactions are expected to be non-voldtile a t  the temperatures pre- 
valent d u r i n g  preparation, placement and nc/rmal use of the sulfur-asphalt 
mixture. Hydrogen sulfide i s  the most impqrtant 1 gaseous product of these 
reactions. The extremely poisonous gas, hydrogen sulfide, can be detected 
a t  concentrations as low as 0.02 ppm by i t4 revol t i n g  odor b u t  tends t o  4 

dull the sense of smell a t  higher concentrdtions and d u r i n g  longer 
exposure. I t  i s  thermally very stable. 04ly 75% of a sample i s  decomposed 

4 a t  3000°F (164g°C). In a i r ,  hydrogen sulflde under normal atmospheric 

conditions was estimated to be approximateiy four days [31]. Hydrogen 
I 



sulfide and sulfur dioxide can then react to form elemental sulfur 
(Eqn.  8) which would appear i n  the a i r  as particulate matter. 

(7) H2S 
a i r  * H20 + SO2 

The reactions of sulfur w i t h  a i r  or the hydrocarbons i n  the asphalt 
&a will produce large quantities of noxious gases a t  tevperatures above 

300°F (149OC). One can, therefore, expect to find sulfur dioxide, 
hydrogen sulfide and some sulfur trioxide and their  reaction products 
w i t h  water in the a i r  i n  the vicinity of locations where hot sulfur- 
asphalt mixes are handled, when the a i r  i s  humid. 

Under normal use, surface temperatures of sul fur-asphal t pavements 
are maintained below 300°F (1 4g°C). Therefore, hydrogen sul fide and 
sulfur dioxide will very 1 i kely n o t  be generated i n  amounts to exceed 

1 

their Maximum A1 lowable Concentrations (MAC) [6, 71.  Slow oxidation 
of some of the sul fur wi l l  occur. as described by (Eqn .  1 ) . , 

An accident which dauses a f i r e  on such a pavement could locally 
raise the temperature of the mix h i g h  enough to generate hydrogen 
sulfide through reactions of sulfur w i t h  organic compounds ( E q n .  4 ,  5, 6 ) .  

An additional part of the sul tur will b u r n  to  sulfur dioxide ( E q n .  1 ) .  
Sulfur-asphal t pavements are natural ly  exposed t o  the infl uence of 

atmospheric agents. The oxygen of the a i r  will very slowly oxidize the 
sulfur to sulfur dioxide. This reaction i s  too slow to cause any poll u- 

tion problems. I t  could also happen, that the organic sulfides i n  the 
mix are oxidized to  sulfinic or sulfonic acids by oxygen (Eqn.  9 ) .  

4 

( 9 )  R-S-S-R 
'20 r I R s o 2 H ~ a i r  

w. RS03H 

These acidic substances are more soluble i n  water than, for instance, 
the disulfides. They could be leached out by rain and enter surface and 



1 

ground water streams. These compounds are related t o  snythetic surfac- 
tants , which are constituents of detergents, and shoul d be biodegradable. 
Highly polar solvents such as water, deicing liquids, aqueous acids and 
a1 kal ies are not expected to dissolve much more from the sulfur-asphal t 
pavement than from a pure asphalt mix. Depending on the strength o f  an 
a1 kal ine solution part of the elemental sulfur can be converted t o  a1 kali 
polysulfides (Eqn. l o ) ,  which are soluble i n  an aqueous medium. In 

I 

i water I 

NaOH 
( lo )  s8 8 Na S 

H2° 
2 n 

containing dissolved oxygen these sulfides will be oxidized to  sulfuric 
acid as the final product. Non-oxidizing acids, such as hydrochloric 
acid, do not dissolve sulfur. Oxidizing acids convert sulfur to sulfuric 

I 

acid. I 

Su1 fur will not be dissolved to an appreciable extent by engine 
o i  1 , grease and gas01 ine. The organic sul f/rr compounds are more 1 i kely 
to be extracted from the pavement by these materials. Through the 

- i 
mechanical action of the atmospheric agents!, sulfur particles can be 
torn loose from the pavement and enter the run-off. 

1 .1.4 Pol lutants Encountered i n  Su1 fur-Asphal t Mixes 
I I 

General : Throughout the devel opment o f :  the sul fur-asphal t concept 
one o f  the major concerns of the industry hbs been the potential hazards 
created a t  the construction s i t e  due t o  t h d  evolution of toxic gases 
( H p S  and SO2) and particulate sulfur. 0ve4 the years Shell and Gulf 
have monitored these pollutants both i n  the 1 aboratory as we1 l as i n  

conjunction w i t h  their  full-scale f ield t r ib l s .  As yet ,  none o f  the i r  

data has been reported i n the open 1 i teratuire. However, She1 1 [I , 41 
I 

has stated t h a t  as long as the temperature !of I the mix i s  maintained 
below 300°F (14g0C) the concentrations o f  HeS and SO2 produced are well 

below .the maximum allowable concentrations !as I suggested by the American 
I 



Conference of Governmental Industrial Hygienists (AcGIH) [32]. Simi 1 a r  
studies a t  TTI and the Bureau of Mines support th i s  claim [6, 331. 
For the sake of clarification the nature o f  the safety problem 

I 

associated w i t h  these types of contaminants will now be discussed. 

RELATIVE TOXICITY OF H2S - 

Hydrogen Sulfide i s  known for i t s  characteristic "rotten egg" 
odor. A1 though th is  odor i s  noticeable a t  concentrations as low a s  
0.02 ppm [32j,  odor i s  not a good indicator of concentration level. 
Hydrogen sulfide can have a paralyzing effect on the sense of smell 

[34]. Therefore, high and potential ly fatal  concentrations of H2S 

can escape recognition. 
The basis used for establishing the relative toxicity of emissions 

data generated d u r i n g  t h i s  project were the relationships between 
H2S concentrations and human effects as specified by ACGIH [32, 351. 
These reia tionships are shown below: 

Toxic? ty of Hydrogen Sulfide [35] 

Concentration, ppm Effect 

0.02 Odor threshold 
0.10 Eye i r r i ta t ion  
5-10 Suggested Maximum A1 lowabl e 

Concentration (MAC) for 
prolonged exposure 

70-150 Slight symptoms a f t e r  exposure 
of several hours 

1 70-300 Maximum Concentration which 
can be inhaled for  1 hour 

P 400-700 Dangerous a f t e r  exposure for 
- 1/2 to 1 hour 

600 Fatal with 1 / 2  hour exposure 
* 

On the basis of these effects a MAC value of 5 ppm i s  normally 
specified as the upper thresh01 d 1 imi t for continuous exposure t o  H2S 

emissions i n  areas normal ly expected to be occupied by construction 
or plant personnel . 



RELATIVE TOXIC1 TY OF SO 4 

Concentration (ppm) I 
1 

~ e t  c ted  by t a s t e  
I n j  1 r i o u s  t o  p l a n t  f o l i a g e  
No$)ceable odor 
MAC (ACGIH) 
fm d i a t e  i r r i t a t i o n  o f  nose 

bnd t h r o a t  
IrrF t a t i o n  t o  eyes 
MAC/ f o r  30-60 min. exposures 
I m d ~ d i a t e l ~  dangerous t o  1 i fe  

The present Federal standard f o r  SO2 i n  an 8-hour t ime weighted 

average o f  5 ppm (see 29CFR, 1910,93 pub1 ished i n  the  Federal Register,  

Volume 37, p. 22139, October 18, 1972) ~ 3 7 1 ' .  This i s  the  MAC s p e c i f i e d  

as the  upper threshold 1 i m i  t concentrat ion f o r  SO2 emissions i n  areas 
I 

normal ly expected t o  be occupied by cons t rub t ion  o f  p l a n t  personnel. 

Sul f u r  Diox ide (SO2) i s  a co lo r l ess  gas w i t h  a pungent odor which, 

u n l i k e  H2S, gives ample warning o f  i t s  pres nce. The p r i n c i p l e  hea l th  

hazard from SOp comes from i n h a l a t i o n  o f  exhessive q u a n t i t i e s  above i t s  

MAC. The basis f o r  es tab l i sh ing  the  r e l a t i l e  t o x i c i t y  o f  emissions data I 

generated dur ing  cons t ruc t ion  should be the  re1  a t i onsh i  ps between SO, 

concentrat ions and human e f f e c t s  as s p e c i f i k d  by the  Nat ional  I n s t i t u t e  k% 

f o r  Occupational Safety by Health and The ~ k n u f a c t u r i n ~  chemists Associ- 

a t i o n  [36] and shown i n  the  f o l l o w i n g  tab le1  

T o x i c i t y  o f  S u l f u r  Dioxide 1361 

, I 

Vapor given o f f  dur ing  mix ing and dumpi'ng operat ions conta in a 

c e r t a i n  amount o f  undissolved and unreacted su l fu r .  As the  vapors 

come i n  contact  w i t h  a i r  and cool , the s u l f u r  vapor c r y s t a l  1 i zes  i n t o  

small p a r t i c l e s  which are  c a r r i e d  by the  wlijnd i n  a manner s i m i l a r  t o  
I 



dust and fine sands. Since there i s  no practical way to eliminate 
th is  pollutant, i t s  effects on both environment and personnel need to 
be considered. 

This section will be devoted t o  a discussion of the relative hazards 
associated with sulfur dust on construction personnel as specified by the 

r' 

Manufacturing Chemi s t s  Association [38]. Assessments of the envi ron- 
mental impact of this  pollutant i n  sulfur pavement construction do n o t  

* exist. 
The principal problems associated with sulfur dust l i e  in i t s  con- 

tact  w i t h  eyes. Sulfur i s  virtually nontoxic and there i s  no evidence 
that systemic poisoning results from the inhalation of sulfur dust. 
However, sulfur i s  capable of i r r i ta t ing  the inner surfaces of the eye- 
l ids.  Sulfur dust may rarely i r r i t a t e  the skin. This problem i s  m i n i -  

mized by the requirement t h a t  goggles be worn in areas subject to this  
pollutant such as a t  the hot mix plant and i n  the vicinity of the 
paver. 

The primary hazard in handling sol id sulfur results from the fact 
that sulfur dust suspended i n  a i r  may be ignited. This problem i s  
almost always 1 imited to enclosures and unventilated areas. Since 
this  i s  not typical of the h o t  mix plant or the paving area this  
particular hazard i s  not a major concern. 

To minimize possible i r r i ta t ion ,  unnecessary contact w i t h  skin 
and eyes should be avoided. Following the work period, sulfur dust 
should be removed with mild soap and water. For rel ief  of eye 
i r r i ta t ion ,  eyes should be thoroughly f l  ushed w i t h  large quantities 
of plain water o r  physiological saline. Inadequate amounts of water 
may actual ly increase eye i r r i  tation. 

J 

1 .I .5 TTI's Experience w i t h  Evolved Gases f r o m  Sul fur-Asphal t 
Mixes i n  the Laboratory. 

Throughout a1 1 of i t s  sul fur-asphal t-sand (SAS) and sul fur 
extended asphalt (SEA) studies TTI continually monitored H2S and SO2 



I 

emissions produced during mix preparation anid I sample fabrication. 
A t  the outset virtually no SO2 was detected i n  any of the operations 

I I 
and concern was directed primarily to monitdring H2S. The results of 

I 

1 th is  activity are reflected in two reports [30, 391. The H 2 S emissions 

1 which were encountered as a function of sulqur-asphal t (S /A )  ratio i n  
1 1 

I the mix are tabulated below: I 

I I 
I 

I 

Sul fur-Asphal t Ratio 

2.25 (normal for Thermopave [I] 
2.66 

3 .33  

1 H2S Concentration, ppm 
Mean Range 

B o t h  mean and ranges fe l l  well within ihe suggested MAC levels for 
a l l  S/A ratios tested. I t  should be mentioded that these data were 
taken 18 inches from the source (or surface o f  the mix) which was 

considered t o  be the normal working distanch for laboratory personnel. 
All mixes were prepared a t  temperatures wit i n  the range suggested 
by Shell ( i  .e. 270°F to 300°F or 132'C to 1 ,g°C) the emissions above 
300°F are shown i n  Figure 2.  

t I 

I 

The above data however do n o t  reveal tlpe true peak concentrations 
which occur upon in i t i a l  mixing stages ( i  .el when sulfur and asphalt 
are introduced into the mix) . The peak loatis detected produced more 

higher concentrations which dissipated in a !  matter of seconds. S u c h  

a comparison i s  shown in Figure 3 which compares t h e  peak H2S concen- 
tration during m i x i n g  (0 t o  30 seconds af te  introduction o f  sulfur) I with the concentration present a t  t h e  end of a 3 minute compaction 
time for a mix w i t h  an S/A rat io of 2.5. ~ I t i c i p a t e d  S/A ratio for 
sulfur-asphalt mixes range from 0.2 for SAE systems to 2.5 for sand- 
asphal t-sulfur mixes. 

I 
1 



PPM ' 

Time o f  Reaction (Hrs. ) 

F igure  2. E f f e c t  o f  Temperature on Hydrogen S u l f i d e  Concentrat ion 
i n  SAS M i x tu res  as a F u ~ c t i o n  o f  React ion Time. 

15 



Figure 3 shows tha t  the H2S present w i t q i n  seconds af ter  
he contact of sulfur and asphalt took place d u r i n g  mixing was about 
16.4 pprn. This concentration dipped t o  0.4 ppm by the time the 
mix was ready f o r  compaction about 3 minutes l a t e r .  A1 though 

, 

the  f igure,. does not indicate the total trac$ i t  was observed 
that H2S concentrations were reduced t o  safe levels  within 8-10 

seconds af ter  mix ing  was ini t ia ted.  

I 
I 

i 
I - i 
I 

16.4 ppm 

( Maximum During Mixing) 

Sulfur introduced 

TlME , min. 

F igure  3 -  Comparison of H2s Evolution Duri n p  Mixing and 
Compaction. I 

! 



1 . l .  6 TTI ' s  Experience w i t h  Evolved Gases from Sul fur-Asphal t 
Mixes-Field Trials. 

Data on gaseous emissions were taken by TTI  on both the L u f k i n  

[13] and Kenedy County, Texas 171 sul fur-asphal t fie1 d t r i a l  s .  The 
Lufkin t r i a l s  were only moni tored for H2S a t  virtually a1 1 important 
areas throughout the construction s i t e .  The results of th is  effort  
are indicated in Figure 4 which shows the H,S concentrations a t  these 
locations. I t  should be noted that w i t h  t h e  exception of the area 
inside the sulfur storage tank a1 1 H2S concentrations were well below 
MAC values. Since th is  location i s  not considered to  be a normal 

area, safety considerations normal ly  employed for sul fur 

hand1 ing woul d prevai 1 [21]. 
Probably the most extensive emissions monitoring a t  a f ie ld  

t e s t  s i t e  was conducted by TTI along with personnel from the Bureau 
o f  Mines and the Texas Air Control Board (TACB)  a t  the Kenedy County, 
Texas f ie ld  t r i a l s .  Details o f  that  study are given in the construction 
report [7] for  that  project and will be summarized below. 

The evolved gas measurements were taken during the construction 
period 5-7 April, 1977. TACB data were obtained using a mobile 
sampl i n g  van which moved about the various sampl ing s i tes .  Speci fical ly,  
measurements were taken a t  the following locations : Sul fur storage 
tank, hot-mix plant mixing chamber and the paver hopper and auger. 
Additional measurements were taken downwind of the plant and paver so 
as to establ ish dissipation factors. 

Except for  downwind sarnpl ings, most of the emissions readings 
generated by TACB were considered to be "sourcet' type data; that  i s  

i)) measurements were taken directly over the mixture. Samples were 

collected with a 5 - f t .  (1.5rn) probe of 3/8 in. (9.5 mm) O.D. stainless 
+ steel t u b i n g .  Gases were sucked back to the analyzer through a 1/4 i n .  

(6 .4  mm) polyethylene tube by a Metal Be1 lows Company, Model MB-41 

Samples were lected by placing the probe t i p  a t  distances 





which ranged from 1 to 12 inches (25.4 n to  305 m) from the 
surface of the material from which the gases were being evolved. 
These distances are much less  than that  normal ly occupied by personnel 
which normally range from 2 to 6 f t .  (0.6 to 1.8 m ) .  Hence the 
designation "source data" were assigned to these samplings. As a 
backup to the source data collected by TACB, both TTI and the Bureau 
of Mines sampl ings were obtained a t  locations more representative 

s 

of those which m i g h t  be expected to be occupied by personnel. 
One such area was on the platform of the hot-mix plant where the 

various mix ingredients were introduced into the pug mil 1. Continous 
samplings over a 24-hour period were taken in the vicinity o f  the manually 
operated feed controls a t  a height 'equal to nose level of the operator. 
Additional 24-hour continous samplings were taken a t  a point under the 
pug mill and just over the dump bodies of the trucks. Both of these 
points were monitored using a Houston-Atlas Sampler w i t h  a continuous 
read-out. This u n i t  was furnished by the Bureau of Mines Metallurgy 
Research Laboratory of Boul der City, Nevada. 

TTI personnel took samplings for  both H2S and SO2 using two types 
of portable sensing instruments. A Metronics Model 721 "Rotorod" Gas 
Sampler 1291 which i s  designed for monitoring only H2S emissions was 
used to collect data i n  the vicinity o f  the plant, w i t h i n  the quality 
control testing laboratory, inside the cabs of hauling trucks, a t  the 
paver operator's seat,  alonside the paver, a t  the paver's hopper and 
auger and i n  the vicinity of the sulfur storage tanks. 

The other portable sampler employed was a Drager Tube w i t h  a 
manual ly operated be1 lows. Appropriate calibrated tubes for monitoring 
both H2S and SO2 were used with th is  device. 

