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Adsorption Behavior of Asphalt 
Models and Asphalts on Siliceous and 
Calcareous Aggregates 

C. J. BRANNAN, Y. W. JEON, L. M. PERRY, AND c. w. CURTIS 

The ad orption of seven single model species representative of 
functionaliries prevalent in asphalt on siliceous and calcareous 
aggregate was examined. The seven model pecies were ranked 
based on their Langmuir monolayer adsorption amounts as well 
a their ad orption amounts on one or two grams of aggregates. 
The aggregate u. ed were gravel , limestone and greywacke. 
Benz.oic acid howed the greatest affinity for the aggregare tested . 
In addition the ad orption and de orption behavior of three as­
phalts with ub iantfally different chemical composition wa de­
termined on a single siliceous aggregate. Differences ob erved in 
their behaviors may be attributed to differences in their chemical 
compositions. Tbe adsorption and water de orption behavior f 
an AR-4000 asphalt wa also determined on three different ag­
gregates: limest0ne , gravel and greywacke. Sub tantial differ­
ences in the amount ad orbed and desorbed as well as the shapes 
of their adsorption curves were observed. Limestone adsorbed 
the most asphalt and ~etained the largest amount of asphalt after 
de orption by water. Limestone desorbed the mo t asphalt in the 
pre ence f water and greywacke desorbed the lea t. The pre­
coati ng of anlistripping agent on greywacke re ultcd in less as­
phalt de orption by water in compari on with c adsorbing anti-
tripping agent with asphalt or with no antistripping agent being 

present in 1he system. 

A number of factors affect the interaction of asphalt with 
aggregate in a road pavement. These factors include the chem­
istry and composition of the asphalt and aggregate, the surface 
area and chemistry of the aggregate surface, the ·pecific bond­
ing interactions between the asphalt and aggregate, and the 
resi tivity to moi ture of a particular asphalt-aggregate com­
bination. Other factors that influence the interaction involve 
pavement construction practices, the roughness of the aggre­
gate surface, the propensity of a particular combination to­
ward oxidation of the asphalt as well as the environment of 
the pavement, both in a localized context at the asphalt­
aggregate interface and in a more global sense of heat, cold, 
and traffic. Although many factors influence the interaction 
between asphalt and aggregate the effect of the chemistry 
and composition of asphalt and aggregate on the affinity of 
asphalt for adsorbing on a particular aggregate and re istivity 
of the particular combination to moi ture i the focu of this 
paper. 

Previou re earchers (1,2) have found that the more polar 
con tituents of asphalt appear to be concentrated at the sur­
face of the aggregate and more sensitive to moisture. Scott 
(3, p. 19) has stated that oxygen-containing groups present 
in the asphaltenes of aspbalt were preferentially adsorbed 
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onto the aggregate surfaces. Fritschy and Papirer ( 4) have 
shown that a phalcenes, the concentrated polar fraction of the 
asphalts, adsorbed more onto aggregates than the whole as­
phalt. Curtis et al. (5 ,6) have shown that asphaltenes behave 
similarly to whole asphalt on both sandstone and limestone. 
The chemistry of the aggregate, particularly the surface chem­
istry, affects the interaction between a phalt and aggregate . 
The affinity of a given asphalt for different aggregates may 
vary considerably depending on the composition and surface 
activity of the aggregate. The adsorption behavior of asphalts 
on aggregates is related to the tripping phenomenon only 
when water is pre ent in the system. 

The overall objective was to elucidate chemical interactions 
that occur at the asphalt-aggregate interface. Three ap­
proaches were taken: relative adsorption affinities of model 
asphalt compounds were determined on aggregates; the ad­
sorption and desorption behavior of asphalt on different ag­
greg;'ltes was determined; and the effect of an anti tripping 
(AS) agent on the adsorption and desorption behavior of 
asphalt was evaluated. Seven compounds representing key 
functionalities present in asphalt cements were u ed as models 
for evaluating phy ical parameters for example monolayer 
urface c verage, Gibb free energy of adsorption {llG0

) , and 
the equilibrium constant (K) , relating to th adsorptive in­
teractions. The relative adsorption affinities of each of the 
seven model compounds were determined on five aggregates. 
This informatioll served as a means of characterizing the 
chemical reactivity of each aggregate and provided possible 
explanations for the ob erved adsorplion and desorption be­
havior of different asphalt-aggregate pairs. The adsorption 
and desorption behavior of asphalts on both siliceous and 
calcareous aggregates were determined and compared. The 
amount of asphah remaining on each of the aggregates wa 
determined. The effect of an AS agent on the adsorptive and 
de orptive behavior of an asphalt~aggregat y rem wa also 
evaluated. Precoating of aggregate surface with AS agent be­
fore adsorption investigations as well as coadsorption of AS 
agent with asphalt onto aggregate surface were examined. The 
amounts adsorbed by both methods were compared with re­
spect to water sensitivity. 

