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AND THEIR RELAT.IVE DISPLACEMENT.BY WATER 

H. Plancher, S. M. Dorrence, and J.. - C .  Petersen 

Laramie Energy Research Center 
Energy Research. and. Development Admin is t ra t ion  

P.. 0. Box 3395, Laramie, Wyo. 82071 

ABSTRACT 

The aspha l t i c  components s t r o n g l y  adsorbed on .a number o f  asphal t -  
aggregate . i n te r faces  were i s o l a t e d  and charac ter ized both q u a n t i t a t i v e l y  
and qua1 i t a t i v e l y ,  and t h e i r  r e l a t i v e  displacement from an aggregate 
surface by a moi sture-damage t e s t  was determi ned. Oxygen-. and m i  trogen- 
containing,compounds.were concentrated on the  aggregate sur faces. .  O f  
t he  f i v e  d i f f e r e n t  oxygen-containing func t i ona l  types examined, carbox- 
y l  i c  ac ids  were the  compound type most . s t r o n g l y  adsorbed b y .  the  aggre- 
gates and were a1 so the  -compound type most r e a d i l y  d isplaced . f rom t h e  
aggregates by water. D icarboxy l ic  anhydrides wereZa lso  s e l e c t i v e l y  
d i  sp.laced by water; su l  fox ides  showed . e i t h e r  s e l e c t i v e  re tent - ion  o r  
displacement. w i t h '  d i f f e r e n t  asphal t-aggregate> systems. Ni t rogen com- 
pounds and. ketones were the  compound types , l eas t  a f f e c t e d  .by .  t he  moisture-  
damage t e s t .  Model compound s tud ies .were  used t o  support t h e  r e l a t i o n -  
ships determined between asphal t  f unc t i ona l  .groups and t h e i r  a f f i n i t y  
f o r  var ious aggregate . . surfaces. 
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INTRODUCTION 

Mois tu re  'damaqe t e  b i  tumi nous-aggregate pav i  ng mix tu res  i s  we1 1 
known: These adverse e f f e c t s  cause.premature road f a i l u r e  and waste o f  
v a l  uable resources. Mo is tu re  damage - o f  aspha1 t pavements, general l y  
be l ieved t o  i n v o l v e  t h e  r u p t u r i n g  o f  t h e  adhesive bond a t  t he  aspha l t -  
aggregate i n t e r f a c e ,  has been the sub jec t  o f  numerous i n v e s t i g a t i o n s  
(1-710 

Petersen and co-workers i n  an e a r l i e r  s tudy (8, 2) charac ter ized  
sevepal a s p h a l t i c  components s t r o n g l y  adsorbed on aggregate sur faces by 
comparing aspha l ts  f rom ten  benzene-extracted road cores w i t h  t he  cor res-  
ponding aspha l ts  f rom benzene-alcohol-extracted road cores. D i f fe rences  
I n  composit ion between the two e k t r a c t s  were a t t r i b u t e d  t o  the s t r o n g l y  
adso~Hed m a t e r i a l s  t h a t  were ex t rac ted  by benzene-alcohol b u t  n o t  by 
benzene, Th is  i n d i r e c t  ana l ys i s  o f  the s t r o n g l y  adsorbed m a t e r i a l s  was 
n o t  s u f f i c i e n t l y  p rec i se  t o  show the  d i f f e r e n c e s  between i n d i v i d u a l  
asphal t -aggregate systems. Furthermore, subsequent work i n  our  1 abora- 
t o r y  showed t h a t  benzene-alcohol was n o t  as e f f i c i e n t  as p y r i d i n e  i n  
removing t h e  s t r o n g l y  adsorbed m a t e r i a l s  f rom t h e  aggregate sur faces and 
t h a t  e x t r a c t i o n s  i n v o l v i n g  a lcoho l  may form a r t i f a c t s .  I n  t h e  present  
study, a n a l y t i c a l  measurements were made d i r e c t l y  on t h e  s t r o n g l y  ad- 
sorbed f r a c t i o n s  a f t e r  they  wereodesorbed w i t h  py r i d ine .  

The p.urpose:of t h i s  i n v e s t i g a t i o n  was t o  (1 )  i s o l a t e  t he  components 
s t r o n g l y  adsorbed a t  t h e  .asphalt-aggregate I n t e r f a c e ;  (2)  cha rac te r i ze  
bo th  q u a n t i t a t i v e l y  and qua1 i t a t i v e l y  t h e  chemical f u n c t i o n a l  types 
s t r o n g l y  adsorbed by aggregates, (3 )  suppor t  t h i s  s tudy by de.termini.ng 
the r e l a t i v e  a f f i n i t y  o f  model compounds f o r  aggregate surfaces, and ( 4 )  
determine those strongqy adsorbed components e a s i l y  d isp laced from 
aggregate-sur faces  by water durl'ng a mol'sture-damage. t e s t .  This  i n v e s t i -  
g a t i o n  thus prov ides bo th  a b e t t e r  understanding o f  the .molecu la r  bond- 
i n g  i n t e r a c t i o n s  i nvo l ved  a t  t he  asphal .t-aggregate . l 'nterface and . t h e  
suscept i  b i  1 i ty  o f  these bonded components t o  d i  sp l  acement from the  
i n t e r f a c e  by water.  

I 
EXPERIMENTAL 

As ha1 t s  -. Folir v i s c o s i  ty-graded AC-10 asphal t s ,  iden . t i , f ied  b , ~  
code num e r s  -2959, 8-3036, 8-3051 , and B-3602, were .suppl  i e d  by t h e  
Ma te r i a l  s D i v i s i on ,  Of f ice o f  Research .and, Development., Federal Highway 



Admini s t r a t i o n  (FHWA). . These asphalts., [which va r ied  w ide l y  i n  chemical 
composi t i o n ,  have been used i n .  o the r  s tud ies  (9-1 - - .  6).. . 

Aggreqa.tes. - Fou'r o f  t he  f i v e  aggregates, used i n  t h i s  study have 
a l s o  been used I n  prev ious s tud ies  (9-12). The aggregates; supp l ied  by 
.the FHWA's Ma te r ia l  Divisl"on, were q u a r t z i t e  15, Hol 1 imestone, R iver ton  
l imestone, granite, '  and g r a n i t e  P-6. Gran i te  P-6, because o f  a l i m i t e d  
supply o f  ma te r i a l ,  was used i n  .on l y .  p a r t  o f  t he  present  study. The 
aggregates were' crushed, wet-screened t o  20-42 mesh s ize ,  r i n s e d  w i t h  
d i s t i l  l e d  water, and d r i e d  . a t  150 C f o r  24 hours p r i o r  t o  use. Surface 
areas were determined by the  BET (Brunauer, Emmett, and Tel l e r )  method 
us ing  krypton as the  adsorbate. Surface area measurements a re  der ived 
f rom measuring. t he  amount o f  k ryp ton  necessary t o  cover the  aggregate 
sur face w i t h  a monomolecular l a y e r  o f  t he  adsorbed gas. 

Sol.vents. .- Reagent-grade so lvents  were used, Benzene and pyrldlne-., 
were dpied by r e f l u x i n g  . f o r  8 hours over ca lc ium hydr ide  be fore  f i n a l  
d i s t i l  l a . t i on  through a Vigreaux column. . Peroxide- f ree te t rahydro furan 
(THF) (17-18) was kept  d r y  by s t o r i n g  i t  over 4-A molecular  sieves. 

Procedures 

Asphalt-Coated Aggregates. - The aspha l ts  .and aggregates were 
preheated a t  150 C f o r  1 and 3 hours, respec. t ive ly .  Each aggregate 
(11.97 g) was then mixed w i t h  each aspha l t  (63 g). The coated aggregates 
remained a t  150 C f o r  a t o t a l  o f  4.5 hours before the  oven was shut  o f f  ; 
and the  rn i x tu res ' s low ly  cooled t o  ambient temperature. Coated aggre- 
gates wepe s tored i n - t h e  dark a t  ambient temperature f o r  an a d d i t i o n a l  
62 'hours be fore  f u r t h e r  treatment. 

I s o l a t j o n  o f  t he  S t ronq ly  Adsorbed.Aspha'Bt Frac:ti.on, - The aspha l t -  
coated aggregate was t r a n s f e r r e d  as a benzene s l u r r y  i n t o  a separatory 
funnel t h a t  conta ined a g lass wool p lug  between the.main body o f  t he  
funnel  and t h e  stopcock, The asphalt-coated aggregate,was washed by 
s l  owly percol  a t ?  ng c o l d  benzene through the  aggregate bed w i thou t  a g i  t a -  
' t i o n ,  ' Thl  s process was cont inued u n t j  1 the  benzene e x t r a c t  became 
c o l o r l  ess, The s t r o n g l y  adsorbed ma te r ia l  remain ing.  on the  aggregaLe 
was then desorbed by an 8-hour p y r i d i n e  e x t r a c t i o n  I n  an a l l - g l a s s .  
mod( f i e d  Soxhll e t  e x t r a c t o r  (1 0). The p y r i d i n e  e x t r a c t ,  concentrated by 
so l ven t  removal i n  a r o t a r y  T l m  evaporator,  was f i l t e r e d  through a 0.9- 
t o  l .4-micron f r i t t e d  g lass  funnel  be fore  fa'nal so l  vent  removal . a t  92°C 
i n  a r o t a r y  Pi-lm evaporator a t  2 mm Hg pressure. Trace amounts o f  
p y r i d i n e  sometimes remained i n  the  e x t r a c t  and w e r e . r e a d i l y  detected by 
i t s  in tense odor, These t races  o f  so lvent  were removed by adding ben- 
zene t o  t he  p y r i d i  ne-extracted f r a c t i o n  and r e p e a t i  ng the  so l  vent- . . 
removal procedure u n t i l  the  p y r i d i n e  odor was undetectable. The absence 
o f  benzene and p y r i d i n e  i n  t he  recovered asphal ts  was es tab l ishpd by the  
absence o f  i n tense  i n f r a r e d  absorp t ion  bands a t  670 and 698 cm- , - 4  

respec t i ve l y ,  i n  a carbon d i  su l  f i d e  so lu t ion . .  'The aggregates a f t e r  
deso rp t i  on wd t h  p y r i d ?  ne were discarded. 