Sampl ings were taken a t  essentially the same locations monitored 
by the Metronics Rotorod Sampler. Drager tube measurements of H2S 

concentrations thus provided a back u p  to those taken w i t h  the Rotorod 
Sampler. 



KENEDY COUNTY TESTXESULT 

The r e s u l t s  o f  the measurements taken I 

various l oca t i ons  o f  the cons t ruc t ion  s i t e  

Tables 1 t o  3. 

Table 1 inc ludes data taken a t  and i n  

mix p l a n t  and s u l f u r  storage area. Table 2 

i n  t he  v i c i n i t y  o f  the  paving operat ion. T 

areas monitored. Data are presented i n  a m 

sampling agency (TACB , TTI  o r  both),  sampl i 

t r a t i o n  and support ing remarks. 

As has been reported, as long as the  t 

systems were maintained below a maximum o f  

were found t o  be w e l l  below suggested MAC v 

occasions when screed temperature con t ro l  w 

as measured i n  l oca t i ons  normal ly frequente 

were found t o  be s i g n i f i c a n t l y  l ess  than 5 

'complaints were reg i s te red  dur ing  the  e n t i r  

supports t h i s  conclusion. I n  some cases "s 
t h a t  is ,  samplings taken d i r e c t l y  over t he  n 

be excessively  high. However, i n  an open-a 

concentrat ions are r a p i d l y  reduced w i t h  d is  

The h ighest  concentrat ions encounterec 

Lu fk in ,  were a t  o r  near the load ing  p o r t  of 

and i n s i d e  the  pug m i  11. Since these are  r 
personnel areas the sa fe ty  hazards are cons 

A l l  measurements o f  SO2 concentration: 

us ing the  Drager Tube. The data g iven belc 

concentrat ions measured a t  var ious l o c a t i o r  

: H2S concentrat ions a t  

id p l a n t  a re  given i n  

m 

l e  v i c i n i t y  o f  the h o t  

:ontains emissions monitored a 

~ l e  3 includes a1  1 other  

lner  t o  r e f 1  e c t  l oca t i ons  , 
3 equi pment , average concen- 

nperature o f  su l  fur-asphal t 

10°F (14g°C), HpS emissions 

lues. Except f o r  several 

j 10s t, HpS concentrat ions 

by cons t ruc t ion  personnel, . 

pm. The f a c t  t h a t  no 

cons t ruc t ion  per iod  

urce type" emissions; 

x ma te r i a l ,  appeared t o  

r environment these 

ance. 

as was the  case a t  

the s u l f u r  storage tank 

t considered t o  be 

dered t o  be minimal ". 
were monitored by TTI 2. 

show the ranges o f  SO2 

a t  t he  paving s i t e .  
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Table 2. H2S Emissions a t  and i n  the  V ic in i ty  o f  the  Paver. 

Location Sanlpl i ng Sanlpl i ng Average Renla rks 
Agency Equ i pnlen t Concent r a t  i on NPA - non personnel area 

( PP~S) PA - personnel area 

Paver - 
a) Floor a t  Paver 

Operator's Feet TACO Telematic PA (1 person) 

b )  I n  Paver Operator's 
Chair TTI . Rota rod Trace PA (1 person) 

TT I Drager Tube Trace PA (1 person) 

c )  Paver Hopper TACB - Telematic 4.3 NPA 

BOM/TT I Orager Tube 2-5 NPA 

d) Alongside Paver (a t  
Auger) Downwind 

2 )  Over Paver Auger 

Drager Tube 

. Drager Tube 

PA (1-2 people) 

NPA 

Paver V ic ln i  t y  

a) 300 ft. Upwind T A U  Telematlc 0 . PA ( l i g h t )  

b)  25 ft, Downwind BOM/TT I Orager Tube 0 PA . ( l i gh t )  
- - . - - ---- - - - - - - 

PA f 109ht) - 
c) 100 ft, Downwind TAGB - - - Telematic 0.2 

d) 200 f t. Downwlnd TACB Telematic 0 NPA 

Over Pavement Behind Paver 

a)  0.5 ft, over surface TACO Telen~atlc 

b) 2 ft. over surface EiOM/Tf 1 Drager Tube Trace 

NPA ' 

NPA 

*Ilighes t concentrat Ions were encountered during a perlod when temperature control  o f  the screed was l o s t  
causinfl nilx telnperature t o  exceed 3200F. (160QC). When temperature was reduced below 300'F (149mC).. concentra t lons 
ware reduced t o  near minimum values. 

1 ft. = 0.31 m 





Location Range (ppm) 

Above paving hopper 
A1 ongsi de paver (downwi nd) 
Behind paver 
Paver operator seat  
Hot mix plant platform 
Inside truck cab 
Vicinity of sulfur storage tank 
Directly over paved surface 

0 - 0.5 
0.5 - 20 

0 
0 

Trace 
Trace 
3 - 12 

0 

4 As indicated, the values varied consi ddrably w i t h  some concentra- 
i I 

tion levels exceeding the MAC value recornended by ACGIH. These values 
were obtained primarily i n  areas of minimal worker exposure such as the 

1 
h vicinity of the sulfur storage tank and very close to the material i n  
5 
1 

i 
? the paver. The l a t t e r  were attributed to the deliberate overheating 
i 

j of- the  paver screed, a temporary event, w h i q h  occurred near the end 
1 

I of construction. After these readings were taken the screed temperature 
1 was reduced and the concentrations were sub$equently reduced to the lower 
h 1 
I val ues indicated above. 

The paver screed without suitable temperature control s ,  woul d 

appear to be the main source of potential l y  high H2S and SO2 emissions. 
A t  typical operator and workmen locations oh the paver and a t  the hot m i x  

plant platform gas toxicity was negligible. As i n  the case w i t h  H2S, 
, gas evolution stayed well below established! MAC limits when mix and 
1 

4 paving temperatures were mai ntained under 3$0°F (14g°C) . Evol ved gas 
analyses were carried out a t  a number of other f ield t r i a l s  including 
Lufkin, Texas (1975), Bryan, Texas (1978) [14], Boulder City, Nevada 
(1977) and Tucson, Arizona (1979). In general I , the emissions detected 
were well w i t h i n  the MAC values and consistent w i t h  the anticipated 
concentrations shown in Figure 4. 

* 
I 

Only a 1 i m i  ted amount of particulate s i l  f u r  measurements have been 

taken t o  date. The Bryan, Texas project [I  1, uti l  ized a number of I I 

"Hi -Val " d u s t  col lection units (Figure 5) stationed a t  various 1 ocations 





drawn into a covered housing and through a f i l j e r  by means of a 
3 high flow-rate blower a t  a flow rate  o f  40 t o  40 f t  /min  (1.13 t o  

3 1.17 m /min)  which allowed suspended particles having , diameters 
less than 10 rn to pass to the f i l t e r  surface. The mass concentration 

3 1  o f  the particulates i n  the ambient a i r  ( g/m 1 , was computed by 

measuring the mass o f  collected particulates add the volume o f  a i r  
sampled. The total particulate matter collectdd by the four Hi-Vol 

2 units were analyzed i n  accordance w i t h  ASTM ~ 3 6 - 4 0 ,  the results 
I 
I i of which are shown i n  Table 4. The amount of total particulate 
i 

i sulfur present was so minute that  i t  was not deemed t o  be a hazard 

even regarding eye i r r i  tation. i 1 

I 1 .I .7 Summary 

1 The relative toxicity of three forms of pol lutants (H2S, 
1 

SO2 and sulfur dust) were discussed. As long 4s the m i x  temperature * 
3 

i s  n o t  permitted to exceed 300°F (14g°C), concentrations of the two 
gaseous pollutants can be expected to remain bhlow recommended 
allowable threshold limits. This condition in icates the need t o  
provide positive temperature controls a t  both he h o t  mix plant 
and the paver. 

A1 though only limited amounts o f  data on ulfur dust generated C 
during construction have been obtained to datel, experience dictates 
t h a t  the only major hazard to personnel l i e s  ip i r r i ta t ion  to eyes. 

i Safety goggles are recommended to offset this  problem. No on-the- 
job observations taken as yet would indicate tbat sulfur dust i s  
present in sufficient quantities to create a h i  a l th  hazard. I t  

has been recommended that additional data on s lfur dust be generated 1 
on any future sulfur-asphalt f ie ld t r i a l s .  1 

The location where highest concentrations of H2S and SO2 can 
be expected a t  a job s i t e  will be i n  the sulfuL storage area more 
specifically near the loading ports of the storage tank which i s  
not considered a personnel area. Furthermore, the concentrations 
o f  the pollutants decrease rapidly w i t h  distance thus el iminating 
this  area as a potential safety hazard to plant I workmen. Normally 





accepted safety practices [24-261 should be emdloyed during transfer 
of hot sulfur from delivery trucks to the storage I tanks. 

2 OVERALL PROGRAM PURPOSE, SCOPE, AND OBJECTIVES 

2.1 Purpose 4 

The purpose of this  investigation was t o  dvaluate the environ- 
mental and safety hazards along w i t h  the develdpment of safety guide- 
lines associated w i t h  the use of sulfur i n  highway pavements. This 
was accomplished by virtue of a series of laboratory , and simulated 
f ield tes ts  in which the safety and environmental aspects of materials 
storage and hand1 i ng , forrnul ation, constructiod , operation and 

maintenance of highway pavements containing sul fur were evaluated. 
The structuring of these tes ts  and the evaluation of the results 
were complemented by the preparation of a f ie ld evaluation plan i n  

which the sources, relative tuxici t y ,  safety ajd I methods of monitoring 
and analyzing pollutants were identified. An innotated bibliography 
speci f i  cal l y  oriented t o  the safety and envi roqmental I effects . 
associated with .sul fur-modi fied paving materials preparation and 

construction was also prepared. 
2 . 2  Scope and Objectives i 

The long range objectives of the study were to evaluate the 
environmental and safety hazards and define sohe safety guidelines 
for the use o f  sulfur i n  highway pavements. cbnsideration I was 

given to the possible evaluation and identificbtion of toxic and 
obnosious fumes, dusts and runoffs which m i g h t  be produced d u r i n g  

formulation, storage, construction and maintenance o f  sulfur 
modified paving materials. Thi s scope was extknded I to consider 
effects on humans, animals, soi 1s , highway structural I material s , 
ground waters and vegetation. The i nvesti gatian was carried out 
i n  four tasks: I 

Task A - Laboratory Identification and f vial uation o f  Hazardous 
Materials and Conditions I 

Task B - Human Safety and Environmental dspects I 

I 
i 

I 
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Task C - Field Evaluation Plan 
Task D - Annotated Bibliography 

and the final report was prepared i n  the following three volumes to 
provide a basis for  selective and more cost effective distribution. 

Volume I - Evaluation o f  Environmental and Safety Hazards 
a Volume I1 - Field Evaluation Plan 

Volume I11 - Annotated Bibliography 

- Volume I contains primarily the results of the e f for t  i n  Tasks 
A and B ,  the conclusion and recommendations generated i n  Task C and 
a discussion of the scope of Task D. Volume I I  provides a more 
detailed treatment of the f ie ld evaluation plan and Volume I 1 1  the 
individually synopsized l i s t  of references. The l a t t e r  have been 
codified, cross referenced and se t  up t o  permit easy u p d a t i n g .  

d" 
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3 TECHNICAL PROGRAM 

3.1 Task A - Laboratory Identification and Evaluation of Hazardous 
Materials and Conditions 

This task studied a number of different mix designs representative 
of typical sulfur-modi fied paving materials, Both sul fur-asphal t 
systems and sulfur concrete were considered. Mix designs were not 
selected on the basis of any structural capability and, as such, would 
not necessarily be considered optimum. They were chosen so as  to 
represent a range of sulfur contents, and abgregate gradations, addi tives 
and specialty concepts (e.g., recycled mixes). The work plan for Task A 
i s  given i n  Figure 6.  , 

Emi ssions, contaminants, environmental impact and  possi ble anornolous 
behavior were examined under four conditions: ( a )  mix preparation, 
( b )  weathering, ( c )  simulated f i r e  and ( d )  chemical sp i l l s  and sur- 
face treatments such as sal t and. deicers. Mix preparation was conducted 
over three temperatures, two within the normal working range for sul fur 
paving mixtures and one a t  an abnormally high temperature as m i g h t  be 

encountered when temperature control i s  lost .  Other process variables 
include humidity and oxygen levels. 

Weathering studies were designed to look a t  the effects o f  long 
term exposure t o  the elements, run-off during rainfall  condi tons, of 
pavement material s and 1 eachates produced by exposure to h i g h  surface 
temperatures, ul tra-violet (actinic) 1 i g h t ,  freeze-thaw cycl ing and 
t r a f f i c  wear. Biological act ivi ty and concpmitant weathering were a l s o  

cons1 dered. 
The potential of the sulfur systems fo'r catching f i r e ,  sustaining 

i( 

a burn  and creating pollutants during combustion were also assessed. 
Finally, the resistance to attack by surface treatment chemicals such 

as brines and deicers were studied relative t o  safety and environmental 
impact. 
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L 8 h Br 

TASK A 

LABORATORY I DENTI FICATI ON AND EVALUATION OF HAZARDOUS 
BtATERIALS AND CONDITIONS 

I 
I Establ ish Mix Oesign 

I 
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Mi x Preparation Weathering Simulated F i r e  S p i l l s  

I Large Scale Slabs Sal ts  
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Surface Temperature Solvents 
Emissions ~ssoc ia ted  Inorganic Sul fur  Fumes 
w i th  Mix Preparation Organic Pol lu tants 

t 
E f f ec t  o f  Dicyclopentadiene 

Inorganic Sul f u r  Contan~inants -""Off 3 on Sul fur  Concrete Emissions 
Temperature and U.V. Radiation 

Organic Pol 1 utan t s  U.V. Radiation 

Freeze Thaw - - 
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Chemical l iydro lys i  s 
- A i r  

L ~ i o l o g i c a l  Weathering 
N i  trogen 

To Task B 

Figure 6 .  Task A Work Plan.  



3.1.1 Mix Design Preparation. 

The evaluation was conducted on three different types of sulfur- 
asphal t mixes; (a)  aggregate-asphal t-sul fyr  (A-A-S) , ( b )  sul fur 
extended asphalt (SEA)  and sulfur recycled. Incl uded i n  the SEA series 
were mixes prepared with both dense and oped graded aggregate systems. L 

For comparison purposes a conventional dense graded asphal t i c  concrete 
system was used as a control. 

1 

I 
I 

I Dur ing  the mix preparation phases d i  f f  ilcul t y  was experienced 
i 

1 w i t h  the AAS - open graded system. AAS mix& possess characteristically 
I 

h i g h  sulfur contents ( i  .e .  Sulfur/asphal t {atios s 2 to 1 ) .  Because 
of the permeabi 1 i ty  of the open graded aggrdgates, seepage of the 1 ow- 

viscosity, liquid sulfur resulted i n  poor humogeniety in the samples 
prepared. The problem persisted until the dulfur content was reduced 
below 30 weight percent o f  binder. This apiroached the sulfur content 
of the direct blended SEA open graded mix. ;Therefore a "practical " 

. . AAS, open graded mix was considered to be unachievable. 
In addition to the sul fur-asphal t systdms, two sul fur concrete 

mixes were prepared. One mix was a sulfur-qggregate system with no 
addi tives whi  1 e the other contained ~i cyclodendadiene (DCPD) a t  5 percent 
by weight o f  sulfur. The aggregate was a 54/50 rounded gravel/concrete 
sand blend. 

The selection of the materials and the resul t ing mix designs for  
the preparation of laboratory samples which /were used throughout the 
program are shown i n  Tables 5, through 8. Tqble 5 i s  a l i s t  of the se- 
lected mix materials and sources. Tables 6 land 8 contain the mix  

designs for seven sul fur-asphal t and four sdl fur concrete systems, 
b, 

respectively. Table 7 contains the notations I for Sulfur-Asphalt 
sys terns . 

3.1.1 .I' Characterization Tests. 

The results of the characterization t e  t s  (see Table 9)  conducted .' 
32 I 

I 

I 

I 

1 

I 
I 

I 

'i i 



Table 5. Selected Concrete Materials. 

Asphalt Cement 

Designation: AC- 1 0 

Source : American Petrofina 
M t .  Pleasant, Texas 

Elemental Sulfur 

Designation: Sulfur 

Source: Stauffer Chemical Co. 
Speci a1 t y  Chemi cal D i  vi s i  on 
Westport, Connecticut 

Aggregates 

Designation: Crushed Limestone 

. Source: Texas Crushed Stone 
Burnett, Texas 

Designation: Rounded Gravel 

Source : G i  fford-Hi 11 
Bryan P i t  

Desi gnati on : Concrete Sand 

Source: G i  fford-Hi 11 

Bryan P i t  

.*r Designation: Beach Sand 

Source: TAMU Stockpile - 



Tab1 e 6. Selected Mix Designs and Mater ia ls  f o r  -Laboratory Samples 
o f  Aspha l t i c  Concretes . 

*Asphalt I n s t i t u t e  Gradation IVb. 

**Texas Highway Department Grade 4. 

*** 
D e f i n i t i o n s  o f  no ta t ions  and symbols used i n  i d ,en t i f y i ng  mix types and 
designs are  given i n  Table 7, page 35. 