EXPERIMENT 

Single Component Adsorption 

Benzoic acid, indole, phenanthridine, naphthalene, 1-naphthol 
(all at least 99 percent pure), phenylsulfoxide (97 percent), 
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9-fluorenone (98 percent), and cyclohexane (at least 99 per­
cent spectrophotometric grade) were supplied by Aldrich 
Chemical Company. Cyclohexane was dried before being used 
with activated 4A molecular sieves. All other compounds 
were used as received. Aggregates-RC-limestone, RD­
limestone, RH-greywacke, RJ-gravel, and RL-gravel-used 
in the single adsorption study were obtained from the Strategic 
Highway Research Program (SHRP) Material Reference 
Library (MRL) at the University of Texas, Austin. Chemical 
and physical properties of the aggregates were determined by 
Southwestern Laboratories, Inc., Houston, Texas, and lith­
ologies were provided by the Center for Applied Energy Re­
search, University of Kentucky, Lexington. Aggregates were 
sized to - 40 + 80 mesh, washed thoroughly with distilled 
water, dried at 150°C for 1 week, and stored in a brown bottle. 
Aggregates were dried for an additional 24 hr before use. 

Procedures 

For single component adsorption experiments, standard stock 
solutions of 100 mg/L of each model compound were prepared 
in cyclohexane. Exactly 20 mL of the stock solution were 
pipetted into serum bottles (30 mL capacity) containing vary­
ing amounts (1, 2, 3, 4, 6, 8, 10 g) of aggregate. The serum 
bottles were placed in the controlled temperature (25°C) en­
vironment of an orbital shaker (Labline, Fisher Scientific), 
agitated for 1 hr, and allowed to settle for an additional hour. 
Powdered aggregate that remained suspended in the solution 
was removed by filtration through a 0.22 micron MSI teflon 
membrane (Fisher Scientific). The filtrate was monitored by 
ultraviolet (UV) spectroscopy, at the wavelength of maximum 
absorbance of the model compound, to determine the con­
centration of the model not adsorbed by the aggregate. All 
experiments were performed at least in duplicate. 

Calculations 

Langmuir plots of adsorption data were used for the deter­
mination of equilibrium constants, monolayer surface cov­
erages, and Gibb's free energies of adsorption. The Langmuir 
equation can be stated as follows (7): 

C/q = C/qm + l/bqm (1) 

where 

C = equilibrium solution concentration (mg/L), 
q equilibrium amount adsorbed (mg/g), 

qm = saturated monolayer amount (mg/g), and 
b = constant related to strength of adsorption (unitless). 

Parfitt and Rochester derived the Langmuir equation to de­
scribe adsorption data obtained from dilute solutions, which 
is given as follows (8): 

clx = c/xm + 1/(K - l)xm (2) 

where 

c - mole fraction of solute concentration (unitless), 
x = moles of solute adsorbed per unit mass of adsorbent 

(moles/g), 
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xm = molar monolayer of adsorbed solute per unit weight 
of adsorbent (moles/g), and 

K = equilibrium constant for the interaction of asphalt 
model M in cyclohexane with aggregate surface A to 
yield the product MA. 

M+A~M·A 

K = (MA)l(M)(A) (3) 

For strongly adsorbing solutes, K > 1, the Langmuir equation 
is simplified to the following: 

(4) 

K and xm can be determined from the slope and intercept of 
a linear plot of clx versus c. Determination of the equilibrium 
constant (K) allows calculation of the Gibb's free energy of 
adsorption (AG 0 in joules) from the following relation: 

AG0 = - nRT (In K) 

where 

n = number of moles of solute adsorbed (mole), 
R = universal gas constant 8.314 JIK mole, and 
T = absolute temperature in K. 