Trace minera l  and so l ven t  res idues were removed and v e r i f i e d  i n  a 
s im i l a r '  manner from the  benzene-desorbed aspha1.t f r a c t i o n  n o t  s t r o n g l y  
adsorbed on- khe. minera l  aggregate sur faces o f  the  asphalt-coated .aggre- 



gates as 'described above fo r  t he  s t r o n g l y  adsorbed pyr ld lne-d isp laced 
f r a c t i o n .  ' . 

water Displacement of S t rong ly  Adsorbed Mater ia ls .  f rom the  ~ ~ g ~ e ~ ~ t &  
Surface. - A second s e t  of new aggyegate samples con ta in fng  o n l y  t he  
s t r o n g l y  adsorbed aspha l t  components was generated by the benzene-wash 
procedure desc r l  bed above, The benzene-was hed aggregate p a r t i c l  es were 
d r i e d  ove rn igh t  a t  30 C and 60 t o  100 mm Hg pressure. The d r i e d  aggre- 
gate con ta in ing  the  s t r o n g l y  adsopbed aspha l t  components was t rans fe r red  
I n t o  a  g lass vessel con ta in ing  distilled water. Pressure w i t h i n  t h e  
vessel was s low ly  reduced t o  0.5-1 nm Hg, and t h i s  pressure was main- 
ta ined u n t i l  gas bubbles ceased t o  appear I n  the  2-in. water l a y e r  above 
the  aggregate sur face (about 1  hour). The reduced pressure was main- 
t a ined  f o r  an a d d i t i o n a l  ha l f -hour  be fore  r e t u r n i n g  the  vessel and i t s  
con ten ts  t o  atmospheric pressure. PhI s  vacuum-water-saturation proce- 
dure was fo l lowed sequen t ia l l y  by a  21-hour f reeze c y c l e  a t  -5 C and a  
24-hour heat c y c l e  a t  60 C o  This  procedure was s l m i l a r  t o  t h a t  used by 
R. P. Lottman i n  h i s  c u r r e n t  Nat ional  Cooperative Hjghway Research 
Program moisture-damage s tud ies  (1 - 91, 

. . 
~f t e r  . the moi sture-damage t e s t  was completed, t he  contents i n  the  

g lass  vessel were t r a n s f e r r e d  t o  a  separatory funnel and the  water was . 
drained' f rom. the  aggregated Several bed volumes o f  benzene were s low ly  
perco la ted  .through the  wet aggregate and combined w i t h  the  water i na ' . t i a l -  
Iy drained from the.aggregate. Water was then d i s t i l l e d  from the  com- 
b%" ned water-benzene m ix tu re  usa"ng the  benzene-water., azeotrope.. The 
resu1;ting f r a c t i o n  represents .the s t r o n g l y  adsorbed .mater ia l  d isp laced 
w i t h  water. Other s t r o n g l y  adsorbed m a t e r i a l s  t h a t  remained on the  
aggregate surface were removed by several p y r i d l  ne .washes f o l  1  owed by an 
8-hour p y r i d i n e .  e x t r a c t i o n  a"n .%he modf f i e d  Soxhlet  e x t r a c t o r  (10). - t o  
o b t a i n  the  s t r o n g l y  adsorbed f r a c t i o n  n o t  d isp laced by water. I d e n t i c a l  
sample f i l t r a t i o n  and so lvent  removal techniques described i n  t he  sec- 
t i o n  on the  i s o l a t i o n  o f  s t r o n g l y  adsorbed aspha l t  f r a c t i o n s  were used 
t o  recover  bo th  the  water-d isp laced and the  pyr idine-desorbed f r a c t i o n s ,  

An+ytlcal Methods. - Ketones, carboxyi  i c  ac ids,  d icarboyy l  i c  
anhydr i  es, .and 2-qu%"nol one types were quantf t a t l v e l  y determi,ned by .a 
d i f f e r e n t i a l  i n f r a r e d  spectrometr ic  technique p rev ious l y  described (1.81. 
Su1 fox ide concentrat ions were determined from t h e .  area o f  t he  1030 c T  
i n f r a r e d  absorp t jon  band a l s o  p rev ious l y  described (TO).. Concentrat ions 
o f  func t iona l  grpups were obta ined (18) b y  us ing  apparent i n t e g r a t e d  
absorp t ion  i n t e n s j t i e s  (B') determined from the  areas under the  absorp- 
t i  on bands. o f  se lected model compound types con ta i  n i  ng the  .corresponding 
func t iona l .  j r oup  being determined Bn .asphalt,. For each func t i ona l  group 
averaged data. and a  .-ser ies o f  model compounds - w i  t h  mo'8 ecul a r  s t ruc. tura1 
v a r i a t i o n s  were used t o  est imate the  corresponding (B) values used i n  
c a l  c u l a t i n g  the  func t i ona l  group concent ra t ion  i n  .aspha1 to Carbon and 
hydrogen contents were determslned 0n.a Carlo ERBA* ana,lyzer, and vanadium ' .-fl. , 

*Mention o f  s p e c i f l c  brand names o r  models o f  equipment i~ f o r  informa- 
t i o n  o n l y  and does n o t  imp ly  endorsement by the  Energy Research,and 
~eve lopmeht  Admlnl stra%!!on. 
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and n i c k e l  contents were determined b$ a c o l  o r i m e t r i c  techniq& (20). 
N i t rogen and s u l f u r  contents were determined w i t h  an Antek 'chemi lumines- 
cence d i g i  t a l  n i t r o g e n  .analyzer  and. a Dohrmann s u l f u r  microcoulometer. 

Adsorpt ion of Model Compounds on Aggregate Surfaces. - Nine model 
compounds, each.conta in ing  one o f  t h e  fo l l ow ing  f u n c t i o n a l  groups: 
carboxyl  i c  a c i d  (benzoic a c i d ) ,  ketone (valerophenone)., phenol (phenol ) , 
e s t e r  (benzyl benzoate), basic  ni , t rogen (qui ,nol ine) ,  s u l f o x i d e  (phenyl 
su l  foxide)., su l  fone (phenyl su l  fone) , and two d1f feren. t  aromatic hydro- 
carbons (naphthalene and 1,2,3,4-di.benzanthracene), .were 'used ,to prepare 
standard solut ions..  Concentrat ions o f  t he  standard . so lu t i ons  were' 
ad jus ted  t o  give-an u l t r a v i o l e t  absorbance i n t e n s i t y  betweep 0.7 and 
0.85 (between 10 and 10-1 molar)  i n  cyclohexane. I 

To determine the  ex ten t  o f  adsorp t ion  o f  each model compound from 
s o l  u t l  on, n i  ne aggregate sampl es (1 00-1 50 mesh, water washed, and d r i e d  
a t  150 C) rang ing  from 0.1 > t o  2.0 g were weighed i n t o  2-dram v i a l s  and 
stoppered, Five-ml a l i q u o t s  o f  each model compound standard s o l u t i o n  
were added t o  the  aggregate samples, and the  mix tures  were shaken i n t e r -  
m i t t e n t l y  f o r  5 minutes. A f t e r  a few minutes, the  c l e a r  so lu t i ons  were 
decanted from the  aggregates i n t o  UV c e l l s  and the  absorbances were 
measured, Absorbance val  ues o f  each s o l u t i o n  were p l o t t e d  aga ins t  t h e  
amount o f  aggregate used. The d i f f e r e n c e s  between absorbances o f  the  
i n i t i a l  standard s o l u t i o n s  and the  corresponding so lu t i ons  a f t e r  shaking 
w i t h  2 g of aggregate were used t o  rank the  r e l a t i v e  a f f i n i t i e s  o f  t he  
var ious  model compounds f o r  t he  aggregate surfaces. These values were 
normal ized f o r  d i f f e rences  I n  model compound concentrat ions and sample 
sur face areas .' 

RESULTS AND DISCUSSION 

The ob jec t i ves  o f  t h i s  study were t o  i s o l a t e  the  s t r o n g l y  adsorbed 
chema'cal components i n . a s p h a l t s  t h a t  comprise the  bond a t  asphal t - .  
aggregate i n te r faces ,  t o  q u a n t i t a t i v e l y  and q u a l i t a t i v e l y  I d e n t i f y . t h e s e  
components, and t o  determine the  e f f e c t  o f  water on t h e i r  displacement 
from aggregate surfaces. Adsorpt ion o f  various.rnode1 compounds on 
aggregate.surfaces was a l s o  determined t o  compare these r e s u l t s  w i t h  the  
data obta ined on' the  s t r o n g l y  adsorbed aspha l t  f rac t ions . .  . F ive  aggre- 
gates and f o u r  asphal t s  o f  vary ing  eomposl t f o n  were used i n  t h i s  sfudy, 
Various r e l a t i o n s h i p s  between. asphal t and aggregate composit ion and 
adsorp t ion  and water d isp lacement ,o f  t he  s t r o n g l y  adsorbed components o f  
.the asphalt-aggregate i n t e r f a c e  were a l  so determined. Since onl-y a 
l i m i t e d  q u a n t i t y  o f  g r a n i t e  P-6 was avai lab le, .  the r e s u l t s  and d iscus-  
s ions  p e r t a i n  t o  t h i s  aggregate a re  1 i m i  t ed  .and .proper ly  i d e n t i f i e d .  when 
used, Proper t ies  o f  the  . o r i g i n a l  a.ggregates and asphal t s  a r e  shown i n  
Tables 1 and 2, respectively. 

I s o l  a t i o n  o f  Asphal t Components S t rong ly  .Adsorbed on. Aggregate Surfaces 

The s t r o n g l y  adsorbed f r a c t i o n  was i s o l a t e d  by f i r s t  d i s s o l v i n g  t h e  
aspha l t  f r a c t i o n  n o t  s t r o n g l y  adsorbed on the  aggregate sur face w i t h  
benzene Pol 1 owed by desorp t ion  o f  t he  . s t r o n g l y  adsorbed f r a c t i o n  from 
the  aggregate sur face w i t h  py r i d ine .  Recovery data on the  two f r a c t i o n s  
a r e  shown i n  Tables 3 and 4. I n  a l l  cases the  s t r o n g l y  adsorbed f r a c -  



tlon was l'ess than 1 percent.'of the total  asphalt sample; the average 
amount for a l l  asphalt-aggregate systems was about 0.4 percent. This 
amount i s  i n  contrast  w i t h  earl  i e r  work (8, 9) which showed ,an average 
of 2,9 percent of strongly adsorbed material on the road core aggregates 
even though' the asphal t content of asphal t-aggregate mixtures i n both 
studies was about 5 percent. These quantitative differences between the 
two se t s  of strongly adsorbed materials were at t r ibuted primari l y  to 
differences in aggregate surface areas and possibly contact tlmes of the 
as.pha1.t~ w i t h  the aggregate .surfaces, Mineral f ines  possess high surface- 
to-vol ume ra t ios  and thus are  capable s f  adsorbing relat ively large 
amounts-I of asphal t components.. These mineral fs'nes were present In ,the 
road cores used in the op'iginal study; however, only 20-42 mesh s ize  
aggregate par t ic les  w i . t h  no f ines  were used in the present study. 

A good correlation i s  shown i n  Figure 1 between the aggregate 
surface areas (Table 1 )  and the amount of strongly adsorbed material 
(Table 3 ) ;  the l a t t e r  values are  the averaged percents of' the original 
asphalt samples strongly adsorbed on each aggregate system. Data on an 
additional aggregate tha t  was in short  supply . (grani te  P-6) are  included 
In Figure 1, I f  one assumes that  a monomolecular layer of asphalt was 
adsorbed on aggregate surfaces, the area occupied by one molecule of 
adsorbed material can be calculated by selecting an arb i t ra ry  pojnt from 
the plot in Figure 1,  For example, the point representing 0.5 m /g and 
0.6 percent of the orlglnal asphalt corresponds to 0.378 g of strongly 
adsorbed material removed from.the 63 g of asphalt used to prepare the 
asphalt-aggregate mixtures. Pf a density of '1 and molecular weight of 
700 are  assumed, then the calculated area occupied bg30ne molecule 
(using the number 05 moleculeis per mole as 6.02 x 10 ) would be 184 
square angstroms ( A  ). 