Binder 
Proport ions 

25% Su l fu r  
75% Asphalt 

I Mix 
Number 

1 

I 1 

Binder \ A G G R E G A T E  Mixing*** 
System 

Aggregate 
-Aspha1 t 

3 

Content I I Mater ia l  Gradation 

( AAS ) 

Dense* 6.9 w/o 

70% S u l f u r  
30% Asphalt 

Crushed 
Limestone 

Uniform 19.5 w/o 

1 .25%Su l fu r  
0% Asphalt 

1.25% S u l f u r  
1.0% Asphalt 

25% Sul f u r  
75% Asphal t 

20% Su l fu r  
80% Asphalt 

4 

5 

2 

7 

3 

i 

, Beach 
Sand 

I 

Dense 

Dense 

1.25w/o 

2.25% 

Aggregate 
-Emu1 s i  on 

(AE) 

1 
, / N e l l i s  
1 Runway 
I 1 Recycled 
j Mater ia l  

Dense A s ~ h a ' t i c  

- 
%4 wW/ 

4 

I 

I I 

O $ ~ ~ l f ~ ~  

6.9% w/o 
j 
, Crushed 

I I 

I 
I 
o 

[I 

Limestone 
I 

Open** 

6 

I 

I 
I 

(AC)  1 (Cont ro l )  . I I 

100% Asphal t 
4.5% 1 Crushed 

1 Limestone 
I 





Tab1 e 9. Propersies o f  the Laboratory SUI fur-Aspha1 t Mi x 
Desi gn . . 

1 psi  = 6.89 kPa 
1 I b f  = 4.45 N 
1 i n  = 25.4 mm 
IOF = 1.8 (QC) + 32 

* These values are the average of tests made i n  triplicate. ." 



on labora tory  samples o f  su l  f u r  extended asphal t  were generated us ing 

the  t e s t s  1 i s t e d  below: 

1)  R e s i l i e n t  Modulus a t  68OF [40] 

2 )  Marshal 1 S t a b i l i t y  and Flow (ASTM D 1559) 

3) Compacted U n i t  Weight (ASTM D 1188) 
Y 

4) A i r  Voids (ASTM D 1188) 

A number o f  batches of su l f u r  concrete was prepared i n  accordance 
I 

W 

w i t h  the two mix designs given i n  Table 8 ( i  .e., one o f  s u l f u r  concrete 

w i thou t  add i t i ves ,  the  other  a s u l f u r  concrete mod i f ied  w i t h  5 percent 

DCPD by weight o f  s u l f u r ) .  The mixes were cas t  i n t o  2-inch diameter 

by 4- i  nch 1 ong c y l  inders  f o r  compression and spl  i tti ng tens i  1 e tes ts .  

Table 10 l i s t s  the  r e s u l t s  o f  these tes ts .  

Tab1 e 10. Maximum Compress4 ve and Tensi 1 e tresses - Test Resul 
f o r  Sul f u r  Concrete. 

Sampf e i t t i n g  Tens i le  

Refers t o  s u l f u r  concrete w i t h  DCPD (Mix Design 101 - 
Table 8). 

Refers t o  s u l f u r  concrete w i thout  pl  a s t i c i  zer (Mix Design 
100 - Table 8, page 35 

1010 

11 60 

1180 

1085 

6 70 

860 

760 

760 

SD-1 
SD-2 

SD-3 

Average 

4490 

51 60 

51 90 

4950 

S-1 

S-2 

S-3 
II Average 

2480 

2610 

2900 

2660 



The compression t e s t  was r u n  in accordhnce w i t h  ASTM-C69 and the 
spl i t t ing tensile t e s t  was in accordance w i k h  ASTM-C496-71. I t  can be 
seen that sulfur concrete with DCPD had higher compressive and tensile 
strengths than did the unmodlfied mixtures.! All samples were a t  least  
14 days old when tested. As a matter of note the DCPD modified samples 
had normal failure characteristics whereas the unmodified specimens 
experienced localized fai lure indicative of poor aggregate-sul fur 
bonding. 

3.1.2 Emissions Associated with Mix Pteparation 
1 

Emissions generated d u r i n g  mix preparation were investigated as 
functions of mix design, temperature, and atmosphere ( i . e . ,  humidity, 
nitrogen). The primary objective of the exheriment was to determine 
the concentrations, i f  any, of H2S, SO2, SOj elemental sulfur and 
organics released due directly to the incorporation of sulfur into 
formulation o f  sulfur-modified paving materials under the above 
environmental condi tions . 

The mix designs evaluated i n  this  subtgsk are given i n  Table 11 
l 

and will be designated as MD-1 through MD-9. The specific environments 
selected for. this  evaluation are given below. 

Temperature ( 3 )  , O F  2$0 300 350 

("0 (149) ( 1  76 

~ t ' y  Moist Dry 
Atmohspheres ( 3 ) ,  % , 5  95 N2 

3.1.2.1 Inorganic Sulfur Contaminants 
j 

The apparatus used to measure H2S and O2 emissions i s  shown i n  7 1 

Figure 7 .  Materials used i n  the study were prepared i n  bulk by pro- 
portioning the mix ingredients into a v a t  heated t o  250°F (121°C) 
and mixing for  30 seconds. This was done t o  insure representative 
subsamples t o  differentiate between mix desfgns f o r  the various 



Table 11. Mix Designs Used i n  Task A Laboratory Evaluat ions. 

* In  SEA systems s u l f u r  and aspha l t  propor t ions are  given as weight percent o f  binder.  All others 
are given as percent o f  t o t a l  mix. 

**Dicyclopentadiene (DCPD) was added a t  5 percent by weight o f  s u l f u r .  



Y 

1 parameters tested. Fol 1 owing the ini t i a l  mi;x the material s were 
F cooled immediately and ground to pass a 1 4 mesh sieve. Sample 
3 

i 
F' 
I manipulation in this  manner was necessary td reduce the variabili ty 
1 

li 
1 

within mix designs to a manageable level . 1 
1: A 3 g sample of a given mix design was placed i n  a flask and 
i 

i) P 
I 

heated a t  a rate of 7OF ( 3 . g ° C )  per minute. , Air was drawn over 
D 

i the sample a t  a measured rate  of 1 to 3 l i td r s  per minute and subse- 
i 

I quently mixed w i t h  a measured volume of d i l i t ion  a i r .  Sampling 
"i 
i 

1 
times were determined by emission levels. This was done so not 

1 
i to induce another variable associated w i t h  dhe amount of sulfur 
4 
1 

i i n i t i a l ly  in the sample. For example, measdred emissions would be 
J erroneously diminished i f  a i r  was continual liy drawn through the 
1 I 

apparatus once sulfur losses were materiallj  reduced. Sampling 
time for the 250°F (12I0C) measurements averaged about 20 minutes. The 

interval was reduced to approximately 10 midutes for the 350°F (177°C) 
4 

I measurements. . A suitable fraction of the ai:r mixture was drawn 
through and monitored by H2S and SO2 meters '(Interscan models 
11 76 and 1248) , respectively . 

Concentrations of H2S and SO2 were moni.tored a t  equilibrium 
formulation temperatures of 300°F (14g°C) arid 250°F (121 O C )  and 350°F 

(177OC). In addition, the impact of oxygen and relative humidity on 
I 

gaseous emissions were evaluated for the h i d h  sulfur-asphalt blend 
(MD-3) relative to the above formula tion terdperatures . 

Relative humidities of 5% and 95% for  nitrogen and a i r  drawn 
through the reaction vessel were achieved by either d r i v i n g  the 
sweep gas w i t h  anhydrous CaS04 , or saturatiing w i t h  water vapor. 
Vapor flux values (See section 3.1.3.3 for efinition of flux) d * 

were calculated by converting concentration expressed i n  u l / l  i te r  
to  total mg H2S or SO2 evolved, then d i v i d i d g  this  number by sample a 

weight in K and the time interval i n  minutds. 
g 

Particulates generated were trapped onto a pre-weighed 0.1 urn f i l t e r  
I 

disc. The stainless steel f i l t e r  housing wds heated a t  a s l ight ly 
I 



higher temperature than the reaction vessel t o  circumvent the problem 
of clogging the f i l t e r  w i t h  condensed vapors, which would hamper the 
abi l i ty  to maintain the calibrated flow rates.  The reaction vessel 
was cooled prior to  removal of the heated f i l t e r  i n  order to reduce 
the potential for condensation error. The f i l t e r  was dismantled 

while s t i l l  hot and the f i l t e r  disc removed to a vacuum dessicator 
for cooling prior to gravimetric analysis. 

The SO3 emissions were quantified on separate subsamples by 

selective absorption into 80% isopropanol , fol lowed by titrametric 
analysis [41] as sulfate expressed as elemental sulfur (SO4-S) . 
Isopropanol was prepared by diluting 80 ml of 100% peroxide free 
isopropanol with 20 ml deionized water. A 25 ml aliquote of the 
isopropanol was placed in a 100 m l  pyrex bubbler. The bubbler was 
immersed in an ice bath and placed i n  l ine  w i t h  the sweep gas down- 
stream of the mixing chamber depicted i n  Figure 7 .  

In constrast to the closed or controlled environment provided 
by the t e s t  apparatus shown in Figure 7,  another series of emissions 
measurements were made for mixes prepared i n  an open laboratory 
environment. Gases were monitored using the H2S and SO2 Interscan 
meters. To better simulate normal operating conditions the above 
measurements were made a t  approximately 18 inches (46 cm) from the 
surface of the mix. 

3.1 2 . 2  Organic Pollutants 

The apparatus used to  collect organic emissions i s  shown i n  

Figure 8. Collection of organic emissions entailed heating the 
sample to a desired temperature, followed. by a sweep gas purge into 

* 

refr i  gerated sol vent (benzene, hex o r  petroleum ether) traps. 
Sweep gas was drawn over the sampl 2 l i t e r s  per minute for 15 

C 

m i  nutes . 
Contents of a 2-trap series were combined, passed t h r o u g h  

anhydrous Na2SQ4, and reduced i n  volume by vacuum dis t i l la t ion  for 







subsequent gas chromatographic ( GC) analyses. 
1 Mercaptans were coll ected separately b$ a selective trapping 

technique [42, 431. A bubbler containing 24 ml of 5% HgC12 solution 
with 0.3 ml o f  5% NaOH added to adjust the e~ was placed in l ine w i t h  

the sweep gas i n  lieu of the refrigerated sdlvent traps. Two glass 
fiber f i l t e r s  impregnated w i t h  KHCU3 and Z n a ~ ~  + H3B03 immediately 
preceeded the bubbler to scrub SO2 and H2S gases, respectively. The 
SO2 scrubber was prepared by saturating glads fibers,  packed in a 
0.1 i n .  (0.3 em) I.D. by 2 i n .  ( 5  cm) glass itube, w i t h  a 5% KHC03 

solution. A similar scrubber was constructdd by saturating the glass 
fiber pack w i t h  a saturated ZnCIZ solution adjusted to pH 4.7 w i t h  

boric acid. Mercaptans and  disulfide were qurged w i t h  N2 gas from 
the H complex i n t o  refrigerated pentane following acidification of 

9 
the bubbler contents w i t h  20% HC1. Organic solvent from the traps 
were combined, dried over anhydrous Na SO , land reduced t o  a sui tab1 e 

2 4 1  
volume for gas chroma tographic analysis. 1 

I 

The instruments used for analysis were a Tracor Model 550 and 
Tracor Model 560 Gas Chromatograph. The ~ o d e l  550 i s  equipped w i t h  

both  a flame ionization detection (FID) and iflame photometric 
detection (FPD) capability. An i n - 1  ine 394 /urn f i l t e r  was used f o r  

operation of the FPD i n  a sulfur specific m4de. FID i s  sensitive 
i 

I to carbon containi ng compounds. A s tandardilzation study was initiated 
to evaluate the detector response as measur d i n  integration units 
(IU) relative to the moles of  carbon inject d .  A similar study 

i was conducted for sulfur containing compounds. Compounds employed 
i n  this  effort  and detector response to the instrument 
and detector employed are given in i t  should be a 

, 
noted that the technique quantifies material concentrations relative 
t o  carbon and sulfur only and underestimate the total mass. This 
technique i s  superior t o  those which quanti by either peak tri- 

I 

4 angulation or inclusion of a single referende standard when dealing 
I 

4 

I w i t h  unknown mixtures. 1 



Table 12. Su l fu r  Compounds and Hydrocarbons Employed i n  Detector 
Response Study. 

*IU = Integrat ion uni ts .  

7 

U 

DETECTOR RESPONSE 

-Flame Ioni zat ion Flame Photometric 

* 
IU /mole of Carbon illf/nole of s u l f u r  

x 10 12 - .  13 
Hydrocarbon x 10 

Anthracene 1.3 

Biphenyl 1.3 

D i  benro th i  ophene 1.4 3.8 

Fl uoran thene 1.5 

n-Hexadecane 1.4 

n-Hexacosane ' 1.5 

Napthalene ?I .4 

n-Phenyl s Carbazole 1.3 

o-Terphenyl 1.4 

Tetraphenylethyf ene 1.3 

1, 3, 5-Triphenylbenzene 1.3 

Tri phenyl me thane 1.4 

Xan thene 0.9 

-Butyl mercaptan 3.2 

n-Hexyl mercaptan 4.3 

w 

n-Heptyl Wercap tan 4.4  

, 

Y 

Diethy1 Sulf ide 6.4 

Dial l y l  Sulf ide 6.1 

Di-n-butyl Sulf i  de 5.2 

3.8 Carbon Disulfide 
* 



Both GCts were f i t t e d  w i t h  6 f t .  (2.4 4 m )  by 1/4 i n .  (0.6) 
I .  D. glass columns packed w i t h  31 OV-1 on 8$/100 mesh Chromosorb-W. 

I 

The Model 550 was operated a t  a column temp$rature program between 
86 and 464'F (30 and 240°C) a t  1 . 7 O F  (3°C) der minute w i t h  an in i t i a l  
hold and final hold o f  8 and 20 minutes, reipectively. In general, 

I 
I the Model 550 was used to screen for sul fur containing compounds, 

I 

I and the Model 560 was used to screen for  h i  1 her molecular weight 4 
hydrocarbons. The Model 560 column temperaTure was programed between 

, 212 and 464OF (100 and 240°C) a t  5.4 " ~ / m i n  1 (3"~/min) w i t h  an in i t i a l  
hold sett ing of 10 minutes and final hold of 40 minutes. 

Qua1 i t y  control was maintained w i t h  daily monitoring o f  column 
I 

4 
I 

I efficiency and detector response. This was : accompl ished by injecting 
I 

I 
I standard mixtures w i t h  widely varying reten f ion times. The standard 

I mixture was formulated from commercially avCilable materials of h i g h  
i 
1 

puri ty. Commercial 1 y avai lab1 e ,  standard chmpounds, simi l a r  t o  those 
1 
I expected to occur as emissions from asphai t w e r e  used in preparing 

the mixtures. These compounds were reasoneh to be structural 1 y 
I 

simil a r  moieties of  asphalt, formed by thermal fragmentation and/or 
I 

by reaction w i t h  sulfur d u r i n g  formulation Of the various blends a t  
h i  gh temperatures. I 

I 1 

I A combination GC-mass spectrometric andlysis was made o f  the 
1 
3 I 

1 emissions from the highest sulfur containin4 mix design (MD-3) 

1 formulated a t  35O0F (176OC), and the contro) ( i  .e., no sulfur added). 
1 

I Total sulfur was analyzed by the LECO tombustion Method whereby 
Y I 

sulfur i s  oxidized in an induction furnace fo SO2, transferred t o  the 
LECO 532 Automatic Titrator and measured by idometric t i t ra t ion .  
Several NBS sulfur standards were used to ~ $ 1  i hrate the buret against 
known quantities of sulfur. Samples of unkbown sulfur content are 
than assayed by comparison techniques. I 

I 
I 



3.1.2.3 Sumnary of Emissions Generated During Mix Preparation 

Inorganic Emissions 

Concentrations of H2S and SO2 emitted during the preparation of 
seven mix designs (MD 1-7) a t  250, 300 and 350°F (121, 149 and 176OC) 
are shown i n  Tables 13a and 13b. Table 13a shows the concentrations 
generated using the controlled volume mixing chamber shown i n  Figure 
7 .  The data shown i n  Figure 13b ref lec t  the concentrations generated 
in the open atmosphere of the laboratory. The l a t t e r  represent the 
peak concentrations which always occurred 5 seconds and 15 seconds 
a f t e r  introduction o f  the sulfur and asphalt to the mix. 

Examination of Tables 13a and l3b indicate the following: 

1 ) ' The emissions collected in the closed environment were 
significantly higher than those taken under the more job- 
simulative conditions of the laboratory. 

2) Peak 'load concentrations decay by an average factor of about 
five between 5 and 15 seconds a f t e r  ini t ia t ion of mix ing .  

3)  Both H2S and SO2 emissions increase w i t h  temperature and w i t h  
the rate  of evolution once the temperature exceeds 300°F 
(149OC). 

4 )  When mixes i n  the controlled environments are held a t  
temperature above 300°F (14g0c), the emissions rapidly 
approach and then exceed the MAC values for both H2S and SO2. 

5) The emissions, where detectable, relative to the seven sulfur- 
asphalt m i x  designs appeared to be in the same proportions for 
both the closed and laboratory environments. 

1. 

6)  The high concentrations which appeared in MD-4 (recycled 
mix w i t h  no sulfuy added) i n  both the controlled and  

0 

laboratory t e s t  can not be explained. The fact  that below 
30Q°F (149T) the H2S emissions are about the same as f o r  

MD-5 (recycled w i t h  1.0 percent sulfur added) , indicate 



Table 13. V a r i a t i o n  o f  Gaseous Emissions widh Mix Temperature 
As Generated Duri ng M i  x Formul a t i dn .  