(5) 

The amount of model compound adsorbed onto aggregate 
surface is determined from a calibration curve composed of 
adsorbate solutions with known concentrations for each as­
phalt model compound at its maximum absorbance wave­
length. Beer's law was employed for the determination of 
solution concentrations before and after the adsorption ex­
periments. Beer's law, A = abc, is valid for dilute solutions 
where A is the absorbance at a given wavelength (unitless), 
a the absorptivity (L/mole cm), b the path length of cell (cm), 
and c the concentration (moles/L). The absorbance values 
.obtained in the adsorption experiments were converted to 
concentrations and the amount of compound adsorbed iso­
thermally onto aggregate was determined from the following: 

q, = (C0 - C;)VIM (6) 

where 

q1 = amount adsorbed (mg/g aggregate), 
C0 and C1 concentrations of adsorbate before contact and 

after contact with aggregate (mg/L), 
V = volume of adsorbate solution introduced into 

the system (L), and 
M = mass of aggregate used (g). 

Adsorption and Desorption of Asphalt 

The asphalts, AAD-1 (AR-4000), AAM-1 (AC-20), and 
AAK-1 (AC-30), and aggregates, RC-limestone, RH­
greywacke, and RL-gravel, used in this study were obtained 
from the SHRP MRL. Aggregates were sized to - 40 + 80 
mesh, washed with distilled water, dried at 150°C for 1 week 
and stored in a brown bottle before use. Chemical and phys­
ical properties of the aggregates and asphalts are given in 
Tables 1 and 2, respectively. 
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TABLE 1 PHYSICAL AND CHEMICAL PROPERTIES OF AGGREGATES 

~ .. AapjllU 

11.C.U- ll>-11- RH..,..yw..,k<o Rl·traYOI u...,..vtl 

POROSITY 
Ava. Pole Diam. U!!n> 0.0611 O.Olll NA• 0.0151 0.0138 
Taul Pole Area (m211) 2.541 1.465 NA 1.188 3.027 

WATER ABSOllFl'ION 

" AbllOlplioa 0.37 0.3 NA 0.7 0.9 

BULK SPECIFIC ORA VJl"Y 2.536 2.704 NA 2.62S 2.S68 

ACID INSOLUBLES 
lmoluble Retidue " 4.1 18.1 NA 99.2 88.2 

WATER INSOLUBLES 
Water lllluble1 " 2.4 1.9 NA 4.1 1.8 
pH 9.47 9.12 NA 9.12 9.18 

SURFACE AREA (m2/1)" 1.79 0.43 3.12 0.37 0.93 

MAJOR OXIDES 

Si02•" 6.49 16.4 66.0 76.5 63.1 

Ali0J·" 1.23 2.28 10.4 12.2 4.66 

FeiOJ• " 0.71 0.08 12.9 1.09 1.67 

M,O," 2.52 5.29 2.44 0.27 0.32 

C.0," 41.9 39.1 2.35 1.4S 14.5 

NaiO," 0.24 0.16 2.57 2.91 0.92 

KiO," 0.22 1.16 0.99 4.31 1.72 
Other, !I\ < 0.2 < 0.2 < 0.8 < 0.2 < 0.2 
Lam of Volalile1, " 40.3 35.0 0.96 O.S9 11.2 

urHOLOOY lOO"U- 53.3!1\ Sh.lly Li- 71.3" Micaooou1 S.ndco111 47.4!1\ Slnd- 59.1 !I\ Chert 
26.1!1\Li- 11.2" Mi1Collanoow 28.4!1\ Onnite 18.2!1\ An:onaooou1 Lime-
19.7!1\ Arl:e.,..oou1 10.9!1\ Onnite 23.7!1\ Mi1Collanooua 11 !I\ Granite 

l.lme*- 6.6!1\ Chert 0.4!1\ llualt 5.1!1\ Miacellamoua 

11 l'llrollly, water obMplioft, bulk 9'*'ilie pvlly, 1Cid U-lublu and water i-.lublo doia were obla.inod from SHRP A-001. 
b Surface ...... and ...;or oitidu wore obWinocl from Wellbm RolCln:b lllllitute in SHRP A-003B. 
"Surface.,.. --were oblaimd by N2 Birr by WRI. 