The area calculated above compares favorably with an independent 
estimate of the s ize  of a planar asphalt molecule of ,700 molecular 
weight based upon the s i ze  of a benzene molecule as' .a mojel. Benzene 
(molecular wezight of 78 and a suPface area of about 20 A occupies 
about one-ninth pf the area of a planar aromatic molecule having a 
molecylar weight of 700; t h u s ,  the l a t t e r  molecule should occupy about 
180 A of surface arsa. This number agrees well with the previous 
calculata'on of 184 A , wh,i'ch assumed a monomo1ecular layer of asphalt. 
R i n g  systems. i n  asphalt molecules contain some nonaromatic rlngs and 
heteroatoms and therefore may not be perfectly pl anar or symmetrical '# 

S t e ~ f c  hindrance PPom attached s ide chains may also Inhibi t  planar 
absorpt,ion on the ag,gregate surfaces. 'Thus the' ell ose agreement between 
the two surface-area calculations may be f o ~ t u i t o u s .  However, the 
calculations indicate tha t  a monolayer of asphalt molecules could be 
aceornmodated on the aggregate surface even i f  they were adsorbed w i t h  
their  aromatic ring systems planar to  the surfac-e., The resu l t s  from 
these e'alcul ations,  ' therefore, strong1 y suggest tha.t th,e aggregate 
surfaces i n  al 1 systems studied were covered with a monomolecular layer 
of strongly adsorbed asphalt moleeules. The consistency of the data 

- 

also indjcates tha t  the aggregate surface area measurements.by the BET 
method are  meaningful when appl fed to  the strongly adsorbed asphal t 
components found a t  the asphal t-aggregate interface? 



Charac ter iza t ion  o f  Chemical ~om~o.laents_~:;tr.o.ragl~-.Adsorb.ed .. on .Aggregate 
Surfaces 

Several o f  t he  f u n c t i o n a l  group types s t r o n g l y  adsorbed on aggre- 
gate ; surfaces have been p rev ious l y  i d e n t i  f l e d  (&,.?) However, accurate 
concent ra t ion  data on . i n d i v i d u a l  asphal t-aggregate systems were. n o t  
obta ined because the  measurements were nod made d i r e c t l y  on the  s t r o n g l y  
adsorbed ma te r ia l  : I n  the  cu r ren t .  study, quant i  t a t i v e  analyses o f  f i v e  
oxygen-containfng f u n c t i o n a l  group. types ('ketones, carboxyl  i c  ac ids,  
d icarboxy l  i c  anhydrides, .2-quinol one types, and ~ u l  f ox ides )  were. de ter -  
mined on each asphal t-aggregate system" The anhydrides ana lys i s  j may 
a l s o  i nc lude  small amounts o f  o the r  hydro lyzable ca rboxy l i c  ac id tde r i va -  
t lwes.  Tables 3 through 6 summarize t h e  chemita l  c h a r a c t e r i z a t i f n  o f  
t he  s t r o n g l y  adsorbed f r a c t i o n s .  i 

The amounts and concent ra t ions  o f  t he  chemical components i n asphal t 
f r a c t i o n s  s t r o n g l y  adsorbed on the minera l  aggregate surfaces a r e  shown 
i n  Table 3. These data were obtai'ned by cumulat ive sLhnming o f  . the  data 
from t h e  water-d isp laced (Table 8 )  and not-water-displaced ( f a b l  e 9)  
f r a c t i o n s  o f  t he  s t ~ o n g l y  adsorbed. m a t e r i a l . .  Amounts and concentrat ions 
o f  those components n o t  s t r o n g l y  adsorbed (removed by the  benzene, wash) 
a re  presented i n  Table 4. 

Comparison o f  t h e . d a t a  i n  Tables 3 and 4 shows t h a t  a l l  f i v e  oxygen- 
conta fn ing  f u n c t i o n a l  g roup ' types  were concentrated i n  t h e  s t r o n g l y  
adsorbed f r a c t i o n ,  N i t rogen was a l s o  concentrated , i n  - the  s t r o n g l y  
adsorbed f r a c t i o n ,  and the  adsorption o f  n i t r o g e n  components was p a r t i c u -  
l a r l y  no t i ceab le  w i t h  those asphal t s  i n i  t i a l  l y  low i n .  n i t rogen  content.  
S u l f u r ,  .however, was n o t  always found i n  h igher  concentratl 'ons i n  ' t he  
s t r o n g l y  adsorbed f r a c t i o n .  

Ketones, some carboxyl  i e  acids,  d lcarboxy l  i c  anhydrides, and su l  f- 
oxides are formed d u r i n g  oxidative aging o f  t he .  asphal t s  (18) ; however, 
most o f  t he  ca rboxy l i c  ac jds  and a l l  o f  the  2-q'uinolone t y E s  a r e  .natu- 
r a l l y  o c c u r r i n g . i n  asphal ts .  The o x i d a t i o n  products a r e  produced i n  
su f f i c i en t .excess  du r ing  the  prepara t ion  o f  a h o t  mix t o  make s i g n i f i -  
can t  amounts a v a i l a b l e  f o r  adsorpt fon a t  t he  asphalt-aggregate , i n t e r -  
faces. .The r e l a t i v e  amounts o f  o x i d a t i o n  products formed du r ing  labora-  
. tory p repara t ion  oT asphal t-aggregate ,mixtures can be assessed by compar- 

' 

i n g  t h e  -data i n  Tab1 es , 3  and 4 on the  f r a c t i o n s  recovered from the  
aggregates w i t h  comparable data on the  o r i g i n a l  aspha l ts  i n  Table 2. 

Ana lys is  of t he  data f n  Tables 3 and 4 shows t h a t  about 1 percent  
of t h e  ketones, 2 t o  30 percent  of t he  ca rboxy l i c  ac ids  and anhydrides, 
2 t o  20 .percent o f  the  .2-quinolone types, and 1 t o  3 percent  o f  the  
su l fox ides  present  i n  t he  recovered agpha l t  samples a r e  found i n  . the 
s t r o n g l y  adsorbed. f rac t ions ,  Even though o n l y  9 small amount o f  t he  
. t o ta l  ketones and su l fox ides .  i n  t he  aspha l ts  we're found i n  the  s t r o n g l y  
adsorbed f r a c t i o n ,  t h e i r  p o t e n t i a l  importance t o  the  asphal t-a.ggrega t e  
bond should ,not be over1 ooked because these two . f u n c t i o n a l  groups com- 
p r i  se over 65,'percent o f  t h e  .oxygen-contaa'ni ng f u n c t i o n a l  group types 
found a t  t h e  asphal t-aggregate i nter face.  For example, c a l c u l a t i o n s  
based on the  concent ra t ion  data i n  .Table 3 f o r  aspha l t  8-2959 on quar tz -  
i t e  show t h a t  ketones and su l fox ides  account . fo r .42 ,5  and 50.8 percent,  



respec t i ve l y ,  o f  t he  s t r o n g l y  adsorbed chemical components. Wi th as- 
phal t s  i n f  t i a l  l y  containqng mqre ac ids  such as B-3602, the  concent ra t ion  
o f  ac ids  i n  . the s t r o n g l y  adsovbed f r a c t i o n  becomes s i g n i f i c a n t ,  

, , 

A l  though data i n  f a b l e  3  wereq use fu l  f o r  d e t a i l e d  comparisons o f  ' 

the s t r o n g l y  adsorbed f r a c t i o n s ,  the  averaged data i n  Table 5  (der ived 
from Table 3) a re  more convenient f o r  d iscuss ing  the  general t rends 
observed. Data averaged f o r  each aspha l t  on a l l  aggregates show d l f f e r -  
ences among the  asphalts,  and data averaged f o r  each aggregate w i t h  a l l  
aspha l ts  show d i f f e rences  among aggregates. Data f o r  n i t r o g e n  i n  Tab1 e  
5 were converted t o  concent ra t ion  u n i t s  f o r  d i r e c t  comparison w i t h  data 
from the  o the r  f u n c t i o n a l  groups. S u l f u r  analyses a re  n o t  inc luded i n  
t h i s  t a b l e  because, as discussed l a t e r ,  o n l y  t he  s u l f o x l d e  s u l f u r  i s  
be l ieved t o  i n t e r a c t  s t r o n g l y  w i t h  aggregate surfaces. 

t h e  sum o f  t he  chemical f u n c t i o n a l  type concentrat ions shown i n  
Table 5  I s  s u r p r i s i n g l y  constant  f o r  a l l  aspha l ts  and aggregates. This  
constancy suggests t h a t  each aggregate has adsorp t ion  s i t e s  ava i  lab1 e  
f o r  a  g iven number o f  aspha l t  molecules and t h a t  t he  f u n c t i o n a l  types 
a re  adsorbed i n  some re1  a t ionshf  p  to  t h e i r  re1  ative,,concentration i n  the  
aspha l t  and t h e i r  a f f i n i t y  f o r  the aggregate surface. P u t t i n g  i t  another 
way, adsorp t ion  s l t e s  o r  spaces a re  a v a i l a b l e  f o r  a  g iven number o f  
aspha l t  molecules, and the  f u n c t i o n a l  types compete w i t h  each o the r  f o r  
the adsorp t ion  s-i t es  e i t h e r  randomly o r  s e l e c t i v e l y .  For example, t he  
i n c ~ e a s e d  adsorp t jon  o f  ac ids  from aspha l t  B-3602 ( t h e  aspha l t  t h a t  
o r i g i n a l l y  conta ined the  most ac ids,  i n c l u d i n g  ac fd  s a l t s )  appears t o  be 
l a r g e l y  o f f s e t  by a  decreased adsorp t ion  o f  su l fox ides .  The adsorp t ion  
of t he  o the r  chemical types appears t o  be f a i r l y  constant  regardless o f  
aspha l t  type even though concentrat ions i n  the  nonadsorbed f r a c t i o n s  
vary  w ide l y  (Table 410 This i n d i c a t e s  t h a t  c e r t a i n  s i t e s  on var ious  
aggregate surfaces may have se lec ta ' v i t y  f o r  s p e c i f i c  f unc t i ona l  types i n  
the asphal t s .  