I 
Controlled Environment - Figure  13a 

Gaseous Temperature Mix Design pumber* 
Vapor O F  ('Cj 1 2 3 4 : 5 6  7 

I 

I 
Concentration, ppm 

Laboratory Environment - Figure 13b 

* 
Gaseous Temperature Mix Design Number 

Vapor O F  (=C) 1 2 3 3 5 6  7 

I Concentrati on, Ippm 
1 
i I 

3 5 s e c  250(121) Tr Tr 7.1 Tr >0.1 0.5 Tr 
H2S (15 sec) j 

I 300 (149 2.5 1.5 3.0 1.7 2.0 1.0 3.0 
(T r )  (Tr)  (Tr) (Tr)  (Tr) (Tr) (>0.1) 

I 

5 sec 250 (121 ) , 
(1 5 sec) 4 (0) I 

w 

* ~ i x  designs and numbers a r e  given i n  Table  11, page ?? 



residual sulfur may have existed in the original unprocessed 
material. 

7) The influence of DCPD i n  the sulfur concrete i s  discussed i n  
tr Section 3.1.6. 

Emissions are of approximately equal ratios of H,S:SO a t  a 
L 

formulation temperature of 250°F (1 21 O C )  . A t  the highest formulati on 
temperature of 350°F (1 76'C), a 2:l rat io of H2S:S02 was observed. 
I t  should be noted that the values represent peak concentrations 
observed and several factors such as the rate  of heating may have 
affected the results.  A1 though settings for the heating mantle were 
mai ntained , the same throughout the experiment, the d i  fferent m i x  

designs affected heating rates.  Temperature differential across the 
sampl es thus resul ted in 1 ess than definitive observations between 
mix designs, other than to point out the asphalt along released in- 
significant quantities of H2S and SO2 a t  even the highest formulation 
temperature. 

In order to make comparisons between mix designs, the total H2S 

and SO2 emitted was expressed in a flux term ( F )  by dividing the total 
quantity of each gas emitted by the sample mass ( M )  and the time 
interval ( t )  for which the  mix was heated; F = Rt. The time interval 
employed varied n o t  only between mix designs b u t  w i t h i n  a single 
mix design re1 a t i  ve to  the formulation temperature. However, a 
minimum 10 minute reaction interval was employed to better validate 
the flux. Obviously a higher flux term corresponds to  a higher 

I emission level over 1 onger time interval. 
Flux val ues are presented i n  Tab1 e 14 and 15. The  data suggest that 

similar masses of H2S and  SO2 are emitted a t  corresponding formulation 
1V 

temperature for a given mix design. Vapor f lux  values are approximately 
equivalent a t  the highest mix temperature w i t h  t he  exception o f  t he  

high-sulfur m i x  design (MD-3) and control (MD-6). A1 though the peak 



Table 14. Variat ion o f  Vapor Fluxes o f  H2S and so2 w i t h  Respect t o  
J Mix Temperatures Generated During M1,x Forrnul a t i on .  

Mix Design* 
Vapor Temperature 1 2 3 4 5 6 7 

*Mix design; and numbers a r e  given i n  Table 11 ; page 39. 

Table 15. Variat ion o f  Vapor F l u x  Values f o r  MD-3 As Affected by 
Atmosphere. 

Vapor Fl ux (mg/ kg/mi n )  
I 

Temperature H2S I 

O F  (OC) I 
----- -- 

S o ~  

I 

Air Dry 240 (121) 9.3 , 5.4 
300 (149) 114 92 
350 (176) 552 61 0 

Air Met 



concentrations of H2S and SO2 for the MU-3 sample were equivalent 
to or  lower than the other mix designs (Table 13), the concentrations 
were sustained for  a longer time interval, due to the f ac t  tha t  MD-3 

contained 5 t o  8 times more sulfur i n  the mix in i t ia l ly .  This 
q 

resulted i n  larger H2S and SO2 flux values for the MD-3 material. 
Comparisons o f  vapor f l  ux values for MU-3 under different 

A conditions are presented in Table 15. The increase i n  vapor flux w i t h  
a corresponding increase i n temperature was s t a t i s t i ca l  1 y s i  gnifi cant 
a t  the 1% level. Although there were no s t a t i s t i ca l ly  significant 
differences between vapor flux values w i t h  respect to atmospheric 
condition, the moist a i r  ( 95% relative humidity) resulted i n  

numerical ly higher H2S and SO2 emissions a t  lower temperatures. A 

s t a t i s t i ca l  evaluation of the H2S and SO2 flux values using a 
"paired t "  t e s t  suggested no difference i n  the magnitude of these 
fumes a t  corresponding mix temperatures and atmospheric conditions. 
No attempt was made to study atmospheric conditions on vapor flux 
values of the other mix designs due to negative results obtained on 
the high sulfur mix design. 

A more thorough study o f  the h i g h  sulfur MD-3 material was made 
i n  a effort  to mathematically model probable emissions levels relat ive 
to the mix temperature. Both H2S and SO2 gaseous emissions were 
described by an exponential function of the mix temperature (Figure 9 ) .  
Regression coefficients approaching unity strongly suggest that 
temperature alone, i f  free sulfur i s  present i n  the mix, controls 
H2S and SO2 emission levels. 

Sulfur trioxide was measured for a1 1 samples prepared a t  each 
of the respective mix temperatures. Only the high sulfur  mix(^^-3) 

a t  the 35U°F (176OC) mix temperature resulted i n  any measurable 
18 sulfur dioxide expressed as elemental sulfur (SO2-S). Similarly, 

the SO3-S flux value was 1.8 mg/kg/min. 





Attempts to measure el emental sul fur were frustrated by unwanted 
deposition on apparatus surfaces which was ~mpossible to recover and 
quantify. For this reason a mass balance was developed for sulfur 

i n  the various mix designs a t  the 3 mix temperatures. Elemental 
sulfur emissions were then estimated by the difference between total 
sulfur lost  and the sum of that accounted for as H2S. SO2 and So3. 

Organic sulfur was too minute i n  quantity t o  have any effect  on the 
material balance. The sulfur balance developed for the various 
formulations mixed a t  250, 300 and 350°F (121, 149 and 176°C) are 
given i n  Table 16, 17, and 18 data. However. some organa-sulfur 

compounds of minute concentration may not be detected by FID, b u t  

show up as a large peak by FPD, due to the l a t t e r ' s  much greater 
sensi t i v i  ty. 

Hydrocarbon emissions from mix designs formulated a t  350°F are 
given in Figure 10. Two principles were used to determine which 
organic emissi'ons, i f  any, would be co.nsidered significant. All 
emissions that can be attributed to normal asphalt are eliminated 
from consideration. This i s  not to imply that there i s  no hazard 
associated w i t h  these emissions, only that the scope of this  work 
was 1 imited t o  emissions induced by the use of sulfur. A1 so, organic 
emissions are not considered significant unless they exceed 1 ppm 

under the t e s t  conditions. Interpretation of the data according 
to these principles show no organic compound present i n  the emissions 
a t  the 1 ppm level. A t  the temperatures in the study no significant 
amounts of organic emissions, sulfur containing or otherwise, were 
detected above the normal to asphalt. FID scans of MD-2, MD-3, MD-4, 
MD-5, and MD-7, were developed following concentration t o  volumes 
suitable to detect 1 ppm of a Cl1HZ2 hydrocarbon relative t o  the 
total volume of a i r  trapped. FID scans for MD-1 and MD-6 were 
concentrated more than required t o  demonstrate the similarit ies 
between characteristic GC profiles developed for a sul fur-asphal t 
mix and v i r g i n  asphalt. 
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Table 16. Sul fur  Balance f o r  Materials  Mixed a t  250°F (121°C). 

Mix Design Number* 

3 4 5 6 

Weight o f  Sulfur ,  mg 
Total S 84.3 74.1 467.0 61.2 78.3 13.8 55.2 

Residual 59.5 41.3 345.3 27.1 32.9 1 4  46.6 

Total Emission 24.8 32.8 122.7 34.1 45.4 -- 9.6 

H2S-S 0.1 0.5 0.4 0.4 0.2 -- -- 
SO2-S 0.1 0.3 0.2 0.3 0.1 -- 0.1 

Total 0.2 0.8 0.6 0.7 0.3 

Elemental S 24.6 32.0 122.1 33.4 45+1 -- 9.5 

Table 17. Sul fur  Balance f o r  Materials  Mixed a t  300°F (14g°C). 

Mix Design Number* 

1 2 3 4 5 6 7 

Weight of Sul fur ,  mg 
Total 84.3 74.1 467 6 1 2  78.3 13.8 55.2 
Residual 25.7 23.4 314.3 22.9 29.4 12.4 45.7 

TotalEmission 58.6 50.7 152.7 38.3 48.9 1.4 9.5 

0.4 8.3 12.5 1.1 1.3 .I 2 . 7  
SO,-S 0.4 3.9 2.8 0.6 0.6 . 1 10.6 

Total 

Elemental 

*Mix designs a r e  g iven  i n  Table 11, page 39. 



Table 18. Sulfur  Balance for  Materials Mixed a t  350°F (177OC) 

Mix  Design Number* 
1 2 3 4 5 6 7 

Weight o f  Sulfur ,  mg 

Total S 84.3 74.1 467 61.2 78.3 13.8 55.2 
Residual 

-iw 

H2S-S 4.0 14.8 



I * 
Mp.1 

2.7 ul 
0.3 1ll1 benzene 
FTI) 

MD-2 
2.7 ul 
1.4 nl benzzne 
FID 

Mp.3 
2 . 5  ul 
1 . 1  m l  benzene 
FID 

m 4  
2.6 ul 
2 .6  m l  benzene 
FID 

-5 
2.5 ul 
1.6 mf benzene 
FTD 

?1D-6 
2.5 ul 
0.3 ml benzene 
FID 

MD-7 
2.6 ul 
3 .3  al benzene 
F I D  

Figure 10. Hydrocarbon Emissions from Mix Desi gns Formulated 
at 350°F (177°C). 



A1 though the concentrations may be slightly attenuated due t o  
an extended formulation time interval relative to sample mass, and 
the total volume of a i r  drawn through the traps, the tes ts  are 
conservative considering the h i g h  temperature, and the fact  t h a t  
asphlatic emissions would be expected to be of higher molecular 
weight and carbon number. Heavier materials of greater carbon 
number would result  in a greater detector response than that cal- 
culated for a 154 AMU ( C l l H L L )  hydrocarbon, respectively, I t  can 
be seen from this  data that the bulk o f  sulfur los t  during formu- 
lation will be as elemental sulfur,  particularly a t  the lower mix 
temperature. Asphal t bound sul fur was retained by the sample a t  
even the excessive mix temperature of 350°F (176OC) - MD-7, Table 
18. Although total sulfur lost  by the sulfur-asphal t mix designs 
increased with increased temperature, that loss as elemental sulfur 
was diminished, corresponding t o  increased H2S and SO emissions. 

2 
A much lower .percentage of sulfur incorporated i n  MD-7 was los t  
compared t o  the other sulfur asphalt materials, and a l l  emissions 
were conserved as H2S and SO2 a t  350°F (176OC). The open graded 
design used i n  the m i x  may explain i n  part the lower sulfur emissions 
observed for MD-7. Possibly the void space associated w i t h  the 
mix design has much poorer heat transfer qualit ies,  reducing the 
total heated surface, or causing temperature differentials w i t h i n  

the microfabric of the sample such t h a t  elemental sulfur vaporized 
i s  condensed on adjacent cooler particles surface. H2S and SO2 

are gases and would tend to be less affected by heat differentials.  
The lower total sulfur emissions for MD-7 ref lect  the lower heat 
transfer properties of the mix design . 

a Organic Emissions 

To improve efficiency, the refrigerated solvent traps were 
placed in an immediate in-line position to the reaction vessel and 
combined prior to volume reduction and gas chroma tographic analysis. 



Trapped emissions were f i r s t  screened for hydrocarbons using 
the flame ionization detector system (FID), followed by a second 
chromatographic analysis using a f l  ame photometric detector system 
(FPD) i n  the sulfur mode. Compounds containing carbon and sul fur 
will show i n  both a t  1 ppm. Hydrocarbons containing sulfur would 
be less sensitive using FID,  b u t  would be detected by FPD due to 
i t s  greater sensitivity.  

Sulfur containing emissions were found to increase significantly 
w i t h  increased mix temperature for a l l  b u t  MD-6. The temperature 
effect i s  demonstrated for MD-3 in Figure 11 . All mix designs 
w i t h  the exception of MD-6 responded sirnil arly to temperature. 
A comparison of the FPD scans a t  the h i g h  mix temperature of 350°F 
(Figure 12) clearly demonstrates that the sulfur containing peak 

i s  independent of the asphalt used i n  the mix. Only the large 
peak i s  of significant rnagni tude, a1 t h o u g h  numerous other sul fur 
compounds were detected. 

The one sulfur containing compound present i n  significant 
amounts was identified as elemental sulfur. A1 1 available informa- 
tion supports this identification, and i s  summarized as follows : 

1. There i s  no FID peak corresponding t o  the magnitude of 
the FPD peak, indicating that the material i s  not carbon containing. 

2. The FPD scan i s  cl ean for the control , MD-6. 

3.  A mass spectrum of the emissions concentrated for MD-3 

and MD-6 formulated a t  350°F was made, and revealed a significant 
peak corresponding to a rnass/charge ra t io  of 32 percent for MD-3 

b u t  n o t  for the MD-6. 
4. An attempt was made to isolate any mercaptans by 

cornplexing w i t h  H~'*  and partitioning the complex in water. The 
aqueous solution of the complex i s  separated and acidified to 
disrupt the complex. Mercaptans are then partitioned i n t o  a 

benzene phase, which was concentrated and analyzed by GC using t he  

FPD mode. The chromotograms were clean suggesting the peaks 
found previously were not rnercaptans. 



2.5 ul 
3.0 ml benzene 
350 F 
FPD 

2 . 6  UI 
1 e 5  ml benzene 
250 F 
FPD 

Figure 11. Sulfur Containing Emissions at 250, 300 and 
(121 , 149 and 177OC) for MD-3. 
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9- I 
2 . 4  a1 
1,; mi benzene 
FPD 

m-2 
2.6  u l  
2 . 0  ml benzene 
FPD 

m-5  
2 . 6  ul 
3 . 3  ml benzene 
FPD 

M56 
2.6 ul 
3.0 nil benzene 
FPB 

m7 
2 . 4  ul 
2 . 5  m l  benzene 
FPD 

F igure  12. S u l f u r  Containing Emissions at 350°F (177OC) f o r  
MD-1, MD-2 ,  M D - 4 ,  MD-5, MD-6 :and MD-7. 



In summary, H2S and SO are produced i n  potentially lethal 
2 

concentrations during formulation of sulfur-asphal t only when 
temperatures exceed 320°F (160°C) and when maintained i n  a closed 
environment such as that  of heated storage s i lo .  Concentrations 
of both gases will rapidly diminish under the open a i r  conditions 
associated with the paving process. 

Of greatest environmental concern i s  the vaporous elemental 
sulfur released during the dumping and paving process. Upon 
cooling the vapors will condense into f ine particulates, which 
could be deposited on adjacent foliage and soil  surfaces. Fines 
may a1 so be transported from the pavement surface by wind ,  or i n  

runoff following a rainfall  event. Elemental sulfur would have 
an acidifying affect following any chemical and/or biological 
oxidation. The net impact will largely be determined by the 
buffer potential of soi 1 s and surface water affected. Maintenance 
of paving temperatures below 300°F (14g°C) will reduce the 
potential of an adverse imoact. 

As will be d i  scussed l a t e r ,  weathering of compacted sulfur- 
asphalt pavements by natural conditions i s  , a t  best, significant 
only i n  the long term. Concentrations o f  sulfur constitutents 
los t  to  the environment over a short term interval were found to 
be too low to have a measurable impact. 

3.1. 3 Weathering Studies 

A ser ies  of tes t s  were designed to assess the environmental 
and biological impact of sulfur modified pavements as caused by 

exposure to material weathering and simulated t r a f f i c  wear. Sul fur 
induced fumes, dusts and runoff products were collected under a 

s variety of in-service simulated environmental conditions including 
h i g h  temperatures, actinic 1 i g h t  ( U V  radiation), simulated t r a f f i c  
wear, freeze-thaw cycling, rainfal l ,  biological weathering, etc.  
These evaluations were made using two separate b u t  complementary 
studies. 
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( a )  Exposure to  the elements of large scale (maximum surface 
area) pavement slabs. 

(b) Analysis of runoff generated in simulated in-service 
conditions. In the f i r s t  study (item a)  slabs of pavement materials 
were exposed over a s i x  month period including summer and winter 
months dur ing  which they experienced the combined effects of daily 
and seasonal temperature fluctuations, actinic l ight  and rainfal l .  
In the second study, small scale samples were evaluated using 
hydrolysis and mass bal ance techniques fo11 owi ng exposure to each 
of the fol lowing four types of weathering conditions: 

(a)  High temperature 
( b )  UV radiation 
(c)  Freeze thaw 
( d )  Biological weathering 
Seven mix desi gns numbered MD-1 , 2 ,  3, 6 ,  7 ,  8 and 9 as 

given in Table 11 were used i n  these tests .  
3.1.3.1 - Exposure of Large Scale (~aximum Surface Area) 

Pavement Slabs 
The temperature, actinic 1 i g h t  and rainfall conditions were 

achieved by exposing slabs of selective mix designs on the roof 
of the six-story Soil and Crop Sciences, Entomology Center on the 
Texas A&M campus (Fig 13). The slabs were 2 f t .  (61 cm) x 3 f t .  
(91.5 cm) x 2 in. ( 5  em) thick cast i n t o  wooden frames, lines 
w i t h  aluminum to prevent any interaction between the wood 

and mixture ingredi ents. 
A clear plastic box 1 f t .  (30.5 cm) x 2 f t .  (61 cm) x 0.5 

f t .  (15.3 cm) deep w i t h  a 2 i n .  ( 5  cm) diameter vent was constructed 
to f i t  over the slabs and provide a constant volume, control 1 ed 
environment for emissions monitoring. Two 3.8 i n .  (1 cm) diameter 
ports ( F i g  14)  were dril led into the side o f  the box opposite t 

from the vent to be used for sampling H2S and SO2 respectively. 
Air sarnpl es were monitored using Interscan moni taring devices. 
The vent was f i t t e d  w i t h  a 2 in. ( 5  ern) diameter x 39 i n .  (1 m )  



Figure 13. Pavement Slabs Under Exposure t o  the Elements 
f o r  Weathering Studies. 