Toluene and methylene chloride, Fisher spectranalyzed , 
were dried with 4A molecular ieves before u e, and polyam­
ine AS agent (M-AS-005-001) obtained from SHRP MRL was 
used as received. Distilled, deionized water was used in de­
sorption studies. 

Adsorption of asphalt from toluene solution onto aggregate 
was performed using a recirculating system that consisted of 
a thermojacketed column containing aggregate through which 
a solution of toluene and asphalt was circulated repeatedly 
through a bed of aggregate. The column temperature was 
maintained at 25°C. Concentration changes of asphalt in so­
lution were monitored after adsorption equilibrium of 7 hr 
by visible absorbance spectroscopy at 410 nm. Six indepen­
dent columns that run in parallel, each containing an asphalt 
solution of specific concentration, were pumped by a micropro­
cessor pump drive. The asphalt concentration of the initial 
solutions used to develop the isotherm ranged from 0.10 to 
0.66 g/L. Desorption of asphalt from aggregate was achieved 
by introducing -280 mmolar water after adsorption equilib­
rium was achieved. The amount of asphalt desorbed was mon­
itored at 410 nm after 2 hr. 

The concentration of the asphalt in solution after both ad­
sorption and desorption was obtained using Beer's law. The 
equations used for calculating these amounts are 

CIC0 = Abs/Abs0 

AW= V(C0 - C) 

A = VC0(Abs 0 - Abs)/WAbs0 

DwW = - Vw(C - Cw) 

Dw = - VwC(Abs - Absw)/WAbs (7) 

where 

C0 and C = initial and equilibrated asphalt solution 
concentrations (g/L), 

Abs0 and Abs = absorbances of initial and equilibrated 
solutions, 

A = amount of asphalt adsorbed per gram of 
aggregate (g/g), 

W = mass of aggregate used (g), 
V and V w = initial and final solution volumes used for 

desorption (L), 
Dw = amount of asphalt desorbed per gram of 

aggregate (gig), 
Cw = asphalt solution concentration after de­

sorption (g/L), and 
Absw = absorbance of the extracted solution. 
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TABLE 2 PHYSICAL AND CHEMICAL PROPERTIES OF ASPHALTS 

AlpbaJI f'top<lrtlu 

PROPBR.TY MD-I AAM·I MK·l 

AR4000 AC-20 AC-30 

140°!', Vi1eoeity Poioe lOSS 1992 3256 

27S°F,c• 309 S69 562 

COl!lpOOUll A.all.ylla 

Alphaltene1, " 23.0 3.9 21.1 

Polar Aromatict, " 41.3 50.3 41.8 

Naphthene Aromatic•, " 2S.1 41.9 30.0 

Satuntea, " 8.6 1.9 5.1 

Ekrmmal Anal1'11 

Carbon, " 81.6 86.8 80.7 

Hydroaen, " 10.8 11.2 10.2 

Oxyaen, " 0.9 0.5 0.8 

Nitroaon, " 0.9 0.5 0.8 

Sulfur, " 8.6 2.4 6.6 

Vantdium, ppm 293 60 1427 

Nickel, ppm 145 29 128 

Cn-ntl~•" 23.7 24.7 31.9 

H ___ .. _," 6.8 6.S 6.8 

Ab1DTPtlvit1 {Ulonl Jiii clll) 

410nm 3.79 S.74 7.40 

375- 4.90 8.11 6.57 
~(::. 

~Otoupa 

Cuboxylic .A.cidl 0.011 

Acid s.ba 0.000 

Acid Anbydridel 0.000 

QuinoloDN 0.024 

KMooel -
Jlhenol9 0.124 

Sulfo.W.. -· PynolM 0.168 

Asphalt and Antistripping Agent Systems 

Two different asphalt adsorption experiments using AAD-1 
asphalt were performed with AS agent: (a) asphalt from tol­
uene solution was adsorbed onto RH-greywacke precoated 
with AS agent and (b) asphalt and AS agent were coadsorbed 
from a 3:1 with toluene/methylene chloride solution onto RH­
greywacke. Methylene chloride was required to prevent pre­
cipitation of the AS agent. For comparison, AAD-1 asphalt 
was adsorbed and subsequently desorbed from both toluene 
and toluene-methylene chloride solution onto uncoated RH-

0.013 0.000 

0.000 0.000 

0.000 0.000 

0.012 0.012 - -· 0.027 0.070 

-· lnCo 

0.110 0.157 

greywacke. Asphalt remaining on the aggregate surface was 
determined by subtracting the amount of asphalt desorbed 
from that originally absorbed. 