Summari zed data . i n  t he  lower .ha% f o f  f a b l  e  5, averaged . f o r  each 
aggregate on a l l  asphal ts ,  show d i f fe rences i n  the  ~ e a c t i v l t y  o f  the  
Pour.aggregates toward the  asphalts,  The greater  r e a c t i v i t y  o f  Hol 
l imestone fo r  ca rboxy l i c  ac ids  i s  apparent; on the average t h i s  aggre- 
gate had about tw i ce  the  concent ra t ion  of ac ids  I n - t h e  s t r o n g l y  adsorbed 
fract=ions as d i d  the  o the r  aggregates, This  a f f i n i t y  i s  even more, 
apparent w i t h  aspha l t  B-3602 ( f a b l e  31 ,  i n  wh ich .ca rboxy l i c  ac-ids account 
f o r  about, 30 percent.  of the  . s t ~ o n g l y  adsorbed fracta".on. I n  t h i s  case, 
.the h igh  a c i d  concentrat%"ons were ' p a r t l y  o f f s e t  by a  .corresponding 
decrease i n  both ketone and s u l f o x i d e  content,  

Table 6..was developed t o  assess the  r e l a t i v e  a f f i n i t y  o f  each 
func t i ona l  type.  f o r  aggregate surfaces. Thi s  tendency t o  be .adsorbed i s  
measured as a  concent ra t ion  r a t i o  (CR) ; the CR. i s  t h e  . r a t i o  o f  t he  
concent ra t jon  o f  t he  . f u n c t i o n a l  type i n  . the  s t ~ o n g l y  adsorbed f r a c t i o n  
(Table 3) d i v ided  by i t s  concentrata'on i n  t he  nonadsorbed f r a c t i o n  
(Table 4). Care must be exerc ised i n  comparing CR's between d i f f e r e n t  
systems, pa r ta ' cu la r l y  when' comparing d i  f f e r e n t  asphal,ts, because the  
concent ra t ion  o f  func t iona l  groups avaa"1ahle. i n  . the ,aspha l t  and thc  
l i m i t e d  number o f  adsorpta'on s i t e s  on . the  aggregate ,sur face a f f e c t  the  
CR values. For example, CR's f o r  ca rboxy l i c  ac ids  were lower ' f o r  aspha l t  



8-3602 than fo r  aspha l ts  B-2959 and B-3036, p r i m a r i l y  becau'se the re  were 
l a r g e r  amounts of aca'ds i n i t i a l l y  present  i n . a s p h a l t  B-3602< I n  s p i t e  
o f  i t s  1 i m i t a t i o n s ,  the  CR prov ides a .semi -quant i ta t i ve  measure o f  the  
asphalt-aggregate in te rac t ions . ,  pa r ta ' cu la r l y  f o r  a g iven aspha l t  w i t h  
d i  f f e r e n t  aggregates. 

.(. 

D a t a i n T a b l e 6 r a n k t h e , r e l a t i v e a f f i n i t y o f , t h . e f u n c t i o n a l  types 
f o r  t h e  aggregate,sur faces as fo1l.o.w~: ca rboxy l i c  ac ids  >d i ca rboxy l i c  
anhydrides >2-quinolone types ' >sul foxides.. m i  t rogen >ketones. For 
aspha l ts  i n i t i a l l y  low i n  . a c j d  content  (e,g., B-2959 and B-3036), ac ids  
have concentrat ions 1 5 . t o  60 t imes g rea te r  on aggregate sur faces (s t rong-  
l y  adsorbed f r a c t i o n )  than i n  . t he .  bu l k  (nonadsorbed) aspha l t  f ract l 'on. 
Correspondingly, anhydrides showed concent ra t ions  7 t o  36 t imes greater  , 
i n  t h e  s t r o n g l y  adsorbed f r a c t i o n s  than i n  . the nonadsorbed f r a c t i o n .  
2-Qui no1 ones have been shown t o  have hydrogen-b0.nd.i ng ,p rope r t i es  s imi  l a r  
t o  carboxyl  i c  ac ids  and t o  form mixed dimers w i t h  carboxyl  i c  ac ids  
(17, - - 21 ); thus, , s i m i l a r i t i e s  between the  complexing o f  carboxyl  i c  ac ids  
and 2-quinolones w i t h  aggregate sur faces a re  n o t  su rp r i s i ng .  However, 
s i m i l a r i t i e s  between the  a f f i n i t f e s  o f  the  ca rboxy l i c  ac ids  and the  
anhydrides may be f o r t u i t o u s  because, even though.anhydrides a r e  der iva-  
t i v e s  o f  ca rboxy l i c  acids, they  cannot supply hydrogen t o  p a r t i c i p a t e  i n  
t h e  hydrogen .bond as do acids. . They may, however, conver t  t o  carboxyl a'c 
a c i d  s a l t s  o f  c a t i o n s . f r o m  the  aggregate sur face dur ing .adsorp t ions .  

Ketones, . su l  fox ides  , and n i t r o g e n  types (except 2-qui no1 ones) were 
the  l e a s t  s t r o n g l y  adsorbed, as i n d i c a t e d  by t h e i r  r e l . a t i v e l y  lower T C R  
values, Because of t h e  re1 at ive1.y h igh  abundance..of these f u n c t i o n a l  
types i n  t h e  asphal ts  (Table 4) ,  small CRos might  be expected , f o r  reasons 
desc r lbed .ea r l i e r .  .However, should any o f  these f u n c t i o n a l  types be 
more r e a d i l y  .adsorbed than the  a c l d i c  types, t he  a c i d i c  types would be 
displaced; resu l  t i . ng  i n : l o w e r  CR's f o r  the  a c i d i c  types than f o r  t he  
ketones, su l fox ides,  and n i t r o g e n  types. This,  however, was n o t  ob- 
served, thus s u b s t a n t i a t i n g  the  assumption t h a t  they a r e  more weakly 
adsorbed. 

Both l imestones showed a g rea te r  a f f i n i t y  f o r  the  a c i d i c  f unc t i ona l  
types present  i n  a l l  aspha l ts  than d i d  e i t h e r  q u a r t z i t e  o r  g ran i te .  Hol 
l imestone showed the  g rea tes t  a f f l n i t y  f o r  a c i d i c  types. 

I t  i s  i n s t r u c t i v e  t o  compare the  r e s u l t s  of t h i s  s tudy w i t h  the  
e a r l i e r  s tudy (9)., i n  wh%'ch aspha l ts  were recovered from cores taken 
f rom ten 10- .to-1 3-year-01 d pavements, CR values from the  road .cores 
obta ined f o r  ;ketones, acids, and anhydrides were 1.9, 14.1 , and 9.5, 
respectively (average o f  t e n  d i f f e r e n t  asphal t-aggrega t e  systems) ; these 
data  agree reasonably we l l  w i t h  the  data i n  Table ,6. Methods f o r  ana lys i s  
o f  t he  hemaining f u n c t i o n a l  groups c i t e d  i n  t he  present  s tudy were,not  
a v a i l a b l e  when the  e a r l i e r  s tudy was conducted. 

Adsorpt ion of Model Compounds on -Agms.t.e ...S urfaces 
,' 

The r e l a t i v e  ' a f f i n i t y  values f o r  a se lec ted  group o f  model com- 
pounds f o r  aggregate surfaces a r e  g iven i n  Table 7. These compounds 
contained func t i ona l  group types present  o r  p o t e n t i a l  l y  present  i n  
.aspha1 t s ,  The r e l a t i v e  aff ina" t ies-.were ,determined by e q u i l  i b r a t i n g  the  



standard so lu t i ons  w i t h  the  aggregates. The decrease i n  concent ra t ion  
of each model compound from the  s o l u t i o n  was a t t r i b u t e d  t o  adsorp t ion  o f  
t h a t  compound on the  aggregate surface. Because the  standard s o l u t i o n s  
conta ined a  l a r g e  excess o f  model compound r e l a t i v e  t o  the  amount needed 
t o  sa tu ra te  the  aggregate surface, we assumed t h a t  t he  sur face would be 
sa tura tqd  a t  equ i l i b r i um,  This assumption was supported by the  r e l a -  
t I v e l y  s t r a i g h t - l i n e  p l o t s  obta lned f o r  t h e  changes i n  UV absorbance 
i n t e n s i t y  vs weight  o f  aggregate sample used. Before the  r e l a t i v e  
a f f i n i t i e s  were ca lcu la ted ,  t he  UV absorbance changes were normal ized by 
a d j u s t i n g  f o r  d i f f e rences  i n  s o l u t i o n  concentrat ions and aggregate 
sur face areas. 

Benzoic a c i d  showed the  g rea tes t  a f f i n i t y  f o r  aggregate surfaces-- 
especially f o r  Hol l imestone. Thus, the  a f f i n i t y  o f  Hol l imestohe f o r  
benzoic a c i d  was a r b i t r a r i l y  assigned a  value o f  100. A l l  o the r  values 
were normal ized r e l a t i v e  t o  t h i s  i n t e r a c t i o n .  The i n t e r a c t i o n s  o f  
benzoic a c i d  w i t h  the  aggregates a r e  cons i s ten t  w i t h  the  aspha l t  data i n  
Tables 3, 5, and 6, t h a t  show ca rboxy l i c  ac ids  t o  be the  most s t r o n g l y  
adsorbed f u n c t i o n a l  group type. 

Qu i  no1 i ne, a  pyr id i .ne- type na" t rogen .compound, had a  s i g n i  f i c a n t l y  
g rea ter  . a f f i n i t y  f o r  q u a r t z i t e  and g r a n i t e  than f o r  R iver ton  - o r  Hol 
I lmestones. This  was expected because q u a r t z i t e  and gran i  t e  con ta in  
more a c i d I c  . s i  t e s  than the  ' 1  imestones. However, data on the  s t r o n g l y  
adsorbed f r a c t i o n s  (Table 3 )  genera l l y  show a  smal le r  adsorp t ion  o f  
n l  t rsgen ,compoqnds on .Hol 1  imestone than on R iver ton  l imestone. The 
reason f o r  t h i s  d i f f e r e n c e  between the  model compound and the  s t r o n g l y  
adsorbed f r a c t i o n  data i s  n o t  known. However, both the  model compound 
data and the  s t r o n g l y  adsorbed f r a c e i o n  data showed t h a t  n i t r o g e n  com- 
pounds have a  . s i g n i f i c a n t  a f f i n i t y  f o r  a g g ~ e g a t e  surfaces. 

.' Phenyl s u l f o x i d e  showed an a f f i n i t y  f o r  aggregate sur faces compa- 
' r a b l e  t o  qu"a"01 ine,  except f o r  the  1  lmestones f o r  which t h e  ,sulfo.xa'de 
a f fa "n%ty  .was almost two t imes gre.a.t.e,r,,, , .The s ima ' l a r I t y  i n  t he  r e l a t l v e  
a f f i n i t i e s  o f  model compound su l fox ides  and p y r l d l n e - t y p e - n i t r o g e n  w i t h  
these. funct l 'onal types i 'n  .aspha l t  i s  a l s o  appaeent from comparison o f  
t he  data i n  Table 7 w i t h  t h a t  =in Table 6 ,  

Valerophenone, an a1 k y l  a ~ o m a t l c  ketone, general l y  showed an a f f  i n i  - 
ty  f o r  t he  aggregates s i m i l a r  t o  phenyl su l f ox ide .  The a f f i n l t y  o f  t h i s  
ketone i s  g rea te r  than would be expected from the  data on aspha l ts  
(Table 6) t h a t  showed t h a t  su l  fox ides  genera l l y  have g rea te r  a f f l n i  t i e s  
f o r  t he  aggregates than ketones. However, d i f f e r e n c e s  i n  molecular  

' 
geometry and variations i n  the  p o l a r i t y  between the  f u n c t i o n a l  groups i n  
the model compounds and those i n  the  aspha l ts  cou ld  account f o r  t h i s  
apparent discrepancy. 