Figure 14. Exhaust Ports f o r  Sampling H,S and SO, 



long polyethylene stand pipe. This was to  assure that  a i r  being 
drawn through the vent was not contaminated by emissions from 
adjacent slabs. 

Surface temperature were measured using a copper-constantin 
thermocouple (Fig 15). Intimate contact between thermocouple and 
slab surface was maintained using transparent tape. After 
instal l a t i  on of the thermocoupl es,  the plastic box, f i t t ed  w i t h  

a white card board boarder, was placed over each slab and the 
surface temperature a1 1 owed to equi 1 i brate . Out1 e t s  were combi ned 
then s p l i t  3 ways such that one a i r  stream was drawn through an  
H25 meter, one through an SO2 meter, and the other through a series 
o f  refrigerated solvent traps. Air was drawn w i t h  a vacuum pump 

over the specimen surface, through each meter and solvent traps 
a t  a constant flow rate  of 1 liter/min. Flow rates were controlled 
w i t h  calibrated flowmeters. The t e s t  s e t  up i s  shown i n  Figure 
16 w i t h  a close-up of the monitoring equipment shown i n  Figure 17. 

Volatilized constituents were measured w i t h  respect to  
surface temperature and time foll  owing environmental exposure using 
7 of the 9 mix designs given i n  Tab1 e 11 . Measurements were made 
between 2 and 4 pm so as to effect a maximized surface temperature 
relative t o  daily and seasonal a i r  temperature variabili ty.  A 
few a i r  samples were drawn d u r i n g  the morning hours for evaluation 
a t  the lower surface temperatures. 

A geometrical 1 y progress! ve sampl i ng i n terval was empl oyed 
to evaluate volatilized components w i t h  respect t o  time. Time- 
zero corresponded to in i t i a l  sampl ing of a i r  vola t i1 es fol low1 ng 
exposure o f  pavement material s immediately af ter  placement on 
the roof. Successive samples were collected a t  I ,  2 ,  4 ,  12 and 

36 week intervals (June t h r o u g h  December 1979).  



Figure 15. Locat ion o f  Thennocouple f o r  Surface Temperature 
I 

Measurements. 



F igure  16. Weathering T e s t  set-up f o r  Exposure o f  
Large Seal e Pavement Sl abs 



Figure 17. Close u p  of HZS and SO2 Monitoring Equipment Used 
In Weathering Studies. 

Slab temperatures were monitored by continuously monitoring 
the output of the copper-constatin thermocouples. O u t p u t  was 
calibrated against a mercury thermometer over temperatures 
ranging from 50°F t o  21Z°F (lO°C to 100°C), the range of 
surface temperatures anticipated. - 

H2S and SO2 emissions were monitored i n  ppm u s i n g  Interscan 
Models 1176 and 1248, respectively. The meters were equipped 
w i t h  continuous s t r i p  chart recorders and were calibrated against 
commercially avail able span gases. Air samples drawn through 
refrigerated hexane traps were systematically screened by gas 
chromatographic analysis using a Tracor Model 550 GC equipped 
w i t h  flame ionization, and sul fur-specific flame photometric 
detector systems. 

k+ Solvents were dried over anhydrous Na2S04 and reduced i n  
volume by vacuum dis t i l la t ion  prior to GC analysis. Generally, 

Y a 2.5 to  3.0 p - l i t e r  sample was injected onto a 1/4 i n .  (0.6 cm) 
diameter x 6 f t .  (183 cm) column packed w i t h  commercially avail - 
able 3% OV-1 on 80/100 mesh gas chrom Q. Column temperatures 
were programmed to span between 86 and 464OF (30 and 240°C) a t  a 
2.2OF/min (4*C/min . )  rate.  Detector response was measured by 



electronic integration of peak area. Integration units ( IU) were 
assessed quantitatively by comparison with known quanti t i e s  of 
reference' material chroma tographed a t  the same instrument settings . 
Analytical qual i t y  control was assured s t a t i s t i ca l ly  by comparison 
of detector response to repeated injection of know hydrocarbons 
varying widely in molecular structure. 

Inorganic and organic samples analyses were adjusted for 
background a i r  qual i t y  as necessary. Meter readings i n  ppm by 
volume were normal ized to volume a t  standard temperature and pressure 
to cal culate moles of the respective gases vol a t i l  ized relative to 
the total l i t e r s  of a i r  exhanged i n  the volqtilization chamber. 
Vapor flux values were calculated by dividing the total gas 
evolved i n  milligrams by the surface area i n  square meters and 
the sampling time interval in hours. 

Surface Temperature 

The volatilization study was instigated during the f i r s t  week 
of June 1979 and continued through the hot summer months t o  maximize 
the effect of surface temperature. Placement of the plastic box 
over the pavement resulted i n  a 15aF (8OC) increase i n  surface 
temperature due to a "greenhouse effect" . Surface temperatures 
for the sulfur asphalt slabs generally ranged from 172 to 189°F 
(78 to 87OC), during the summer months, w i t h  the box i n  place. 
The maximum temperature recorded for the sul fur concrete material 
was 163OF (73°C) and 154OF (68OC) for sulfur concrete modified 
w i t h  dicyclopentadiene. Throughout the t e s t ,  the surface temperature 
of DCPD-modified concrete was about 15 t o  18'F (8  to 1b0) cooler w 

than the unmodified surface concrete. 

Inorgani c Sul fur Fumes 

Once the box was placed on a slab specimen, the temperature 
recorder was turned on t o  determine an equilibrated maximum sur face  

temperature. D u r i n g  the equil ibration period, a i r  flows were se t  
through the meters and sol vent traps without the vol a t i l  ization 



chamber i n  l ine.  Following the ad stmept of f low rates to 
1 1 i ter/min., the background concentrations of HeS and SO2 were 
measured. General ly ,  pavement temperature was equil ibrated to a 
maximum w i t h i n  10 to 15 minutes, a t  which time the volatilization 
chamber was connected to the a i r  flow lines. 

A typical pattern for H2S evolbtion continuously monitored 
w i t h  respect to time i s  shown in Figure 18. The concentration 
rose quickly to a maximum and then diminished to much lower 
levels, often that of the background a i r  drawn into the volatilization 
chamber. The decline i n  concentration was attributed to  a decrease 
i n  surface temperature as the coolek a i r  passed over i t .  The 
pattern also suggests that vapor f l  ux values, ultimately cal cu- 
lated from the total u-liter gas evolved, are inflated due to 
permeation into a closed system. 

H2S and SO2 vapor flux w i t h  respect to time for an asphalt 
pavement w i t h  no added sulfur is given i n  Table 19. The data 
demonstrate a relatively small net flux from sulfur-asphal t mixes. 
The same asphal t was used i n  the sulfur-asphal t systems. Corresponding 
vapor flux values for mix designs with approximately 2% added 
sulfur are given i n  Tables 20, 21 ,  and 22 for the AAS-Limestone 
(MD-1) , SEA-Limestone ( M D - 7 ) ,  and SEA-Open graded (MD-2) systems, 
respectively. A1 1 demonstrated in i t i a l ly  higher H2S vapor flux 
over that of the asphalt pavement. Only the in i t i a l  SO2- vapor 
flux for the AAS-Limestone (MD-1 ) and AAS-Sand (MD-3) systems 
(Tables 20 and 23) exceeded that of the control, ( M D - 6 )  material 
(Table 19). Vapor flux for both H2S and SO2 was diminished to base 

%e detection levels w i t h i n  2 to  4 weeks following placement on the roof. 
Flux values measured d u r i n g  the morning hours were either too 
low for meter detection or a t  t'he sensitivity level. Sensitivit ies 
1 eve1 . Sensitivit ies varied somewhat, depending upon the surge 
characteristics of the scan as developed from continuous recording 
of the detector response. However, i t  should be noted that lower 
morning vapor f l u x  values ref lect  the correspondingly lower surface 
temperatures as compared to that achieved in the afternoon sun. 



Time in Minutes 

Figure  18. Typ ica l  P a t t e r n  o f  H S Evo lu t i on  as Cont inuously  
Recorded w i t h  ~ e s ~ e c ?  t o  Time. 

Table 19. V a r i a t i o n  o f  H S and SO Vapor F lux w i t h  
Temperature an8 Time fop MD-6 (See Table 11 , 
page 39) .  

Time 
Surface 

Temperature 

weeks 2 - O F  (OC) ug/m /hour 





Tabl e 22 . Variation of H2S and SO2 Vapor F1 ux w i t h  Temperature and 

Time for  MD-2 (See Tabl e 11 , . page 39 ) . 
Surface Vapor Flux 

Time 1' Temperature S02 

weeks - 
0 

I/ 
pm 2 t o  4 pm afternoon readings; am 9 t o  11 am morning readings. 

Table 23. Variation of H2S and SO2 Vapor Flux w i t h  Temperature and 

Time for MD-3 (See Tabl e 11, page 39) 

Surface Vapor Flux 
Time 1' Temperature Hzs S02 

O F  ('C) 2 weeks pg/m /hour 

0 181 (83) 955 872 

1 (pm) 185 (85) 778 707 

(am) 154 (68) --- 75 

2 (pm) 189 (87) 637 699 

(am) 169 (76) 462 435 

4 ( ~ m )  181 (83) 281 284 

12 (pm) 181 (83) 7 50 'I 41 

(am) 158 (70) < 39 < 74 

113 (45) N D ND 24 (pm) 

i I p m  2 to  4 pm afternoon readings; am 9 to  11 am morning readings. 



The higher sul fur containing AAS-Sand mix (MD-3) produced 
. considerably higher H2S and SO2 vapor flux values (Table 23) .  

However, values were rapidly diminished to those approximating 
the in i t i a l  flux values of asphalt alone w i t h  12 weeks, which 

..I suggests that  the vapor flux i s  dependent upon a surface tempera- 
ture induced loss mechanism by volatil ization, b u t  that  losses 

+ are f i n i t e ,  and materially diminished w i t h  weathering of the 
pavement surface. 

Flux values for the sulfur concrete, perhaps best i l l u s t r a t e  
the temperature influence. Flux values for sulfur concrete and 
sulfur concrete plus dicyclopentadiene (Tables 24 and 25) were 
approximately equal i n  magnitude to those of the lower sulfur- 
asphal t pavement material s a1 though they contained more than 10 
times the total  sulfur of the l a t t e r .  Reduced flux values w i t h  

time a t  comparable or higher surface temperatures demonstrated 
the attenuating influence of a weathered surface on H2S and 
SO2 evolved. 

Organi c Pol l u tan t s  

A t  no time d u r i n g  the course of the volatilization study did 
vapors or fumes emanating from the pavement specimens exceed that  
of the background a i r  quality w i t h  respect to organic or organic 
sul fur compounds. 

A t  the end of 4 weeks, a i r  samples were drawn separately for 
organic analysis i n  an attempt to increase sensi t ivi ty to  organics. 
Thus a1 1 vapors from the chamber fol lowing temperature equi 1 i b r a -  

y tion were passed through the refrigerated solvent traps for sub- 
sequent screening of volati le organics. A few samples were drawn 

+ into petroleum ether to determine i f  reduction of hexane volumes 
may have caused losses of more volatile organics. This e f fec t ,  
plus the abi l i ty  to detect low levels of organics emanating i n  

background a i  r suggested that organics were simply not a significant 
constituent of the vapors drawn i n  the vol a t i l  ization study. 
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Tab1 e 24. Va r ia t i on  o f  H2S and SO2 Vapor F lux w i t h  Temperature and 

Time f o r  S u l f u r  Concrete - MD-8 (See Table 11, page 39 ). 

f /  Time- 
Surface 

Temperature 
Vapor F lux 

S02 

weeks 

0 

1/ 
pm 2 t o  4 pm afternoon readings; am 9 t o  11 am morning readings. 

T a b l e  25. Var ia t i on  o f  H2S and SO2 Vapor F lux w i t h  Temperature and 

Time f o r  S u l f u r  Concrete Modi f ied w i t h  Dicyclopentadiene - 
MD-9 (See Tab1 e 11 , page 39). 

Surface Vapor Flux 
Time Temperature H2S 

weeks 

0 

7 



Analyses of fumes during formulation temperatures for the 
various mix designs support these concl usions . Temperatures 
achieved during formulation which ranged from 250 to 350°F 
(121 to 177OC) exceeded the surface temperatures of the slab 

w specimens yet resulted i n  comparatively low organic values 
relative to inorganic sulfur losses. 

A1 though vapor flux values were s t i l l  measurable u p  to 
C 

12 weeks following placement of the slab specimen on the roof, 
the impact of volatilization from these sulfur-asphalt t e s t  
units was small relative to the magnitude of the flux term. 
I t  should also be noted that the samples were subjected to 
excessive surface temperatures, releasing fumes into a closed 
environment, prior t o  ai r withdrawal . 

To p u t  the magnitude of the flux values in perspective, 
2 consider that the 955 vg/m /hour reported for  the in i t i a l  H2S 

from the high sulfur-asphalt blend, corresponds to a volume 
concentration i n  a i r  of 2.6 ppm which i s  50 percent of the MAC. 

3.1.3.2 Analysis of Runoff Generated by Simulated In- 
Servi ce Conditions 

H I G H  TEMPERATURE AND UV-RADIATION 

Compacted specimens of the nine mix designs (MD-1 th rough  9 )  

were prepared for exposure t o  temperature and ul tra-viol e t  
(uV) 1 i gh t. Asphal t and sul fur-asphal t specimens were formed 
into 4 inch (10 cm) dia. x 3 1/2 inches ( 9cm) thick disc. 

The two sulfur concrete materials were shaped i n t o  rectangular 
C bricks. Each formulation was made i n  quaduplicate. Two from 

each mix design were selected a t  random and wrapped i n  aluminum 
+ foil  to eliminate the impact of ultra-violet l ight.  Samples 

were se t  on a table on the roof of the Soil and Crop Sciences 
Building and exposed t o  direct sunlight for 6 months including 
the hot summer months (See Figure 19).  

Following a 6 month exposure the outer edges of the compacted 



Figure 19. Samples Being Exposed to Ambient Temperature 
and Sunlight 



specimens were chippe r and chisel and sub- 
sequently ground i n  a ta l  sulfur analysis. 

I 

Materi a1 s were screen riding process to give 
three s ize fractions; (a) that passing a 1 mm sieve ( b )  that 
retained on a 1 mm sieve b u t  passing a 2 mm sieve, and (c)  
particles retained by the 2 mm sieve. 

I*I Total sul fur was determined for  each mix design. Values 
obtained were util ized as a t e s t  s t a t i s t i c s  to determine the 
potential weathering affect of a cornbi nation h igh  temperature and 

UV-light. In addition, the ground materials were subjected to 
both acid and base hydrolysis a t  a 187'F (86'C) reaction temperature 
to determine i f  a h i g h  temperature UV-1 i g h t  weathering combination 
resulted i n  subtle differences in emissions or hydrolysis products 
compared to laboratory control specimens. 

Total sulfur relative to a particular mix design and exposure 
level to ultra violet  radiation from ful l  sunlight i s  summarized 
i n  Table 26. An Analysis of Variance (ANOVA)  was carried out to 
aid interpreting the resul ts .  Ini t ia l  ly ,  the variabili ty between 
reps of sulfur concrete materials (MD-8 and MD-9) dominated as 
the greatest source of variation apart from MV design such that 
nothing could be interpreted for the sulfur-asphal t materials. 
A second ANOVA excluding the sulfur concrete data was determined, 
and results from th i s  t e s t  given i n  Table 27. Results of th is  
t e s t  show that reps were not significant,  making definitive state- 
ments about the experiment relat ive to sul fur-asphal t possible. 

Ultra violet  radiation from full  sunlight had no affect on 
1 the total sulfur measured. The greatest source of variation as 

one would expect was t h a t  o f  the mix design parameter due princi- 
+4 pally to the h i g h  sulfur content of AAS-Sand (MD-3) and low sulfur 

level of the control (MD-6). Surprisingly, results of the ANOVA 

revealed a UV-Light - Mix Design interaction which was s ta t i sca l ly  
significant a t  a 5% l e i e l .  There was no dis t inct  pattern in the 
data, and the only explanation for the interaction suggests that  



Table 26, Total S u l f u r  o f  The Various Mix Designs Following Exposure t o  Full 
Sun1 i g h t  a t  Normal High Surface Temperatures. 

M i x  Design Number 

2 3 4 5 6 

Exposure 

I I % S u l f u r  

Rep No. 

No UV-Li g h t  1 3.1 2.0 15.1 2.4 2.8 9 .4  1 .6  27.0 36.3 

2 3.0 2.2 15.4 2.0 2.8 0.5 2.0 27.3 27.6 

Avg , 3.1 2.1 15.3 2.2 2.8 0.5 1 .8  2 4 . 2 3 2 . 0  

Table 27. Resul ts  o f  ~ n a l ~ s i s  o f  Variance (ANOVA) For Mix  Designs MD-1 through MD-7 .  

1 

Source D f Sum of Squares Mean Square Fex p F.01 F. 05 

1 

Reps 1 0.481 0.481 4.45 9.07 4.67 

Ligh t  (L) 1 0.241 0.241 2.23 9 .OJ 4.67 

Mix Design (No) 6 665.359 710.893 1026-78 4.62 2.92 

LxMD 6 2.129 0.355 3.28 4.62 2.92 

Er ror  14 1 .398 0.108 

Total  27 670.144 
V 



the samples randomly selected for  exposure to sun1 i g h t  had a 
s l ight ly higher total  sulfur content when processed. 

Ground materials subjected to  both acid and base hydrolysis 
reacted the same as the laboratory control samples, suggesting 
that actinic l ight gives no added inducement towards hydrolysis , 
or the effects are to subtle for the technique employed. The 
assessment was made relative to H2S emission levels. No . 

organics were detected in emissions trapped i n  refrigerated 
solvents, or dichloromethan extracts of f i l te red  hydrolysates. 

FREEZE-THAW TESTS 

Compacted specimens for the 9 mix designs were subjected 
to the weathering impact of freeze-thaw cycling (ASTM C-666). 
The temperature of the cycle ranged from 0(-18) to 40°F (4*C), 
w i t h  each specimen subjected to a total o f  100 cycles a t  6 cycles 
per day. 

Following the final thaw, the water used as the surrounding 
matrix was f i l  tered and extracted by separatory funnel p a r t i  tion- 
ing into 15% diethyl ether-dichloromethane. Extracts were dried 
over anhydrous Na2S04 and reduced in volume to a very low volume 
then taken up to approximately 2ml w i t h  benezene. A1 iquots 
were analyzed by gas chromatography using both flame ionization 
(FID) and flame photometric (FPD)  detector systems. 

The outer edges of the sample beam were chipped away from the 
bulk sample, ground to pass a 1 mm mesh sieve, and subsequently 
subsampled for total sulfur analysis. Subsamples were a1 so 
subjected to acid base hydrolysis reactions to determine i f  freeze- 
thaw weathering resul t s  i n  enhanced chemical wea therabi 1 i ty . 

FID and FPD scans of freeze-thaw leachate waters partioned 
final ly into benzene are given i n  Figures 20 and 28, for  MD-1 
through MD-9, respectively . Detector response to hydrocarbons 
(FID scans) suggests a t  f i r s t  glance that  there are significant 
quantities sol ubil ized by freeze-thaw weathering. However, 
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contamination appears to be a more logical explanation, due to 
the fact  that  even the sulfur concrete materials w i t h  no asphalt 
added reflected a significant FID detector response. FPD scans 
revealed that they hydrocarbons were not sulfur containing. 

%. Samples chipped from the freeze-thaw beams and subjected 
to both acid and base hydrolysis reactions d i d  not show any 
FID response, further supporting the conclusion that the leachate 

2 

organics were actually freeze-thaw sample container contaminates 
and not sample cons ti tuents . 

A total sulfur analysis (Table 28) suggested that  there was 
no loss of sulfur from the sample following the multiple freeze- 
thaw weathering sequence. 

Table 28. Total Sulfur Content of Compacted Specimens Fol lowing 
Freeze-Thaw Weatheri ng . 

Mix Design 

% Sulfur 

Rep 1 

Rep 2 2.68 1.56 15.7 1.98 2.42 0.57 1.93 22.50 18.90 

Avg. 

The difference between total  sulfur values reported for MD-9 

i n  the UV-light, h i g h  temperature study reported i n  Table 26, and 
n. 

those for the freeze-thaw t e s t  given in Table 28, resulted from 
sample treatment. A1 though material s from both studies were ground 
to pass a 1 mm mesh sieve, the freeze-thaw samples were ground to 
a powder prior to  subsampling for  total sulfur analyses. Rock 

fragments may have been excl uded when subsampl ed i n  the previous 
study (Table 26) skewing the matrix towards sulfur particles,  as 



indicated by a comparison to total sulfur reported for the MD-9 

formula ti on . 
With  the exception for exhaust fumes which, i t  was fe1 t ,  

would have negl igi bl e effect on a sul fur-asphal t pavement, a1 1 
the other conditions would manifest themselves i n  the creation 
of fine particles of dust th rough  erosion or fr ict ion.  This 
dust would eventually be blown by the wind or carried by rainfall 
run-off from the pavement to the soi ls  o r  streams i n  the vicinity 
o f  the road. 

I t  was decided that this  dust could be created i n  the 
laboratory by grinding the t e s t  samples of the various mix  

design i n t o  200 mesh particles and subjecting them to hydrolysis. 
The results generated would appear to be similar t o  those 
generated in the Freeze-Thaw tests .  Since the basic ingredient 
being taken-off the road i s  elemental sulfur. The leaching 
effect on the rainwater would only have an  effect on soi ls  which 
have a low buffering capability. This can be offset by lime 
treatments. The potential for biological degradation i s  discussed 
i n  the next section. 

SIMULATED TRAFFIC EFFECTS 

There are numerous t e s t  apparatus which have been devised 
t o  evaluate pavement materials under simul ated t raf f ic  conditions. 
The ensuing evaluations are usually made w i t h  respect to the 
material s structural i ntegrity(i  .e. rutting, fatigue 1 i f e ,  etc) . 
However, to the authors' knowledge no such tes t  exists for specially 
evaluating the effect of t r a f f i c  on the environment. The factors 

resulting from t ra f f i c  which would impact t h e  environment include: 
( a )  S k i d d i n g  

( b )  Snow plow friction 
(c )  Tire - pavement interaction 
( d )  Exhaust fumes 



CHEMICAL HYDROLYSIS 

Compacted specimens of the various mix designs were ground to 
pass a 2 mrn mesh sieve. A 5 g sample was placed i n  a 500 ml reaction 
vessel, followed by 300 ml of pH 10 water. These extremes were 

* selected as maximum potential weathering environments via chemical hy- 
drolysis, that could result  on the surface of an in-service pavement. 
The reaction vessel was heated to 185OF (85OC). Once the temperature 
was attained the hydrolysate solution was degassed w i t h  an airstream 
controlled a t  1 liter/minute and continuous s t i r r ing .  The airstream 
was passed through an H2S meter. 

Hydrolysate sol ution was f i l  tered, and extracted, w i t h  1 :I 
( v : v )  acetone: benzene by a separatory partioning technique. The 
benzene layer was washed w i t h  deionized water to remove traces of 
acetone. Benzene was then reduced i n  volume and subsequently screened 
for hydrocarbons, and sulfur containing hydrocarbons by gas chroma- 
tography util izing flame ionization and flame photometric detectors, 
respectively. 

Filtered residues were analyzed for total  sulfur using the LECO 
induction furnace to convert sulfur to SO2 followed by idometric 
f i l t ra t ion  of the SO2 

A study was conducted to determine H2S emissions as a function 
of time, pH and mix design a t  185°F (85'C). This temperature corresponds 
t q  the maximum surface temperature measured for  asphalt, and sulfur 
asphalt mats exposed to the elements i n  the volatilization study. 

*i 

The time factor was evaluated in ten minute intervals once the t e s t  
temperature was attained. Results are summarized i n  Table29 and  30. An 

L 

I 



i 
I Table 29. H S Emissions as a Function o f  Mix Design, pH 
I a i d  Time. 
! 

M i x  Design 2 

I 
Solu t ion  Time 

1 1 2 3 4 
PH (Nin. ) ppm H2.S 

La taken a t  point where vapor T = 8 5 O C  

Average d f  two determinations. 

Far mix design detalls see progress report No. 6. 

Table 30. 

Source of 
Variation 

pH 
Mix Design (MD) 
t ime (t) 

ANOVA f o r  H2S as a Function 
pH and Time a t  185OF ( 8 5 O C )  

Degrees of Sum of 
Freedom Squares 

o f  P4ix Design, 

Mean 
Square 

Exponent 
F 

61 4** 
1 09** 

0.91 
1 lo** 
0.36 
0.37 
0.13 



ana lys is  o f  var iance (ANOVA) revealed t h a t  mix design and pH had a 

h i g h l y  s i g n i f i c a n t  a f f e c t  on the  H2S measured, as shown i n  Table 30. 

Time o f  measurement was no t  a s i g n i f i c a n t  f ac to r .  A h i g h l y  s i g n i f i -  

cant  i n t e r a c t i o n  occurred between pH and mix design, suggesting a 

n e u t r a l i z a t i o n  reac t i on  o f  the a c i d i c  media w i t h  the  l imestone aggre- 

gate. Equ i l ib r ium pH measurements on the  hydrolysates support t h i s  * 

premise. Mix Design 4, hydrolyzed i n  pH 2.45 a c i d  so lu t ion ,  reacted 

t o  g ive  an equi 1 i b r i um pH o f  7.55. Hydrolys is  i n  a pH 10.7 base 
* 

resu l ted  i n  a hydrolysate pH o f  8.7. There was very 1 i t t l e  d i f f e rence  

i n  H2S emission f o r  MD-4 a t  1 8 5 V  (85OC) w i t h  respect  t o  pH o f  

hydro lyz ing so lu t ion .  This i s  shown i n  Table 31 w i t h  i t s  associated 

ANOVA given i n  Table 32. Conversely a s i g n i f i c a n t  d i f f e rence  r e s u l t s  

i n  H2S emissions f o r  MD-3 between pH 2.45 and 10.7. Equ i l i b r i um 
I 

pH values were 2.7 and 7.1, f o l l o w i n g  hyd ro l ys i s  i n  pH 2.45 and pH 

10.7 solut ions,  respect ive ly .  

These data suggest t h a t  hydro lys is  reac t ions  may have some long I 

I term a f f e c t  on su l fu r -aspha l t  pavement. However, the  e f f e c t  tends t o  

be m i t i ga ted  by the  aggregate system such t h a t  one would n o t  expect I 

environmental ly s i g n i f i c a n t  q u a n t i t i e s  o f  su l  f u r  emanating from sul  f u r -  

asphal t  v i a  chemical hydro lys is .  

Analysis o f  hydrolysates by gas chromatographic techniques re -  

vealed t h a t  no organics were s o l u b i l i z e d  by hydro lys is  reac t ions  i n  

e i t h e r  pH 2.45 o r  pH 10.7 water a t  a reac t i on  temperature equ iva len t  

t o  the  maximum surface temperature. Much more a c i d i c  o r  basic  r e -  

act ions,  a t  the  pavement surface, than could occur n a t u r a l l y  would 

be requ i red  t o  induce chemical hydro lys is  o f  s u l f u r  asphal t pavements. 

Total  s u l f u r  ana lys is  o f  pavement residues, f o l  lowing the  f i  1 t r a -  
- t i o n  o f  hydrolysates, revealed t h a t  a l l  o f  the  s u l f u r  f o r  the  var ious 

mix designs was recovered i n  the  residues. S t a t i s t i c a l  1  y comparing 

mean values f o r  percent t o t a l  s u l f u r  i n  the  mix designs w i t h  corresponding i* 

I values determined f o r  the  residues f o l  lowing hydro lys is  us ing a 

pa i red  t - t e s t  revealed no d i f f e rence  i n  the means. This  suggests t h a t  



Table 31. H2S Emissions a s  a Function o f  M i x  Designs and pH. 

Mix Design* 

Solu t ion  1 3 4 
pH 

H*S PPm 

2.45 0.3  1.7 0.4 

* Average of  two determinat ions .  

Table 32. ANOVA f o r  H2S as a Function of Mix Design and pH. 

Source o f  Degree of Sum of  Mean 
Varia t ion Freedom Squares Square 

Between pH 2 110.44 55.22 
Between Mix Design 5 93.76 18.75 
I n t e r a c t i o n  10 82.69 8,27 

Error  18 2.22 O , f 2  
Total 35 289.12 

Exponent 
F 

** S i g n i f i c a n t  a t  the 1% l e v e l .  



the H2S l o s t  d u r i n g  hydrolysis was too low i n  magnitude to materially 
affect  the total  sulfur composition of the mix designs d u r i n g  the 
reaction time interval employed i n  t h i s  experiment. 

3.1 .3. 3 Biol agi cal Weathering 

C The various mix designs were ground to pass a 1 mm mesh sieve 
and incorporated into a 100 g fresh soil  matrix to determine potential 

d biol ogi cal degradation. Degradation was fol lowed by C02 evol ution 

over a 90 day incubation period. 
Soil was maintained a t  a f ie ld  capacity moisuture level throughout 

the experiment. Field capacity i s  considered an optimum moisture 1 eve1 
for  soil microbial activity.  The soil employed for  th is  t e s t  was a 
sandy loam, which has a h i g h  native f e r t i l i t y ,  a1 though low i n  nitrogen. 
No nitrogen was added i n  t h i s  study to better simulate natural 
conditions . 

Biological degradation estimated as cumulative C02 evolved i s 
given for the various mix designs i n  Table 33. The data suggest 
that sulfur tends to  increase the biological act ivi ty of the so i l .  
I t  should be noted that the material may behave quite differently 
had nitrogen been added to the system. 

A1 though the experimental design tends to maximize the effects 
of biological degradation, i t  i s  certainly a plausible mechanism which 
will need further study a t  a f ie ld  level.  There are micro-organisms 
common to a1 1 so i l s  which can ut i l  ize sulfur as an energy source. 
I t  i s  suggested from these data that soil microbes may be extremely 
important in the overall long term weathering of sulfur asphalt 
paving materials. 

%. 

Weathering of in-service pavements by naturally occurring con- 
d i  tions should have no rneasurabl e impact on the environment, as assessed 

?i 

by simulated laboratory and re1 atively short term outdoor exposure 
s t u d i  es . 



Table  33.  GO2 Evolved from Asphalt, Sulfur/Asphalt and 

Sulfur Concrete Materials Incorporated into a 
Soil Matrix. 

Mix Design Cumulative C02 Evolved 

Mg 
MD-1 194 

Soil Blank 



- 

3.1-4. Simulated Fire Tests 

A number of samples approximately 3 x 4 x 112-inch thick 
(75 x 100 x 13 mm) were prepared from a l l  of the sulfur mixtures 
for flamability tes ts  in accordance w i t h  ASTM-D1692. Test 

1L specimens of sulfur, sulfur concrete, sulfur w i t h  DCPD, sulfur 
concrete w i t h  DCPD, sand-asphal t-sul fur and sul fur extended 
asphalt were exposed directly to a flame for a period of sixty 
seconds af ter  which the flame was removed. While i n  contact w i t h  

the flame, the sulfur and the sulfur concrete tended to me1 t ,  

w i t h  only the foamed residue (intumescence) burning. Both samples, 
however, self extinguished when the flame was removed. The 
sulfur w i t h  DCPD also me1 ted b u t  the intumescent material burned 
more readily and continued t d  b u r n  until the sample was total ly 
consumed. The sand-asphal t-sul fur and sul fur extended asphal t 
samples burned with the evolution of a considerable amount of 
black smoke while i n  contact with the flame from the burner. When 
the fTame was removed the smoke was reduced a f t e r  about 6 seconds 
and both materials self extinguished. As expected, H2S and SO2 

gases were emi tted t o  a 1 eve1 beyond the range of the moni tori  ng ' 
instruments (100 ppm) while maintaining direct flame contact, b u t  

reduced to trace levels w i t h i n  10 seconds af ter  the flame was 
removed and the temperature of the surface cool ed . 

A sample of asphalt cement was also exposed to direct flame. 
The sample d i d  ignite and continued to smolder until the ash was 
created. The black smoke was generated i n  the asphalt samples b u t  

not i n  the pure sulfur sample. Only the sulfur containing samples 
I 

emitted H2S and SO2. I t  was noticed that the presence of aggregate 
slowed the b u r n i n g ,  and i n  a l l  b u t  the sulfur concrete w i t h  DCPD 

C 

actually created a self extinguishing element. 
I t  was concluded that barring any direct flame contact with a 

sul fur-asphal t or sul fur concrete, the surface would not readi 1 
ignite. Except for the DCPD suifur concrete, none of the systems 
tested sustained a bu rn  once the burner flame was removed. However, 



assuming ignition d i d  take place the burning surface would self  

extinguish wi t h  only local environmental impact. Treatment of 
sulfur f i r e s  i s  discussed i n  the Field Evaluation Plan - Volume II .  

Compacted specimens were also subjected to another laboratory 
simulated f i r e  t e s t  using the controlled environment set-up given 
in Figure 29. I t  became clear on the in i t i a l  t e s t  that  the Interscan 
gas monitors were inadequate to measure the levels of H2S and SO2 

emitted. Therefore the concentrations of  these gases were monitored 
using a commercially available Drager appartus. A natural gas 
flame was used, and the flame t i p  placed on the specimen throughout 
each t r i a l .  

Organics were trapped i n  refrigerated hexane using a minumum 
2 trap series.  Contents of both traps were combined, dried over 
anhydrous Na2S04, and reduced in volume by vacuum d i s t i l  lation 
prior to  FID and FPD gas chromatographic analyses. 

Compacted specimens resulted i n  a much different distribution 
of inorganic sulfur than anticipated, particularly w i t h  respect 
to  the H2S and SO2 levels (Table 34). Neither H2S and SO2 were 
detected by Drager tube analysis of the asphalt control material 
(MD-6). Both sulfur concrete MD-8 and 9 produced extremely h i g h  

concentrations of SO2 relative to the sul fur-asphal t systems. 
H2S was generated i n  the DCPD-modified material b u t  not i n  the 
unmodified sulfur concrete. 

Table 34. H2S and SO2 Concentrations Emitted during a Simulated B u r n .  

Mix Design 
Sulfur 
Specie 1 2 3 4 5 6 7 8 9 

Concentration, ppm 



Hood 

Sampf e 
Burning 

Figure Schematic o f  Test Set-Up f o r  Burning Test 



Sulfur-asphal t materials.wi t h  the exception of the MD-3 design 
resulted i n  surprisingly low gaseous sulfur values, b u t  w i t h  

proportional ly  higher H2S 1 eve1 s than anticipated. The high sul fur 
containing pavement (MD-3) and the sul fur concrete speciemsn (MD-8 
and MD-9) yielded much higher SO2 levels, w i t h  only MD-3 resulting 
i n  a significant H2S level. The asphal t matrix definitely reduced 
sulfur emissions. 