Sul fones, a1 though n o t  determined I n  asphal t, showed cons iderab ly  I 

l e s s  a f f i n i t y  f o r  t he  aggregates than d i d  su l fox ides .  Sulfones cou ld  be ~ 
I 

produced I n  asphal t from subsequent o x i d a t i o n  o f  s u l  fox ides.  Phenol , 1 
having counterpar ts  I n  aspha l ts  i n  smal l  concentrat ions,  showed a  moder- 
a t e  I n t e r a c t i o n  w i t h  the  aggregates, The es te r ,  benzyl benzoate, showed 
i n t e r a c t i o n s  lower than those o f  phenol, Anhydrides o f  t he  type be1 ieved 
present  i n  .asphal ts  were n o t  s tud ied  because o f  t he  low s o l u b i l i t y  of 
the model compounds i n  c y c l  ohexane. 



To summarize, where comparisons cou ld  be made, the  model cpmpound . . 
data ' ranked t h e  n e l a t i v e  a f f i n i t i e s  o f  t he  func t i ona l  t ypes , fo r :  t h e i  :: 
aggregate surfaces i n . t h e  same,.order as those determined f o r  t he  s t~on ig-  

, .. l y  adsorbed 'asphal t f r a c t i o n s .  . . i . , '  

Large aromat ic  r i n g  systems i q  aspha l t  might  be :expected t o  c o n t r i -  ' 

bute s j  gn i  f i c a n t l y  t o  asphal t-aggregate  interaction:^ ('22). -.The surfaces 
o f  minerals a re  known t o  conta in  OH groups and o the r  e l e c t r o n  d e f i c i e n t  
( a c l d i c )  centers t h a t  could coprdinate w i t h  the  p o l a r i z a b l e  p i  e lec t rops  
i n  aromatic:  r i n g  systems (23, 24). The e f f e c t  of r i n g  s i z e  on adsorp-; 
' . t lon i s  evidenced by comparing the  r e l a t i v e  a f f i n i t i e s  o f  naphthalene (a 
2 - r i ng  compound) and 1,2,3,4-di benzanthracene (a 5 - r i ng  compound). 
Naphthalene showed no measurable a f f i n i t y ;  however, the  dibenzanthracene 
showed measurable adsorpt ion, p a r t i c u l a r l y . o n  g ran i te .  The greater  
adsorpt ion w i t h  h igher molecular weilght probably r e f l e c t s  the  increased 
a b i l i t y  o f  t h e . p i  e lec t rons  t o  become de loca l i zed  and p a r t i c i p a t e  i n  
assoc ia t ion  reac t i ons  w i t h  p o l a r  s i t e s  on the.aggregate,sur faces.  
Although the a f f i n i t y  o f  t he  dibenzanthracene fo r  aggregates . is  small 
compared w i t h  . the o the r  p o l a r  compounds, i t  should be remembered t h a t  
t he  p o l a r  func t i ona l  groups (e.g,, acids, pyr id ine- type n i t rogen,  and 
su l fox ides )  i n  . 'asphalt may be found i n  t h e  same molecule w i t h  l a r g e  
aromatic r i n g  systems. The combined e f f e c t  o f  t h e  p o l a r  group and r i n g  
system i s  probably s y n e r g i s t i c  w i t h  respect  t o  adsorpt ion on the  aggre- 
gate surface (25). 'Therefoye, aromatic r i n g  systems must p lay  an impor- 
t a n t  r o l e  i n  . p G o t i n g  adsorpt ion o f  aspha l t  molecules. 

, 
Di sp l  acement of Stronql  y Adsorbed .Material From Aggregate Surfaces 
by Water Treatment 

Having i s o l a t e d  and charac ter ized both q u a n t i t a t i v e l y  and q u a l i  ta-  
t f v e l y  the  var ious a s p h a l t i c  components s t r o n g l y  adsorbed on the  aggre- 
gate surfaces and having provided conf i rmatory  evidence f o r  t he  r e l a t i v e  
a f f i n i  t i e s  of c e r t a i n  func t i ona l  groups f o r  aggregates by model compound 
i n t e r a c t i o n s ,  a  study was begun t o  determlne the  tendency o f  these 
s t r o n g l y  adsorbed components t o  be d isplaced by water. Aggregates 
con ta in ing  o n l y  the  s t r o n g l y  adsorbed components were subjected t o  a  
moisture-damage t e s t ,  and the  d isplaced components were recovered by a  
benzene washo 

I 

Table 8 shows the  amounts and concentrat ions o f  f unc t i ona l  types 
present  i n  t h e  s t r o n g l y  adsorbed f r a c t i o n s  t h a t  weye d isplaced from the 
aggregate surfaces by water; Table 9 shows t h e  amounts and concentra- 
t i ons  of the func t iona l  types t h a t  remained on the  aggregate surfaces 
a f t e r  t he  moisture-damage tes t ,  The amount o f  s t r o n g l y  adsorbed mate r ia l  
d isp laced by water va r ied  considerably, depending on the  asphal t-aggre- 
gate system (Table 8).  For example, t he  s t r o n g l y  adsorbed components on / ' 
River ton  l imestone were more r e s i s t a n t  t o  displacement by water (between 
2  arid 9 percent)  than those adsorbed on Hol l imestone (between 10 and 22 
percent).  The small amount o f  d isplaced mate r ia l  on R iver ton  1  imestone 
undoubtedly has a  s t rong in f l uence  on the  low s u s c e p t i b i l i t y  o f  R ive r ton .  
l imestone mixtures t o  water s t r i p p i n g ,  as i n d i c a t e d  by ASTM water- 
s t r i p p i n g  data on standard mixes shown i n  Tah1.e 11, . 



The s t r o n g l y  adsorbed components from aspha l t  B-3602.gerierally ' 

showed/ a g reater  sensi ti v i  t y  towards water d i s p l  acemeqt as shown by the  
l a rge r :  amounts d isp laced (Table ,8 )  than f o r  t he  .other 'asphal'ts. These 
water-~isp1acement~results are  a l so  cons is ten t :  w i t h  t h e  .AS%M water- 
s t r ipp%"ng.  data . repor fed  . i n  .Tab1 e 1 %, which show aspha l t  B-3602 ' t o  be the  
most s e n s i t i v e  aspha l t ,  t o  water s t r i p p i n g ,  Unfortunately, t he  supply o f  
g r a n f t e  P-6 was exhausted .before water-displacement data cou1.d be ob- 
ta-ined Ion t h i s  aggregate; however, i t s  s e n s i t t v i t y  t o  water s t r i p p i n g  
(Table 11) was extremely low. 

The poss ib le  r e l a t i o n s h i p  between func t i ona l  group types d isplaced 
by water and the  sensitivity o f  the  asphal t-aggregate mixtures t o  water 
s t r i p p i n g  w i l l  nex t  be considered, The ca rboxy l i c  a c i d  concentrat ion 
data i n  Table 8 inc ludes both the  acids d isplaced as f r e e  ca rboxy l i c  
a c i d  and as carboxylate s a l t s  because i n  several instances a s i g n i f i c a n t  
amount o f  the a c i d i c  ma te r ia l  s t r o n g l y  adsorbed on the  aggregate surfaces 
was d isplaced by water as the  carboxylate s a l t s ,  The on ly  aspha l t  i n  
which the  ac ids  were i n i t i a l l y  present almost e n t i r e l y  as carboxylate 
s a l t s  was aspha l t  B-3602, and a l a r g e  p a r t  o f  these s a l t s  was converted 
to  f r e e  acids (9) du r ing  the  prepara t ion  o f  the  asphalt-aggregate mix- 
tures. No measupable carboxylate s a l t s  were found i n  the  remaining 
three asphal ts  p r i o r  t o  contac t  w i t h  the  aggregates. I t  l s  poss ib le  
t h a t  some ac ids  i n  these asphal ts  were converted t o  the  s a l t s  by c a t i o n  
exchange a t  t he  aggregate surface. The r e l a t i v e  amounts o f  carboxylate 
s a l t s  d isplaced from the aggregate surfaces appear t o  be somewhat depen- 
dent  o n s t h e  nature  o f  the  surface. For example, compare the concentra- 
t fons  o f  water-displaced f r e e  acids and a c i d  s a l t s  f o r  aspha l t  8-3602 
i n  Table 8, The r a t i o  o f  f r e e  acids t o  a c i d  s a l t s  d isplaced from quartz-  
i t e  and g r a n i t e  i s  about 0.5 compared w i t h  a r a t i o  o f  about 2 f o r  t he  
l imestones, Whether the  c a t i o n  o f  the  a c i d  s a l t  comes from the  aspha l t  
o r  from exchange w i t h  a c a t i o n  on the  mineral  sur face I s  n o t  known. 

The r a t i o s  between the  corresponding concentrat ions o f  the  func- 
t i o n a l  types i n  the  water-displaced f r a c t l o n  t o  the  non-water-displaced 
f r a c t i o n  were ca l cu la ted  from the  .data i n  Ta-bles 8 and. 9, These d i s -  
placemept, r a t i o s  (DR), shown i n  .Table 10, were der ived t o  a s s e s  the  
r e l a t f v e  tendency toward water da'splacement o f  the var ious  chemsi.cal 
f unc t i ona l  types from the aggregate surfaces. A number greater  than 1 
i nd i ca tes  s e l e c t i v e  displacement and a number l e s s  than 1, s e l e c t i v e  - 
retentSon,' Care must be exerc ised i n  compa~ing the  DR's between id i f fe r -  
en t  aspha.1.t systems, 

The s u s c e p t , i b i l i t y  o f  t he  v a r i o u s  func t i ona l  groups t o  water d i s -  
placement i s  ranked by Table 10 as fo l l ows :  ca rboxy j i c  ac ids > d i c a r -  
boxyl %"c anhydrides > su l  foxides >ni t rogen t>2-qzainol one. types >ketones. 
I t  I s  s ign i ' f i cant  t h a t  carboxy' l ic ac ids a re  the  .compound type most 
r e a d i l y  adsorbed on aggregate .surfaces and. a re  .a lso  the  type most r e a d i l y  
d isplaced by water, With the  h igh  acid-conta in ing asphal t ,  .B-3602, 
carboxyl i c  ac ids ( i n c l u d i n g  t h e i r  s a l t s )  wepe the  major .component d i  s- 
placed by water from a l l  the  aggregates, This a c i d  displacement probably 
resu l t s .  from t h e  great  a f f i n i t y . . o f  the  carboxyl group f o r  the  water 
molecules through t h e  hydrogen .bond,. I n  add j t i on ,  t hc  a f f i n i t y  o f  water 
f o r  t h e  aggregate adsorp t ion .  s i t e s  t h a t  ho ld  . the carboxyl i c  ac ids may 
a l so  c o n t r i b u t e  t o  'the displacement, The r e l a t i v e  ease o f  water d i s -  



placement of ca rboxy l i c  ac lds from the  aggregate surface may p l a y  a 
s i g n i f  i c a n t  r o l e  i n  c o n t r i  bu t i ng  t o  the  water-,str%"pplng: problem ( c f ,  , 
B-3602, Table 11). 