Attempts to recover particulate sul fur were completely 
frustrated due t o  immediate deposition on cooler surfaces o f  the 
apparatus glassware. Therefore a material sulfur balance was n o t  
attempted. 

A1 though i t  was impossible to quantitate total organic 
emissions, FID scans revealed significant emissions for the sulfur 
asphalt pavements. Comparison of organic emissions trapped for 
MD-3 and MD-6 suggested that elemental sulfur mixed w i t h  asphalt 
does not materially affect the nature of the organics released 
on b u r n i n g  (Figure 30). Sulfur alone dominated the FPD scans, 
and i s  demonstrated i n  Figure 31, for a 1 t o  10 dilution MD-3. 

Although' dense fumes were noticeable throughout the t e s t ,  
low levels of organics actually trapped i n  refrigera'ted solvent 
indicated an inadequate design of the t e s t  procedure. However, 
attempts t o  modify the system were completely thwarted by the 
physical nature of the fumes. Apparently the organics emitted 
were occluded w i t h  or onto sulfur particulates. 

3.1.5 Simulated Spills 

Compacted specimens of the asphalt and sulfur paving materials 
(!,?ix Designs 1 through 7)  were fragmented into particles retained 
on a 2 mm sieve. Ten gram samples o f  each material were then 
placed i n  glass columns and leached w i t h  100 ml saturaged NaCl a t  
an elution rate  of 4 rnl per minute. teachates were acidified 
to pH 6 and extracted by a separating funnel parti tion technique 
into benzene using 2.50 ml volumes of the l a t t e r .  Benzene 
extracts were combined, dried over anhydrous Na2S04, reduced i n  

volume and subsequently analyzed by gas chromatography using 
b o t h  FID and FPD detector systems. 







A separate 109 subsamples was leached with a 100 ml volume 
of nanograde qua1 i ty i so-octane. Iso-octane extracts were simply 

dried over anhydrous Na2S04 and analyzed by gas chromatography 
using both FID and FPD detector systems. 

Saturated NaCl leach solution was used t o  simulate the affect 
of potential brines from deicing sa l t s  on sulfur-asphalt paving 
materials . FID scans of 1 eachates ( F i  gure 30 ) generated showed 
absolutely no organics were stripped from either asphal t or sulfur- 
asphalt material s w i t h  the column leach technique employed. 
The peaks showing up i n  several of the scans were found to be 
contaminates of the NapS04 used to dry the benzene extract. The 
elemental sulfur blank i s  designated as such. Straight l ine 
chromatograms were obtained in the FPD mode on analyses of the 
brine leach for sulfur containing components. The use of fractured 
pavement specimens in the t e s t  gave a much larger surface area 
than an intact pavement, and maximize the effectiveness of the 
brine leach on a comparative basis. One can only conclude from 
these results that  brine of saturated deicing sa l t s  would have 
a minimal impact on run-off waters emanating from sulfur-asphal t 
or asphalt pavements. 

Simulated gasoline sp i l l s ,  using iso-octane as a leach 
solvent, revealed that this may leach elemental sulfur from 
contacted surface materials (Figure 33 through 40).  This i s  
based on the fact  that sulfur shows up on FPD detection w i t h  no 
commensurate peak i n  the FID model . The impact of a gas01 ine 
sp i l l  will of course be lessened w i t h  an intact compacted 
pavement surface. However, the fact  remains that organic solvents 
or naptha mixtures will solubil ize free sulfur. 

The data suggests that a much longer contact time than t h a t  
4? afforded by the column leach technique employed would be required 

I to sol ubil i ze significant asphal t borne organics. 

3.1.6 Effect of Dicyclopentadiene ( D C P D )  on HzS and SO2 
Emissions From Su1 fur Concrete Mixes 

Dicyclopentadiene ( D C P D )  i s  one of the primary additives 
currently being used to plastize sulfur for use as a binder i n  

sulfur concretes. The examination of gas evolution associated 
w i t h  the presence of DCPD i n  the system should be considered from 

103 



2.8 ul of 2.0 ml benzene 

MD-3 [ 2-4 ul of 1.8 ml benzene 
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F i g u r e  32. FID Scans o f  Fragmented Paving Materials Leached 
w i t h  S a t u r a t e d  NaC1. 



















two aspects ; binder preparation and concrete production. In 

the former, the DCPD-sul fur reaction i s  of prime importance 
whereas i n  the l a t t e r  the exposure of the binder to mixing  

temperatures of 250 t o  350°F (121 t o  177OC) i s  the main concern. 
A t  the reaction temperature necessary for polymerization 

w i t h  sulfur 250 to 285OF (121 to 141 "C), DCPD imnediately de- 

polymerizes to the cyclopentadiene (CPD) producing a highly 
exothermic reaction. If the exotherm i s  permitted to occur, 
the sulfur temperature can be raised t o  1 eve1 s which may pro- , 
duce h i g h  levels of H2S and SO2. One way o f  controlling this 
reaction i s  to introduce the DCPD a t  a relatively slow rate 
o r  by premixing the DCPD and sulfur a t  room temperature prior 
t o  heating [19]. Another approach developed by The Bureau of 
Mines [20] u t i  1 izes a preblend of DCPD and i t s  01 igomer t o  slow 
down the reaction with sulfur and significantly reduce the 
exotherm. ~h i n  depth FHWA-sponsored research study [44] i s  
looking i n t o ,  not only H2S and SO2 generation, b u t  other 
potential ly  hazardous pol 1 utants which may be produced under 
the conditions that plasticized sulfur binders are processed. 
Therefore, the binder preparation aspect was not treated i n  

this report. 
This phase of the program dealt primarily with assessing 

the H2S and SO2 emissions generated during a typical sulfur 
concrete mixing operation. This was accomplished by monitoring 
the a i r  space i n  the laboratory approximately 18 i n  (46 cm) 
over the mixing bowls using the H2S and SO2 Interscan monitors. 

4 

Peak emi ssions from a DCPD-modi fied sul fur concrete mix (MD-9) 

were compared w i t h  the unmodified sulfur concrete (MD-8) . The 
I*. 

mixes were prepared a t  three temperatures; 25U°F (121°C), 
300°F (14g°C) and 350°F (177OC). Total mix ing  time for each 
material never exceeded one minute. The peak dissipated af ter  
15 seconds. The H2S and SO2 concentration, as measured, are shown 
i n  Table 35. 



Table 35. Variation o f  H2S and SO2 Emissions w i t h  Mix Temperature 
Generated d u r i  ng Sul fur Concrete Mixing - Laboratory 
Environment 

Gas Temperature 
O F  ( " C )  

* 
Mix Design 
8 9 

5 sec, 
(15 sec,) 

* 
Mix designs are given i n  Tab1 e 1 1 , page 39 

Consistent w i t h  that found for the sulfur-asphal t systems (see 
Table 13b), H2S and SO2 emissions remain a t  safe levels up to 300°F 
(14g°F). Although the MAC values were exceeded for both MD-8 and 
MD-9 a t  the 350°F (1 7 7 Y )  temperature, they were rapidly diminished 
a f t e r  15 seconds of mixing. Where detectable, emissions from MD-9 

yl 

were sl ight ly higher than those generated i n  MD-8. I t  should be 

noted that  a t  a l l  temperatures, rather obnoxious odors were present 
dur ing  mixing  which could prove objectionable to personnel. I t  i s  

therefore recommended that sulfur concrete mixing  be carried out  
a t  temperatures no greater than 300°F (14g°C) and i n  well ventilated 
areas. 



3.2 Task B - Human Safety and Environmental Aspects 

3.2.1 Human Safety and Hazard Considerations 

The results generated in Task A continue to  support the 
fact  that as long as sulfur-asphal t or sulfur concrete mixtures - 
are maintained a t  temperatures which do not exceed 300°F (149'C) 
problems associated w i t h  the evolution of toxic pollutants are 
minimal. A mare detailed treatment of the nature of the hazards * 

and safety practices recommended for construction personnel i s  
given i n  Volume I1 of this  report. .. 

The primary contaminants t o  which workers could be exposed 
i n  measurable amounts during production, placement and post 
construction maintenance of sulfur modified paving material s 
include Hydrogen Sulfide (H2S), Sulfur Dioxide (SO*), Sulfur 
Trioxide (SO3) and particulate (elemental ) sulfur. Each of 
these pollutants i s  capable of causing acute i l lness i f  the 
concentrations a t  which they exist  exceed their  respective 
Maximum A1 lowable Concentration (MAC) threshold. The relative 
toxity levels of H2S, SO2 and particulate sulfur have already 
been discussed i n  Section 1 J . 4 .  

Results of Task A indicate that under normal recommended 
operating condi tions i t  i s  unl i kely that conditions coul d occur 
that would produce hazardous concentrations of SO3 and subsequent 
i l lness.  On the other hand, conditions could occur which could 
produce toxic levels of H2S and SOp. These include: 

(a)  Storage of hot sulfur-asphalt mixture i n  enclosed, 
poorly vented containers such as storage s i los .  
Storage time of hot sulfur-asphal t mixes should be 
limited t o  a maximum of 4 hours. Overnight s i l o  

* storage i s  not advised. 

(b)  Sulfur storage tanks can accumulate H2S and SO2 a t  
* concentrations we11 above the lethal level,  and 

h. 

personnel working around open ports or sulfur 
discharge values for prolonged time periods should 
be equipped w i t h  a respirator. 

(c )  Pug Mill hoppers or feeds require periodic inspection 
for material "hang up"  or clogging. Visual inspection 



by plant personnel i s  usually accomplished by climbing 
s t a i r s  or ladders t o  look inside the hoppers. Under 
certain atmospheric conditions , tpxic fumes can 
accumulate to 1 evels which may be hazardous to the 
workman . I 

Particulate sulfur can be generated duking mixing, dumping 

into trucks under the pug mill, dumping intb the paver hopper 
or the mixing action of the paver screw. Splfur particles are 
carried into the a i r  in a vapor wherein theb cool and become 
fine sulfur dust. Except f o r  the eyes, skih or mucosa, i r r i ta t ion  
i s  short term and can be prevented by wearing goggles and/or 
masks. I rr i ta t ion i s  usually relieved by washing w i t h  water. 
Clothing requirements for personnel who must work w i t h  hot, 
liquid sulfur are the same as for asphalt alnd i s  discussed i n  

Vol ume I1 of this  report. 
Aside from eye or skin i r r i  tation, teqporary discomfort 

can ar ise from odor. The extent of th is  discomfort I i s  subjective 
and dependent on the specific sensitivity of each other. I t  
i s  noteworthy that i n  communications w i t h  sulfur producers 
(e.g., Texas Gulf i n  Texas) records show that  virtually no 
imnediate or chronic i l lness related directly to sulfur has 
developed a t  their  f ac i l i ty  during the past 50 years. 

O f  the contaminants of interest ,  only SO2, SOj, and H2S 

are suspected of causing chronic i l lness .  Chronic i l lness  due 

to exposure to  SO2, H2S, o r  SO3 i s  not expected based on the 
curent information available on these compounds and Task A.  

These results indicate that a l l  exposures are anticipated to be 
a t  1 eve1 s considerably be1 ow the maximum a1 1 owabl e concentration 
(MAC) considered acceptabl e for continuous exposure during an 
8 hour working day. 

A1 though sul fur-asphal t i s  combustible, the f i r e  hazard 
associated w i t h  i t  i s  minimal. Liquid sulfur,  sulfur vapor, 



and sulfur dust a l l  are combustible, and f i r e s  can not be 
total ly  ignored. Although the likelihood of conditions 
suitable for a sulfur dust explosion i s  very s l ight  th is  
possibility should be recognized. Establishment procedures 
for the safe handling of l i q u i d  sulfur being used i n  tha t  

JT industry will minimize the f i r e  and explosion hazard. 
A t  the mix temperatures expected, asphalt will have only 

+ a minimal f i r e  hazard associated w i t h  i t .  Correct safety and 
hand1 i n g  procedures are a1 ready known i n  the paving industry 
and are recommended for use on sulfuP-asphal t systems, as we1 1 .  

Under very extreme condi tions, enclosed storage a t  
excessive temperatures, i t  i s  theoretically possible that 
sufficient H2S could be generated to form explosive mixtures 
w i t h  a i r .  With adequate temperatures control, i t  seems very 
unlikely that  this  will occur i n  practice, however, a l l  the 
material s involved i n  producing sulfur asphal t paving mixtures 
are heated t o  temperatures capable o f  producing a skin burn .  

Molten sulfur i s  a special problem, as  improper handling 
could significantly increase the chances of personnel being 
burned. 

Exposure 1 imi t s  for a1 1 the identified contaminants have 
been se t  by the American Conference of Governmental Industrial 
Hygienists (AcGIH) as threshold limit values (TLV'S)  and by 

OSHA as maximum allowable concentrations ( M A C ) .  In both cases 
the values for eight hours -- time weighted average (TWA) 

exposure are: 

Con tami na n t TLV - 

particulate sul fur 10 m g f m  3 

asphalt fumes 2 mg/m3 



Although 10 ppm has been se t  as the TLV fdr H2S by the ACGIH, 

the upper 1 imit established for a1 1 of TTI~'1s sulfur f ield t r i a l s  
I 
1 programs has been se t  a t  5 ppm. 

3 .2 .2  Short Term Environmental ~ f f e c t k  on Soils, Flora 
and Fauna I 

I 
1 

A shortage of sulfur-containing amino acids i s  one of the 
worlds most pressing problems w i t h  respect ' t o  human n u t r i t i o n .  
Paradoxically, urban pollution i s  one of t e most important h sources of sulfur. Recent measures taken 60 reduce pollution 
have materially reduced th is  sulfur supply and rendered more 
and more so i l s  t o  a sulfur deficient status. As sulfur enters 
the terrestr ial  environment, 1 ess oxidized forms will be converted ' 

to sulfates w i t h i n  the chemical ly and biologically active 
surface volume of aerated soi l s .  ~gronomi4al l~  important so i l s  
have 1 i t t l e  capacity t o  absorb anions and SO4 produced tends to 
be leached from the system. Acid soi ls  tend t o  have adequate 
sulfur supplies fixed as precipitated metal sulfates. Weathered 
soi 1 s i n  humid moisture regimes are generalily dependent upon 
suI fur containing fe r t i l i ze r s  and sulfur p d I l  utants to sustain 
suppl ies essential for plant growth. 

I t  has been establ i shed that the bul k :of sul fur re1 eased 
from the construction of sul fur-asphal t material s ,  i s  
inorganic sulfur.  Principally the sulfur i s  i n  a free elemental 
form. Temperatures above 300°F (14g0C) favor the formation o f  

both H2S and SO2, which may exceed 500 ppm i n  a closed environment, 
such as  that incurred during formulation, storage and transport. 
The potential hazards t o  human health and safety are addressed i n  

Volume 11. 

The release of inorganic sulfur into the environment i s  

most 1 i kely to occur during the paving pro$ess. Elemental sul fur 
released i n i t i a l l y  i n  a vaporous s t a t e  wili be rapidly cooled 
and condense to fine particulates. Elemental sulfur, due to i t s  
mass, will only be transported short distances via wind currents. 



relatively long distances since both are gases. The environmental 
impact of these gases are attenuated by distance transported via 
a dilution mechanism. 

Elemental sulfur i s  not readily altered chemically due to 
insolubility i n  water. Elemental sulfur and i t s  sulfides serve 
as electron donors for aerobic or anaerobic respiration by soil  
microflora w i t h  the formation of sulfates [45, 461. Extremely 
acidic conditions accompany the oxidation of these reduced species, 
which can impart an adverse impact i f  the soil  does not have 
sufficient neutralizing capacity to buffer the acidity produced. 
For weathered soi ls  w i t h  insufficient buffer capacity the impact 
may induce al uminum and manganese concentrations toxic to  
sensitive agronomic crops. Soils of sufficient buffer capacity 
will i n  most cases benefit from the sulfur added. Marginal so i l s  
and those of insufficient buffer capacity can be 1 irned by an  
inexpensive broadcast application to neutral ize the acidity 
produced on oxidation of reduced sulfur. 

Soils readily absorb H2S and SO2 gases [47, 481. The 
absorption process i s  independent of microflora act ivi ty i n  

so i l s .  I t  had been demonstrated that SO2 i s  chemically oxidized 
to  SO4. The reaction i s  not as  acidifying as oxidation of the 
more reduced species. 

The greatest potential for  an adverse impact arising from 
sul fur-asphal t materials i s  from SO2 generated d u r i n g  with mixing 
and paving process. Many oranamental s and agronomic plant 
species are adversely affected by re1 atively 1 ow concentrations of 
SO2 [49-541. However, the fact  that  the SO2 generated will 
be rapidly dissipated and of short duration, grater reduces the 
potential for permanent plant damage [55]. Timing  for a paving 
operation can also be used to lessen the potential for an adverse 
impact where sensitive plant species are in close proximity to 
the road bed. Research has shown that  plants are more likely 
t o  be injured by low levels of SO2 a t  h i g h  temperatures and 
h igh  relative humidities [51, 561. His a t  the concentrations 



I 

potentially emitted 'during the paving operaltion will have no 
adverse impact on plant communities. I t  his been suggested 
that  low levels of H2S may even be beneficiial t o  agronomic 
crops [52]. 

I 

I 

Sul fur-asphal t pavements once constru ted will have 1 i t t l e  
impact on the environment. Gasoline sp i l l  i may s t r i p  some 
sulfur as i t  runs off the pavement, b u t  will rapidly penetrate 
so i l s  such that only the road bed and adjagent I soil zone would 
be affected. Liming materials used in the construction of road 
beds w i  11 more than neutral i ze potential adidi ty produced 
once in soi 1 contact. The practice of stabilizing soi ls  beyond 
the intended pavement surface wi 11 a1 so nedate potential 
acidity generated from sulfur dusts. I 

Large concentrations of SO2 could result  i f  a f i r e  broke 
out -following an accident, and cause darnag to flora i n  + 
the immediate area. ~ 

3 . 2 . 3  Short Term Environmental Effects on Structural Materials 

Once the sulfur modified pavement i s  i n  service, the combined 
action of rain, wind and t raf f ic  could produce run-off o r  splashing 
that may have an effect on some of the strbctural materials 
normal ly found in the vicinity of a road. I Under t r a f f i c  wear, 
frictional forces between the t i r e  and road surface will also 
produce a fine dust which could be transported t o  the side o f  

the roady by wind or rain, or splashed onto I moving or parked 
vehicles by back-spray from passing cars. T O  evaluate th is  
effect,  a number o f  materials were subjected to  a series of tests  

1* 

simul ating the ac t iv i ty  just described.  he I materials evaluated 
included: I 

Material 

Steel Reinforcing Rods 
Gal vani zed Steel 
Chrome/Ti n 

Typical Location 
I 

Sulfur Concrete Section 
Road S i g n  and Guard Rails 
Wheel Hubs 



Material Typical Location 

Chrome Plating Bumper 
W Painted Sheet Metal Car Body and Roadway Signs 

A1 umi  num Nuts and Bolts, e tc .  
Copper Tubing, Wiring, etc.  
Rubber Hoses, Seal ants 
V i  nyl Uphol s tery 
Wood Concrete Forms 

Samples of the materials l i s ted  above were obtained from 
TTI's automobile "graveyard" and storage. I t  was decided by 

the project team that the t e s t  medium which would most nearly 
simulate the conditions described above would be a solution of 

finely ground paving material ( i . e . ,  minus No. 100 sieve) and 
water. Two particulate solutions referred to as "the leachates" 
were prepared using the sulfur DCPD concrete (Mix No. 102) 
and the sand-asphal t sulfur mix (Mix No. 3) designs. There 

. were selected since they represented the mixes w i t h  the highest 
sulfur content. About 0.1 1b (45 grams) of each of the two 
crushed materials were added to about 1 gallon (3.8 1 i t e r s )  of 

water in a 2 f t .  x 2 ft. x 1 f t .  (0.51 rn x 0.61 m x 0.30 m) open 
vessel. Three vessels were used; one for each of the two mix 
designs and one which contained only pure water. Samples were 
placed on a screen capable of being positioned so that the 
samples could be either total ly  submersed or completely above 

4 

the leachate level i n  the vessel. The t e s t  was carried put 
a t  two temperatures; 75 and 140°F (24 and 60°C). 

A sparger coil was located on the bottom of  a vessel which 
was connected to an a i r  supply. A control value was used to  
adjust a i r  pressure to provide just  enough turbulence to keep 
the particulate matter i n  suspension. The leachate was kept a t  
a steady roll so as not to  induce any abrasive action on the 
sample surfaces. ~ h j s  rolling agitation was maintained for 30 

minutes a f t e r  which the samples were removed from the leachate 
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and l e f t  t o  dry. The t e s t  was repeated once a day for two 
months. After each 30 minute t e s t ,  the samples were visually 
inspected for corrosion, chemical attack o r  change i n  surface 
characteristics. A schematic of the t e s t  set-up i s  shown 
i n  Figure 41 . 

.m 

Except for the copper which was chemically attacked by the 
sul fur-water sol ution, no permanent visual damage or changes 
were noted a t  either of the two t e s t  temperatures. The effect  
on copper was to be expected since i t  i s  an establ ished material 
selection cr i te r ia  not t o  use copper i n  handling or storing 
sulfur. The only visual effect noted was a film that formed 
on the painted surfaces upon drying. This was easily remedied 
by w i p i n g  w i t h  a clean, dry'cloth. 

A series of tes ts  were also r u n  on some steel samples i n  

leachate solutions of varying pH. I t  was found that as the 
leachate became more acidic ( i  .e., pH 5 6)  the steel sampl es 
were beginning t o  become pitted. A t  pH 2 7 no such activity 
was noted. 

The results of these tes ts  would indicate that exposure 
to sulfur-water solutions would be detrimental to  copper and 
steel ; the l a t t e r  only in acidic solutions. This cou ld  be a 
problem in using reinforcing rods i n  moist sulfur concrete. 
The use o f  copper or copper alloys would not be advisable. 
Otherwise, there was no difference indicated between sampl es 
exposed t o  the two sulfur leachate and the pure water. b 

3.3 Task C - Field Evaluation Plan 
I 

The results of Tasks A and I3 along w i t h  pertinent information 
gleaned from the l i te ra ture  search (Task D) have been utilized 
to  s e t  up a detailed work plan for monitoring emissions and 
pol l utants from operations and situations encountered i n  the 
construction and maintenance of su1 fur-modified asphalt pavements. 
This Field Evaluation Plan i n  Task C of the overall project and 

i s  treated i n  detail i n  Volume I1 of the final report. 





Wi.th the advent o f  the development of sulfur-modified asphalt 
pavements i t  has become necessary to properly evaluate the safety 
aspects of these materials l e s t  the results of isolated, non-routine 
operating conditions misrepresent the true safety and environmental 

I 

impact of this  area of technology. The objective of the Field 
Eva1 uation Plan i s  to present a developed environmental and 
safety guideline for the use of sulfur i n  highway pavements. r: 

These guide1 ines include descriptions of hazards encountered 
i n  handling liquid sulfur. Symptoms Qf exposure to these hazards 
are described and f i r s t  aid treatment i s  presented. The operations 
and situations encountered d u r i n g  construction of sulfur modified 
pavements are described i n  view of the hazards due to the presence 
of sulfur. Types of exposures, sources of the exposures, factors 
affecting the exposure levels, risk evaluation, and recommendations 
for appropriate safety apparel and m n i  tori,ng equipment are given. 
The operations and situations are broken down into stationary 
and mobile sources of emissions and pol 1 utants as fol lows : 

Stationary Qua1 t i  ty Control Laboratory 
Sulfur Storage Tank 
Storage of Prebl ended Sul fur- 

Asphal t Binders 
Mixing Units 
Surge Silos 
Stacks 

Mobi 1 e Haul Trucks 
Paver 

Types of maintenance operations and hot-mix recycling procedures - 
have also been evaluated for exposure to noxious and obnoxious 
emissions due to the presence o f  sulfur i n  the pavement. Also 

included i n  the Field Evaluation Plan are methods of monitoring 
the potentially hazardous products as determined from the laboratory 
and simulated f ield tes ts .  



Brief descriptions of some of the evolved gas analysis 
techniques have been presented for  the types of monitoring comnon 
to the paving industry. The breakdown of emissions monitoring 
methods are: (1 ) area monitoring - continuous sampl i n g  techniques; 

d. (2 )  short term sampling - "grab" sampling, and ( 3 )  personnel 

monitoring - continuous sampling. In preparing th is  plan, every 
Y attempt was made t o  make the safety practices and working environment 

I 

consistent w i t h  requirements already established by OSHA, NIOSH, 
and EPA i n  the paving and sulfur handling industries. 

3.4 Task D - Annotated Bibliography 

This phase of the project generated a synopsized review of 
I 

the l i terature and appropriate patents, and provided for  the establish- I 

ment of a comprehensive annotated bibliography relative to the I 

safety and environmental effects of the use of sulfur modified 
pavement material s .  This resulting annotated bib1 iography i s  
contained i n  Volume 111 of the final report for  th is  contract and 
i s  comprised of over 500 abstracts derived from an extensive l i te ra ture  - I  

search. Each a r t i c l e  has been classified into one or more of the 
following categories: 

I .  Environmental Effects 
1.0 Effects on Air and Water 
1.1 Effects on Plant Life 
1.2 Effects on Animal Life 
1 .3  Bacterial - Microbiological Effects 
1.4 Effects on Soil 

11. Health and Safety Aspects 

u 111. Material and Structural Effects (Corrosive) 

IV. Mechanisms and  Monitoring Devices 

V. Surface Abrasion and Contact of Sulfur Pavements 

A sui tab1 e cross-referencing and coding system was a1 so establ i shed. 
The code l e t t e r s  and numbers are given adjacent to each reference to 
indicate the particular category(s) covered i n  the reference. 



Texas A&M University Library ' s  Automatic Information Retrieval 
Service (AIRS), a computer search fac i l i ty ,  was used to obtain over 
1400 abstracts which were then reviewed, classif ied,  and placed i n t o  
the final report. The 1 i terature searched included such sources as 

, the Chemical Abstracts, The Engineering Index, and the NTIS reports. 
The annotated b i b ?  iography, along w i t h  the abstractions and categori - 
zations of the references, will faci 1 i t a t e  updating as maybe required 
for any future efforts  associated w i t h  sulfur-modified pavement con- 
s tructi  on. 



4 CONCLUSIONS 

A number of t y p i c a l  su l  fur-asphal t and su l  fur -concrete paving 

systems were evaluated t o  assess t h e i r  p o t e n t i a l  environmental impact 

and e s t a b l i s h  sa fe ty  considerat ions r e l a t i v e  t o  t h e i r  formulat ion,  

cons t ruc t ion  and maintenance. The i r  environmental impact was i n -  

vest igated from the  fo rmula t ion  stages, through weathering, and 

inc luded considerat ions o f  simulated f i r e s  and chemical s p i l l s .  

I n  the formulat ion phase the  in f luence o f  s u l f u r  i n  n ine mixtures 

was examined aga ins t  mix temperature and humidi ty  and oxygen content  

o f  the  a i r .  The r e s u l t s  generated i n  t h i s  study tend t o  support the  

data generated by others i n  the labora tory  as we l l  as the  f i e l d ;  

t h a t  i s ,  t h a t  as long as the  mix temperature i s  kept  below 300°F 

(14g°C) evolved gases and p o l l u t a n t s  can be maintained w i t h i n  safe 

l i m i t s .  These conclusions do no t  apply when su l fu r -aspha l t  o r  s u l f u r  

concrete are  processed i n  closed environments o r  s to red  f o r  prolonged 

periods of time. E f fec ts  o f  hurnidi t y  and oxygen were found t o  be 

n e g l i g i b l e .  The recomnended maximum al lowable upper temperature l i m i t  

f o r  continuous handl i n g  o f  s u l f u r  modi f ied paving mater ia ls  i s  

there fore  300°F (149O~) .  

It was a l so  found t h a t  exposure t o  the elements had a negl i g i b l e  

e f f e c t  on these pavement mater ia ls  and run -o f f  e i t h e r  by wind o r  r a i n  

produced l i t t l e  or  no e f f e c t  on the  immediate environment. I t  should 

be noted t h a t  i n  both the  fo rmula t ion  and weathering studies, were 

maximized the  r e s u l t s  may be considered conservat ive. 

A l a r g e  number o f  s t r u c t u r a l  ma te r i a l s  were evaluated f o r  

poss ib le  a t tack  by run -o f f  from a su l fu r -aspha l t  pavement. O f  the  
4 

ten  mater ia ls  studied, copper and s tee l  appeared t o  i n d i c a t e  a v u l -  

n e r a b i l i t y .  The former o r  i t s  a l l o y s  should never be used i n  equipment 
&h 

o r  s t ruc tu re  which could b r i n g  them i n  contact  w i t h  s u l f u r  due t o  t h e  

high p r o b a b i l i t y  o f  producing the  su l fa tes  o f  copper. Steel  re in fo rc ing  

rods would be suscept ib le t o  a t tack  by H2S04 produced by moisture on 

contact.  



The possibil i t y  of accidental events such as f i r e  and chemical 
spi 11 s revealed some possible short term undesirable effects-. These 
were i n  the area of obnoxious fumes or short-time-interval pollution. 
Both the DCPD-modi fied and unmodified su1 fur  concretes generated 
high levels o f  SO2 during burning. Virtually a l l  of the sulfur pave- 
ment materials were d i f f icu l t  to ignite and were self extinguishing. 

The effect of simulated brine and gasoline sp i l l s  on sulfur 
pavement were studied. Whereas s a l t  based deicers would have minimal 
effect ,  organic solvents or naphtha mixtures can solubilize free 
sulfur. 

The results of th is  study also produced a Field Evaluation Docu- 
ment (Volume 11) and an ~nnotated Bibliography (Volume 111) containing 
over 500 relevant sources. The Field Eva1 uati on Document was designed 
for  use by contractors and s t a t e  agencies to establish the relat ive 
safety and for  identification of potential hazards a t  the various 
locations and work elements on a sul fur-asphal t construction project. 
Recommended clothing and f i r s t  aid procedures were included i n  th is  
document . 

In summary the results contained herein would tend to support the 
conclusion that as long as hot sulfur paving mixtures do not exceed 
300°F (14g°C) a l l  sulfur originating emissions (H2S, SO2, SO3 and 
organic sulfur materials) 1 evels will be be1 ow their respective Maxi - 
mum Al lowable Concentrations. Sulfur hand1 i n g  practices already 
established i n  the sulfur industry as well as those common to the h o t  

asphaltic concrete community were sufficient to assure adequate personnel 
safety. 
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GC-MS Analysis and Original Data Sheets on 
Volatilized Products from Sulfur Asphalt Mixes 

The products of th is  study were to use gas chromatograph - 
- .  mass spectroscopy (GC-MS) techniques to analyze and identify 

compounds volati 1 i zed during formulation of sul fur-asphal t a t  the 

+ excessive temperature of 350°F (176OC), and compare i t  to  asphalt 
alone. T h i s  was ini t ia ted i n  particular to  identify the relatively 
large peak showing up by gas chromatographic ( G C )  analyses using 
the flame photometric detector i n  a sulfur specific mode. I t  
should be noted that  in i t i a l  GC analyses (see page 53)  using a flame 
ionization detector system revealed no hydrocarbons were i n  excess 
of 1 ppm relative to the a i r  volume trapped. However, the sulfur 
constituent was definitely i n  excess of 1 ppm for the sul fur-asphal t 
material. Mix design 3 (MD-3) described i n  Table 11, page 39 

was u t i l  ized for. the comparison to the asphal t (MD-6). 
Volatilized components trapped i n  refrigerated solvent from 2 

separate formulations a t  350°F were combined and concentrated by 

vacuum d i s t i l  lation for  GC-MS analysis. The mass spectrometer was 
a Hewlett-Packard Dodecapole 5890 A model with GC inlet .  I t  has 
a mass resolution o f  one u n i t  mass. A 18 m glass capillary column 
( 2  mn I .D.  coated w i t h  SP 2100) was used i n  the GC inlet .  The SP 

2100 capillary column was used instead o f  the OV-1 material because 
of better resolution a t  one-third the time. 

The resultant GC scan a f  MD-6 i s  given i n  appendix Figure A-1 . 
Mass spectra of sample, both i n  bar diagram and i n  Table form, were 

+ obtained. These spectra for peaks labeled +527, +583, +784, +859, 
+872 and +914 i n  Figure A-1 are given i n  Figures A-2, A-3, A-4, A-5 

rn and A-6, respectively. These spectra were f i r s t  compared w i t h  the 
19,000 known mass spectra l i s ted  i n  "Registry o f  Mass Spectra Data" 
by S. Abrahamson; E. Stenhagen; F. W .  McLafferty; Wiley, N. Y .  1974. 
Cornel 1 University's computer program for mass spectra identification - 
P3M was also used to interpret some of MS obtained. The PBM has a 

135 



data bank of 41,429 known mass spectra. Through telecommunication 
every known spectra i n  the data bank was retrieved and compred to 
the mass spectrum obtained. No match was ever found due principally 
to  the low concentrations i n  combination w i t h  background matrix 
effects.  However, possible structures were had computed from crack 
patterns for peaks labeled +527, +784, +872 and +914 (Figure A-1). 
The results of this effort  are summarized i n  Table A-1. O f  note i s  
the fact  that sulfur does n o t  dominate any of the mass spectra, 
b u t  d id  show up as moiety of peaks +784 and +914. The asphal t 
material was shown to contain approximately 0.5% sulfur. 

The resul tant GC scan of MD-3 i s given i n appendix Figure A-7. 

Adjustments were made to increase sensitivity levels of the flame 
ionization detector. An attempt was made to  obtain the mass spectrum 
of a peak w i t h  a retention time of 15.5 minutes. The spectrum shown 
i n  Figure A-8 shows sulfur to dominate as a background. The in i t ia l  
mass spectrum for peak labeled +585 was in i t i a l ly  dominated by sulfur 
Figure A-9. A second r u n  negating the sulfur background i s  given i n  

Figures A-10. The spectrum shows a similar framenting pattern as t h a t  

noted for peak +527 obtained for the MD-6 sample. Mass spectrum of 
peak +638 i s  g i  ven i n  Figure A-1 1 . Results of spectra are given i n  

Table A-2. 
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Figure A-1 . Gas Chroma tographic  Scan o f  MD-6. 
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Figure A-2. Mass Spectrum o f  Peak +527. 
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Figure A - 3 .  Mass Spectrum o f  Peak +583. 
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Figure A-5. Mass Spectrum o f  Peak +859. 
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Figure A-6. Mass Spectra o f  Peak +914. 





Table A-1 . Summary o f  Mass Spectra o f  MD-6. 
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Figure A-7. Gas Chromatographic Scan o f  MD-3. 









Figure A-8. Mass Spectrum o f  Peak +267. 



Figure A-3. Mass Spectrum o f  Peak +585. 
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Fi gure A-1  I .  Mass Spectrum o f  Peak +E38. 





Table A-2. Summary o f  Mass Spectra for  MD-3. 

Retention 
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