Powdered .hydrated 'I ime has been added t o  asphal ts  as an . a n t i - s t r i p  
agent t o  reduce t h e  e f f e c t s  of water damage and t o  reduce age.hardening. 
(26). I n  a recent  study we showed. t h a t  polav aspha l t  molecules which 
i n t e r a c t e d  strong1 y w I  t h  hydrated 1 ime were predominantly .carboxyl i c  
ac ids  and 2-quinolone types ( l o ) ,  These acids n o t  o n l y  i n t e r a c t  s t r o n g l y  
w i  t h  hydrated 1 ime but .  a l so  f x e r a c t  s t r o n g l y  w j t h  aggregate sur faces.  
and were r e a d i l y  d isplaced from the  aggregate sur faces.by  water, as 
shown i n  t h e  present study, Thus i t  becomes apparent t h a t  the  benef i -  
c l a l  e f f e c t s  of hydrated l i m e  when added t o  an aspha l t  as ' a n . a n t i - s t r l p  
agent may be caused . i n  p a r t  by hydrated . l l m e k  ab4 l i t y  t o  ' s t r o n g l y  
i n t e r a c t  w i t h  earboxy l ic  ac jds  so t h a t  l e s s  ac ids  a re  adsorbed by t h e  
aggvegate surfaces, . thus making the  asphal t-aggregate bond more,..resi s- 
t a n t  t o  mojsture damage. 

Dicarboxyl l c  anhydrides were a1 so se l  e c t l v e l y  d l s p l  aced w i  t h  water, 
a l though n o t  i n  concentrat ions as l a r g e  as f o r  ca rboxy l l c  acids. Anhy- 
d r ides  might  be expected t o  be less  sensitive t o  water displacement 
because they do n o t  possess an a c i d l c  hydrogen t o  c o n t r i b u t e  t o  a hydro- 
gen bond w i t h  water, 

Sul fox'fdes showed e f t h e r  s e l e c t i v e  displacement o r  r e t e n t i o n  on 
water - t rea ted aggregates. Th is  behavior suggests t h a t  both an asphal t  
and an aggregate fac to r  c o n t r i b u t e  t o  t h i s  e f f e c t ,  Sul.foxides.w,ere 
concentrated by a f a c t o r  o f  about 2 t o  3 a"n.  t he  water-dfsplaced : f r a c t i o n  
on a91 aggregates contacted w l t h  asphal ts  8-2959 and 8-3051; however,, 
su l  foxldes from aspha l t  B-3036 were ' %e l  ecd'ively re ta ined  on a l  l aggfe- 
gates, Wt t h  asphal t  B-3602, su l  fox ides were se l  e c t i v e l y  d l  sp l  aced . f rom 
q u a r t z f t e  arad.granite but  were st rong' ly  re ta ined  on. the  two l imestones. .. 

These data i n d i c a t e  t h a t  t he  molecules conta in ing  the  s u l f o x i d e  group 
may d l f f e r  s t r u c t u r a l l y . f r o m  one aspha l t  t o  another, P o l y f u n c t i o n a l i t y  
on t h e  same molecule may a l so  be indicated, 

It should be noted t h a t  even though su l fox ides  were n o t  as. r e a d i l y  
d isp laced Prom the  aggregates by water as were the  more a c i d i c  mater ia ls ,  
they were, w i t h  the  except ion o f  aspha l t  B-3602 ( the  h ighest  ' ac id -  
contain3ng aspha l t ] ,  present *in h igh  concent ra t ' ions . in  the  s t r o n g l y  
adsorbed fu"nctions, Thus, . 'in .many jnstances over 50 percent. o f  t he  
f u n c t i o n a l  types d'isplaced by water were sul  Qox'Edes. . A c o r r e l a t t o n  .. 

between su l  Poxides displacement and water s t r3pp lng was n o t  apparent; 
. .. 

A comparison of t he  concentrations of waters-disp'8aced.sulfoxides 
w i t h  the  aonqentrat ions o f  t he  o ther  water%-displaced . func t i ona l  - types 
fo r  asphal ts  . B-2959 and B-3036 shows d i sp ropor t i ona te l y  small e r  concen- 
t r a t i o n s  s f  d l s p l a c e d . s u l f o x ~ d e s  f o r  aspha l t  B-3036 than f0r.B-2959. 
These data suggest t h a t  t he  su'8foxldes i n  .aspha l t  B-2959 are  polyfunc-  
t i o n a l ,  Other poss ib i l t t 7 ' es  are  t h a t  a funct ional  type 1s present. i n .  
aspha l t  B-3036 t h a t  i s  n o t  being ,accounted . f o r  o r  t h a t  t he  molecul.es : o f  
t h j s  aspha l t  have h igher molecular weights than B-2959, . Another unusual 
f e a t u r e  o f  the . su l fox ides  I s  t h a t  even -though the  amounts d isplaced by 
water vary  considerably Prom one system t o  another, the  corresponding 
amounts reta, ined on . the aggregate (Yabl e 8) remaln re1 a t i v e l y  constant.  



! 

Bdth keto'nes and most n j  t rogen ,compounds were se l  e c t i  v e l y  r e t a i n e d  
on aggdegate surfaces .dur ing  water t reatment  (DR's 1 ess than one, Tab1 e 
10). As w i t h  su l  foxides, s i g n i f i c a n t  amounts of n i t rogen  compounds were 
found < i o n  the  water-displaced f r a c t i o n s  even though they a re  s e l e c t i v e l y  
r e t a i n e d  on aggregate surfaces. The h igh  concentrat ions o f  n i t rogen  
compounds i n  the  water-d i  sp l  aced f r a c t i o n s  were l a t t r i  buted t o  t h e i  r 
i n i t i a l l y  h igh  concentrat ions i n  t he  s t r o n g l y  adsorbed f r a c t i o n s .  
Retent ion o f  n i t rogen  compounds on gran3te (Table 10) may r e l a t e  t o  the  
observed res i s tance  o,f g r a n i t e  P-6 ( n o t  the  same g r a n i t e  samples) t o  
water s t r i p p i n g  (Table 11 ) a l though we had i n s u f f i c i e n t  g r a n f t e  P-6 t o  
measure i t s  n i t rogen  r e t e n t i o n  on ' t h e  aggregates, The greater  a f f i n i t y  
o f  aromahic types f o r  g r a n i t e  (Table 7)  may a l s o  r e l a t e  t o  the  low 
s e n s i t i v $ t y  of g r a n i t e  P-6 t o  water stripping (c.f,, Table 11 ). Wheq 
comparing the  ac ids  adsorbed on the  d i f f e r e n t  aggregates (Table 3 ) ,  a 
much lower a c i d  concent ra t ion  was noted f o r  g r a n i t e  P-6 than f o r  the  
o the r  aggregates. Acids were p rev ious l y  imp l i ca ted  as c o n t r i b u t i n g  t o  
water s t r i  p p i  ng. Unfor tunate ly ,  moi sture-damage t e s t  data a re  n o t  
a v a f l a b l e  f o r  g r a n i t e  P-6* These r e s u l t s  again imply t h a t  ac ids  may 
c o n t r i b u t e  t o  water s t r i p p i n g  a n d * t h a t ,  i n  t he  case o f  g r a n i t e  P-6, 
o the r  f u n c t i o n a l  types r e s i s t a n t  t o  water displacement occupy s i t e s  t h a t  
might  otherwiselbe occupied by ca rboxy l i c  ac ids  o r  i t s  de r i va t i ves .  The 
composit ion o f  bo th  the  aggregate surface and the  aspha l t  appear t o  be 
important va r iab les  a f f e c t i n g  mois tu re  damage o f  aspha l t  pavements. 

D isp l  acement r a t i o s  o f  0'. 1 t o  0.2 f o r  ketones show t h a t  wa.ter. has 
l i t t l e  e f f e c t  on . t h e i r  dlspl 'acement. from the  .aggregate; I t  i s  poss ib le  a 

t h a t  they a r e  assoclated .w i th '  o the r  f u n c t i o n a l -  types o r  aromatic r i n g  
systems as suggested by .earl  i .er work, i n t h i s  1 aboratory (27.1, These 
f a c t o r s  eou1.d : c o n t r i  bute . t o  t h e i r  r e t e n t i o n  ;. h0weve.r , :theTow .DR!s f o r  
ketones do show t h a t  most o f  the.,adsorbed ketones are  n o t  .associated 
wl" t h  the. more -read.i l y  d isp laced ac ids,  anhydrides, .and. .su1~foxides~, 

With two exceptions, DR's f o r  nitrogen-compounds were l e s s  than 
can3 ty and n i  t rogen compounds from asphal t .B-305% showed . the  1 eas t  
sensitivity t o  water djsplacement, General ly,  2-quinolone types, a1 so 
c o n t a i n i  ng n i  trogen, showed se l  e c t i v e  r e t e n t i o n  on aggregate surfaces, 
Thus, n l  t rogen compounds (evidenced by i n f r a r e d  and p y r l d i  ne-aggregate 
adsorp t ion  data t o  be l a r g e l y  o f  the  bas ic  p y r i d i n e  type)  a re  s e l e c t i v e l y  
reta9ned on the  aggregate surfaces i n  t he  presence o f  water, These data 
c o n t r a s t  w i t h  data .showing s e l e c t i v e  water displacement o f  t he  a c i d i c  
compound types, .. I 

, I Although n o t  considered i n  t h i s  study, t he  phys ica l  c h a r a c t e r i s t i c s  
o f  t he  aggregate sur face (roughness, etc .  ) undoubtedly c o n t r i b u t e  t o  
s e n s i t i v i t y  t o  mois tu re  damage. Thjs  may account f o r  some o f  t he  d i f f e r -  
ences between the  two l imestones used. 

A l o g i c a l  extension of t h i s  work i s  t o  s tudy the  e f f e c t s  o f  adding 
a n t j - s t r i p p i n g  agents t o  aspha l ts  t o  determine t h e i r  i n t e r a c t i o n  w i t h  
aggregate surfaces and t o  determine i f  a n t i - s t r i p p i n g  agents d i sp lace  
those func t i ona l  types shown t o  be s e n s i t i v e  t o  water displacement. 
Work i s  planned i n  t h i s  area t o  e l u c i d a t e  (more c l e a r l y  t h e  chemfstry o f  
asphalt-aggregate bonds and the  mechanism o f  water damage i n . a s p h a l t -  
aggregate mixtures, 



SUMMARY AND CONCLUSIONS . ' 

Th i  s:study showed t h a t  t he  s t r o n g l y  adsorbed asphai t i c  komi)gnents 
found a t  . i isphalt-aggregate i n t e r f a c e s  ( l e s s  than 1 pe rcen t  o f  t h e o r i g i -  
na l  asphal-t sample, i n  .our- .near ly  ,un.a"form samples con ta in ing  no f i n e s )  
formed a monomolecul.ar l a y e r  t h a t  consisted p r i m a r i l y  of fa've oxygen- 
con ta i  ni.ng. f unc t i ona l '  group types and na" trogen..compounds.. be1 ieved t o  
conta in  basic pyrl"dine-.type nl.trogen. The f4ve .oxygenated func t i ona l  
types, were: : ,keton,es, ,darboxyl i c e  acids, d icarbqxy l  i e  anhydrides, .. Z-quino- 
lone types, and su'l toxa"des. . Carboxyl i c  ac ids :were t h e  compound , type 
most. se l  e c t i  y e l y  adsorbed from t h e ,  asphal ts  .on al'? aggregate .~sua"fac.es. 
Adsorpta'on s tud jes  f qvol v i  hg mod41 ' cqmpomnds . gave r e s u l t s  support ing.  
those observed . . in  . t he  asphalt-akjgregate .adsorpt ion study, :. . . 

I 

: *The  motstlare-damage.tcst showed:.that garboxy l ic  acids, .the .compound .. : 

type most -sel e c t i  v e l y  adsorbed . by al.7 .aggregate surfaces, was a1 so the  
compound type most . read i  l y  , d l  sp l  aced .by water. . . W y d r j d e s  were,.displace'd, 
b u t  t o  a l esse r  ex ten t  than a c l  ds .; S,u,l.Poxl des showed ,e l  they se1.ect-i ve 
reta inment  o r  df splacement behavior, depending on : the aggregate and 
asphal t system Involl ved. Ketones and n i  tsogen .eompouhds were . se l .ec t t ve l y  
re ta ined  -by aggregates dur ing  .moistuve-damagb tests; -A1 though su l  Pox- 
ides  and n i  trogen .compounds. comprise a s i g n i  f ' i can t  .amount , o f  . t h e  ..matepi - 
a l  d is .p l  aced from t h e .  aggregate '.surface ,by ,water, t h e i  r -rol.e . i n  water 
s t r i p p i n g  i s  n o t  c lear .  I t  appears t h a t  both the  r e l a t i v e  amount and. 
chemical type of t he  . s t r o n g l y  adsorbed mate~a'aq. da"sp.laced #by water and.. 
t h e  .nature of the  agg~ega te  .surface p lay  an. 'important r o l e  . i n  .moisture 
damage o f  aspha l t  pavements. . .  . 
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TABLE 1 - PROPERTIES OF AGGREGATES 
. . . .  . . . .  :. . . . . .  . . .:.:: . '. > , . . . .  9 ;:, - ' " 1.. . . .  . . . . . . . . . . . .  

. . - .  . . . . . . . . .  , . . . . . 
' -: : . . .  , . 

. . . . .  . . 
: . . . .  

. . .' >Surface . . 2: Area:,: I . .  : ::,Composi,ti 
. ~ q q r e q a t e s  ". m . / g . '  . '  . . . . .  . . .  Wt.: . . Pekceli't' ..:..-.. . . . . . .  

: .  a"ariz, g'4:. . , . 
~ u a i t z i t e  15'  0.145 

I .  . . . .  . , ;,. , . . . . . .  

H O ~  1 i.mes.tone . . . . . . . . . . .  . . .  .'I 04 ,, : : . .c,al&i t:e ,. 9 3  , ' 

R i  ver ton  1 imestone ,655 

Gran i te  

Dolomite; 18 
Ca lc i te ,  78 

Quartz ,  78 

' B i o t i t e  
Albite Horn b l  ende 1 l8 

Gran i te  P-6 ,552 Quartz;  64 
A1 b i  t e  
B i o t i t e  

.~ . . . Hornblende I .. - 



TABLE 2 - COMPOSITIONAL DATA ON ORIGINAL ASPHALTS 

4 
Concentrat ion, Mo les /L i t e r  

I 

: Cay- D icar -  . 2-Qu i no- 
.I . . . Weiqht Percent PPM b o x y l i c  b o x y l i c  lone ' Su l f -  
.J . . . 3 Asphalts . C H N S V N i Ketones Acids Anhydrides Types oxides 
!! 

, ' a-2959 83.77 9.9 1 0.34 6.06 160 2 2 0.015 t race  . :0.0014 0.003 0.015 
8-3036 85.78 . 10.19 .26 3;72 . I) 0.4 .021 t race  . .0014 . O O l  ,022 % 

0-3C5 1 82.90 10.45. , .73 6.59 1300 109 . .017 . 0.014 .003 ,009 ,010 I 8-3602 86.77. 10.94 1.03 1.01 36 5.6. .Oh5 .06* A I .011 .015 
3 

:.*present as ca'rboxylat'e s a l t s  ' . . . . .  . . .  
.**Be low 1 eve1 . o f  d e t e c t  Ion 

j . . .... . . .  
. . .  . . - , .  . ! " .  1 ;! .. . : . . . 

. . . . .  . . 
. . . .  _ 

. . .  ., . ! .  . . . . . . .  . . - t. . . . . . . . . . . .  . s . . . . .  . . . .  
4 *; 

. - 
' , . . , . ,. . - .  . . 

. . . .  . 3 . . '  . . . . . . 
. . .  . -  . . . ., .. . . .  . . : > * .  . > ' .  . . 

. . 

j . . . .  
. . .  . . .  . . . .  . . 

.I . . 
. . . . .i . . . . 

jj . : .  I .  
* . .  

1 . . .  . . 
a . .  

8 . . . . 11 
: ,. 

. . 

1 
9 :  

. . 1 
4 
!I . 
i 

I 

. . 
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TABLE 3 - AMOUNTS AND CONCENTRATION OF CHEMlCAL COMPONENTS IN  ASPHALT FRACTIONS . STRONGLY ADSORBED ON MINERAL AGGREGATE SURFACES 

- 
I . Percent Concentrat ion, Mol e s / L i t e r *  

o f  .Car- D icar -  2-Qui no- 
1 .  O r i g j n a l  boxyl i c  . boxyl i c  Tone . , , Su1.f- Percent 

Aqqreqates' Asphalts Asphal t  Ketones . Aci.ds** Anhydrides Types ox ides Sul f u r  N i t rogen  
I I 

Q u a r t z i  t e  1 5 '  , 8-2959 
B-3036 
B-3051 ; ' .  . . 

B-3602 

Hol 1 imestone. ' .  . - 8-2959 
. B-3036 
. . B-3051 

8-3602 . 
. . 

~ i v e r t o n  l imestone B-2959 . . 

B-3036 
B-3051 . 

B-3602 

.. . 
, G ran i te  P-6 B-2959 .76- .50 . . t race .06 .03 .92 - - - - 

.07 : . 0'1 .. 84 8-3036 .61 .66 . 01 - - - - 
B-3051 'o 92 .42 .02 .05 0 0 2 .  . .82 - - - - 
B-3602 .55.  . 8 8 - . .  . .22 . 1 2 . .  . ..04 - 3 6 .  - - - - 

, * 

*~er ;ved f rom Tables 8 and 9 except f o r  Gran i te  P-6 , 

* * ~ n c l u d e s  ca rboxy la te  s a l t s  



T ~ B L E  4 - AMOUNTS. AND CONCENTRATION OF CHEMICAL' COMP3NENTS I N  ASPHALT FRACTIONS 
NOT STRONGLY ADSORBED ON MINERAL AGGREGATE SURFACES 

Percent  Concent ra t ion ,  M o l e s / L i t e r  
0 f Car- W t :  D i ca r -  2-Quino- 

. O r i g i n a l  b o x y l i c  b o x y l i c  lone S u l f -  Percenr 
Aqq reqa t es  Aspha 1 t s  Aspha 1 t Ketones Ac ids Anhydr ides Types ox ides  ' S u l f u r  N i  t roqen  . 

.C.uartzi t e  1.5'. . . . 8-29 59 99.7 0.33 . 0.002 0.006 , 0.002 0.20 6.06 . ; .33 
8-3036 . . 99.7 - 3 3  .004 .008 t r a c e  . . . ,  20 . .3 .72 . . .26 
8-3051 99.6 .37 .014 .010 .008 .25 6.59 73 
8- 3602 9 9 . 7 .  .54 .074* .028 .010 - 1 3  1.01 . , 1.03 

. . . . 

99.8 .38 .002 6.06 ' ~ b l  1 imestone 8-2959 t r a c e  t r a c e  27 33 
. . 

. 8-3036 99.9 38 .002 .004 .OO 1 - 27 3.72 .26. 
8-3051 99 ..8 .41 .012 .013 ' ..OoS . . . 2 7  6.59 " . .73 

73 .067:: .037 . . 8 -3602 .  . 99.9 .007 1.01 ' 1.03 
. . .I6 

. . 

99.2 .26 .002 .003 .001 R i v e r t o n  l imes tone  8-2959 .20 6.05 ' . .  .. .33 
. . 8-3036 99.3 .25 t r a c e  t r a c e  . t r a c e  , 19 3; 71 , .25 

. . 8-3051 99.1 - 29 .O12 .006 .004 .22 .. . 6.59 . . .73 
.' 8-3602 99 3 .46 .O65* .025 . O O 9  .13 1 . O 1  1.03 

. . 
 rani t e  '. 8-2959 99.7 .41 . .004 .015 .005 .26 . 6.60 .33 

8-3036 . .  99 .'7 .48 .002 .010 t r a c e  .24 3.72 -25 
8-3051 . - 99.6 .44 .021 .016 .008 .25 6.59 73 

a 8-3602 99.8 .65 ,056;: .029 .010 .14 1..01 1.03 
. . 

.:tBncludes c a r b o x y l a t e  s a l t s  . . . . I .  

. . 

. .  . . ..,, 
. . . . : 

. " . I  

. . 
. . . . . . 

. . 

. . 
. . 

. . 
. . . . 

. . . . 

. .  . . . 
. . 

. . . . 

, 
\ 

. . , :: 



. . TABLE 5 - AVERAGED CONCENTRAT I ONS OF CHEM I CAL COMPONENTS IN ASPHALT FRACTIONS 
STRONGLY ADSORBED ON MINERAL'AGGREGATE SURFACES 

, 

- . . 

Concentrat ion, Mo les /L i t e r  
Car- D icar -  2-Quino- 

b o x y l i c  b o x y l i c  lone Sum, . . 
Asphal t s  Ketones Acids Anhydrides Types Su l fox ides  N i t rogen A l l  Types ' . 

Averaqed f o r  each aspha l t  on a l l  'aggregates 

. . 

. . . . 

1 Aqqrega tes  Averaged for each agqregate on a l l  aspha l ts  
. . 

Q u a r t z i t e  IS '0.87 0.18 0.09 0.03 0.69 0.80 . 2.66 
! .  

Hol l imestone .81 30 - 1 3  03 ..66 .69 ' 2.62 ' 1 . .  R i v e r t o n  1 imestone. . 7 2  .17 : . l o  ' .03 .. 69 
' . 

- 8 3  . 2.54 . 

Gran i t e  -. 85 . .12 .10 . .03 ' .65 .70 
I . . 2-45 . . 
i . . 

. . 1 . .  . . . . . . . . 

! . . 



TABLE 6 - RELATIVE AFFINITY OF STRONGLY ADSORBED ASPHALT COMPONENTS FOR AGGREGATE SURFACES 

- 
Concent ra t ion  Ratio:: 

Car- D i ca r -  2-Quino- 
b o x y l i c  b o x y l i c  lone 

Asphal t s  Aqgreqates . ' ' Ketones Ac ids  Anhydr ides Types Su l f ox i des  S u l f u r  N i t r o q e n  

:10 10 4.6 1.18 8-2959 . Q u a r t z i t e  15 2.3 20 
. . I . . 

. 3.15 
. . ... Ho l  l imes tone  2.1 .>60 . >36 20 3.4 . ' 1.17 2.73 

2 5 2 7 R i v e r t o n  l imestone 2.4 30. 4.1 . 1.19 2.45 . . 

. . 18 Grani  t e  . 1.8 6.7 . '6 3.3 1.06 2.24 

' .  8-3036 Q u a r t z i t e  15 2.5 15 7.5. . >lO 4.3 1.27 . 3 .12  . . 

2.3 5 5 30 
. . 

Hol  l imes tone  20 . . 3 0 1.08 2.92 
R i v e r t o n  l imes tone  3.0 :>30 >2 7 >20 
Gran i t e  4.5 

1.24 3.88 . 
. , 1.8 . ,  30 9 >1.0 3 .  . , 1.09 3.40. ; 

. . 

8 8-3051 Q u a r t z i t e 1 5  . ' 2 . 4 '  . 7.9 5 2.9 1.03 1.89 
. . Hol  l imes tone  1.9 . . 18 8.5 . 10 .95 1.63 - '  2.9 

. . R i v e r t o n  l imes tone  2.3 14 . 17 7.5 3.. 8 94 1.89 . '  
Gran i t e  1.8 4.3 .5.6 3.8 2.8 . 87 1.75 

. . 

1.9 ' ' . 3-3602 Q u a r t z i t e  .15 6.6 .5.4 3.0 2.2 1.28 1.20 
1.1 5.1 Hol l imes tone  11 2.9 0.9 1.03 -99 .  . .' 
'1 .8 6 R i v e r t o n  l imes tone  ;4.8 3.3 1.38 1.46 1.9 

G r a n i t e  1.6 . 4.8 4.1 3.0 2.1 1.29 
. . 9 9 

* concen t ra t i on  i n  f r a c t i o n  s t r o n g l y  adsorbed/concentrat ion i n  f r a c t i o n  n o t  s t r o n g l y  adsorbed 
. . . . . 



. . TABLE 7 - RELATIVE AFFINITY OF MODEL COMPOUNDS. . . , . . .. . 

.FOR AGGREGATE' SURFACES 

R e l a t i v e  A f f  i n i  t y  f o r  Agqregate Surface;: .. 
. . 

Q u a r t z i t e  Ho 1 R.i'ver ton 
Model Compound 15 Limestone Limestone Gran i te  ' ' 

. . 46.8 . l o o . .  38.3 45.6 ~ e n z o i c  a c i d  
. . Qufnol  i n e  11.5 ' 2.7 : 3.8 . 11.8 . . . . . . 

Phenyl su l f ox ide  8.6 6.9 . 6.0 12.7 . . 

Phenyl su l fone 4.3 - 3.3 3.0' 7.2 . ' 

Va 1 erophenone : 8.5 9.2 5.0 8.8 
Pheno 1 5.8 7.0 .4.5 , 6.7 - . .  , . 

Benzy 1 benzoate <O. 1' 5.3 .3.0 3.1' ' 

1 ,2,3 ,.4-Dj benzan thracene <O. 1 <0.1 . <0.1 0.2 
0 0 

:i, ' 
Naphthalene 0 0 . . . . 

fiExcessimode1 compound used--aggregate sur face assumed t o  be sa.turated. 
Benzoic a c i d  w i t h  Hol 1 lmestone a r b i t r a r i l y  s e t  a t  100.: Values a r e  
ad jus ted  f o r  d i f fe rences i n  bo th  aggregate sur face area and model .. '  

compo,und concen t ra t i on  so t h a t  .data a r e  comparable from one system t o  
another. . . . . .  

. . . .  . . .. . . . 

. . 
. . . . 

. . 



TABLE 8 - AMOUNTS AN0 CONCENTRATION OF CHEMICAL COMPONENTS IN ASPHALT FRACTIONS DISPLACED FROM MINERAL AGGREGATE SURFACES BY WATER TREATMENT 

Percent  o f  Concentrat ion,  Mo les /L i t e r  
S t r ona l v  O i -  2-Quino- W t .  
~ d s o r b e d .  Carboxy l i c  Acids carboxyl  i c  lone Su l f -  Percent 

Aggreqa tes  Aspha l ts  F r a c t i o n  Ketones Free S a l t s  To ta l  Anhydrides Types ox ides  N i t r ogen  To ta l  . S u l f u r  N i t rogen 

Q u a r t z i t e  15 B-2959 8.40 0.14 0.16 0.06 0.22 0.19 0.02 .1.92 . 0.63 3.12 6.70 0.88 
B-3036 7.44 .14 . I 3  . .12 .25 .17 c.01 .68 -47  1.72 - 3.05 . .64 
8-3051 9.01 1 0  .32 . .06 .38 .18 .02 1.87 .76 3.31 7.55 -1.06 
8-3602 14.14 1 4  -51 1.10 1.61 . I 7  c.01 .49 .56 2.98 1.12 3.79 

~ o l  l imestone 8-2959 12.61 .14 -27  .18 .45 .25 .04 1.38 -73  2.99 6.56 1.02 
8-3036 9.75 .14 -27  -33  .60 .17 c.01 .63 .56 2.11 3.10 . 79 
8-305 I 11.19 . 10 32 .26 .58 .23 .06 , 1.54 .83 3.34 6.29 1.16 
8-3602 21.50 .05 1.34 .40 1.74 .21 c.01 -03 .46 2.50 1 .OO .64 

Riwerton l imes tone B-2959 4.40 .14 .24 .14 .38 .25 .03 2.15 .44 3.39 8.57 .61 
8-3036 2.49 .14 .24 .24 .48 .32 c.01 .76 .41 ' 2.12 3.05 .57 
8-3051 6.80 .14 .40 .ll .51 .25 .02 1.99 .49 3.40 7.54 .68 
8-3602 8.57 . l o  1.15 .54 1.69 . I 8  .02 .14 .46 2.59 .88 . .64 

Gran i te  B-2959 10.93 .14 .27 . I 5  .42 .23 .02 1.64 .49 2.94 7.03 .68 
B-3036 12.42 .14 -15  .08 -23  .16 c.01 . 59 -34  1.47 2.33 .48 I 
8-3051 9.33 . I 4  - 25  -49  .74 .24 .01 1.71 .63 3.47 6.23 .88 
8-3602 11.12 . I 5  .38 .78 1.16 .31 .Ol .35 .64 2.62 1.30 .90 I 



TABLE 9 . -  AMOUNTS AND CONCENTRATION OF CHEMICAL COMPONENTS IN ASPHALT FRACTIONS REMAINING STRONGLY ADSORBED 
ON MINERAL AGGREGATE SURFACES AFTER WATER TREATMENT 

Percent Concentrat ion, Mo les /L i te r  
o f  Car- Dicar-  2-Quino- W t .  

O r i g i n a l  boxy 1 i c boxy 1 i c lone Su l f -  Percent 
Aggreqates Asphalts dsphal t Ketones Acids* Anhydrides Types ox ides S u l f u r  N i t rogen 

Q u a r t z i t e  15 8-2959 0.267 0.82 0.02 0.05 0.02 0.82 7.17 1.05 
6-3036 .241 .89 .04 .O2 .O 1 .86 4.88 0.82 
8-3051 .369 .96. .08 .07 .04 .62 6.72 1.41 
8- 3602 .221 1.14 .30 -15 .03 -25 1.32 I .31 

Hol l imestonve 

R iver ton  l imestone 

Grani t e  8- 2959 .290 .83 .03 .08 -03 75 6.98 0.75 
8- 3036 .232 .98 .03 .08 .O1 .76 4.31 0.90 
8-3051 .358 .83 .06 .08 .03 .59 5.67 I .32 
8-3602 .213 1 . 1.2 .24 . . I 0  .03 .29 I .30 I .04 

.* Inc ludes carboxy la te  s a l t s  



I 

TABLE 10 - DISPLACEMENT OF STRONGLY ADSORBED ASPHALT COMPONENTS BY WATER TREATMENT 

. .  . Displacement .Rat io*  
Car- Df car -  2-0ui no- 

.: : b G y l i c  b o x y l i c  i cne ,  Sul f- 
Asphal ts  . . Aqqreqates Ketones. Acids, Anhydrides : . .Types oxides Sul - fur  N i t rogen ' , 

I B-2959 Q u a r t z i t e  15 .O . .2. .1 I:.. 0 398 ..l .O . . 2 - 3  .0.93 ' .84 
Hol l imestone .2 6.4 2.8 ' , 1  .O 1.6 .92 . . 1..16, . 

I , R i ve r ton  : I  imestone. .2 9.5' ' 3.6 1 .O 2.8 1.20 .74 
, .  . 

G ran i t e  - 2  14.0 2.9.. .. 7 . 2.2 1.01 .91 
1 . . 

B-3036 Q u a r t z i t e  1.5 - 2  6 .3 '  , 8.. 5  <1.0 .8 .63 ..78 . 

. , Hol 1  imestone .1 10.0 1.5 < . 5 .  . 8  .76 . 1.0'4 
R iver ton  1 imestone. . .2 12.0 4.6 < .5 .9 .66 .58 
Gran i te  , -  1 7.7 2.0 <1 . O  .8 .54 .53 

8-3051 Q u a r t z i t e  15 . 1 4.8 2.6 . 5  3.0 1 . I 2  .75 
Hol l imestone ."I 3.2 2.3 1.2 2.2 .I. 00 .97 
R iver ton  .l imestone. - 2  . 3.4 2.8 .7 2.6.  ' 1 . 2 3 . .  .48 

I Gran i t e  .2 12.3 3.0 . .3. 2.9 .l -10  . . : , . . .. 67- 

B-3602 ~ u a r t z i t e  15 1 5 -4  1.1 <O. 3 2.0 .85 .60 
Hol 1 imestone .1 3.6 1 - 1  ' <  .5 :2 .95 .57 
Ri  ver tor i  :I imestone: .1 6.3.. . 1.6 .'7 ., . 5 .  .61 .41 

. ; G ran i t e  .1 4.0.8. -. i... 3.1,. .3  . i . 2  . '1.00 
i : . .  . . . .  

.87 
; ! 

. * concent ra t ion  i n  f r i c t i o n  d isp laced b y  water /concentrat ion i n  f r a c t i o n  n o t  displaced .by water . '. . , 
I 



TABLE 11 - WATER-STRIPPING DATA ON ASPHALT-AGGREGATE MIXTURES 
USING A MODIFIED ASTM DI664 IMMERSION TEST*. % 

!. . ' 

. . . . . . , .  . . < .  

Aqqreqates Asphal ts  Percent.  s t r i p p e d  . ' 

Q u a r t z i  t e  . I 5  - 8-2959 40 
. . .  B-3936 ,, . , . .' 80 : . 

40 ' B-3051 * .  

B-3602 90 

Hol 1 imestone B-2959 45 
. 8-3036 40 ., . . 

. 8-3051 20' , ,: 
B-3602 75 

R i v e r t o n  1 imestone 

Grani - te  B-2959 n o t  ob ta ined  
8-3036 II 

. , . . . . . . . . 
B-3051 II '. 

B-3602 ' 
II . . 

G ran i t e  P-6 B-2959 1 
87303.6 ' . . .  8 ' .  

. . B;3051 . . . 0 
B-3602 5 : .  

W a t e r - s t r i p p i  ng da ta  ob ta ined  by FHWA. ' Immersion temperature ' 
changed t o  37 <8  C (1 00 F) . . \  . .  



GRAN ITE-P6 

FIGURE 1, - COMPARIS@i OF AGGREGATE SURFACE AREA AND PMOUNT 
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