For the first set of experiments, RH-greywacke was pre­
coated with AS agent from methylene chloride in a batch 
system that was temperature controlled at 25°C and orbitally 
agitated at 250 rpm for 1 hr. Initial concentrations of AS agent 
in methylene chloride of 0.2-5.0 g/L were used to determine 
the adsorption isotherm; a saturation concentration of 
4.3 g/L of AS agent in methylene chloride was selected for 
precoating the aggregate at a coating level of 7.8 weight per-
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cent. RH-greywacke precoated with this AS agent was used 
for asphalt adsorption experiments from toluene followed by 
desorption with - 280 mmolar water. 

Coadsorption of asphalt and AS agent from the 3:1 toluene 
to methylene chloride solution was conducted at two different 
concentrations of AS agent: 4.05 g/L (corresponding with the 
chosen AS concentration for the precoated aggregate) and 
0.1025 g/L (corresponding with that used in actual practice). 
Asphalt, at 0.66 g/L, was added to each of these solutions 
containing AS agents. As the concentrations of these initial 
solutions were diluted to perform the adsorption isotherms, 
the ratio of AS agent to asphalt remained constant. 

Although the absorbance spectra of asphalt and AS agent 
were similar, a significant difference in their molar absorp­
tivities was observed . The ratio of the absorptivity of asphalt 
to the absorptivity of the AS agent was -30 at 410 nm. There­
fore, quantitative determination of adsorbed asphalt was based 
on a weight ratio of asphalt and AS agent. To determine the 
amount of asphalt adsorbed and desorbed during the coad­
sorption experiments, a calibration curve of the ratio of the 
amount of asphalt adsorbed to the amount of AS agent ad­
sorbed versus the ratio of the initial concentration of AS agent 
(AS) to asphalt (ASP) was developed . This calibration curve 
resulted from a series of experimental observations and cal­
culations using Beer's law. For a given solution with an initial 
concentration ratio of (AS)0 /(ASP)0 , the total absorbance of 
both asphalt and AS agent was measured. The absorptivity 
of the solution was determined by measuring the visible ab­
sorbance at 410 nm at different ratios of (AS)0 to (ASP)0 • To 
determine the amount of asphalt adsorbed onto aggre­
gate introduced into the system, the following relationship 
was used: 

AMT ASP AMT (llAsP) 
Tot ll 1·0 1 

(8) 

where 

AMT AsP = amount of asphalt adsorbed onto the aggre­
gate, 

AMTT0 , = total amount of asphalt and AS agent adsorbed 
that was obtained experimentally, 

aAsP = absorptivity of asphalt at 410 nm obtained ex­
perimentally, and 

a To• = absorptivity of the asphalt and AS agent com­
bined at 410 nm and measured as described 
above. 

The amount of AS agent adsorbed (AMT As) was obtained 
from the difference AMT To• - AMT ASP· The quantities for 
the ratio of the AMT ASP to AMT As were then calculated. 
Experimental points were generated at varying ratios of (AS)) 
(ASP)0 and used to produce a curve, Figure 1, of the ratio 
of amount adsorbed (AMT AsPI AMT As) versus the ratio of 
concentration of AS agent to concentration of asphalt [(AS) 0 / 

(ASP)0 ] that followed the equation 

y = l6.6x-o.ss1 (9) 

where y is the ratio AMTAsP/AMTAs and xis the initial con­
centration ratio (AS)0 /(ASP)0 • When a coadsorption exper-

-;; 40 
L 
c. . 
< 

0 

~30 
0 
gj 
< 

~20 
< 

0 
H 
f-
~ 10 

TRA NSPORTA TION R ESEARCH RECORD 1323 

1.0 2.0 3.0 4.0 
RATIO: CC AS) TO CC Aepho I ll 

FIGURE I Adsorption ratio determination 
from solution concentration ratio. 

iment was performed, (AS)j(ASP)0 was known and the ratio 
of AMTAsP/AMTAs was determined from Equation 9. Be­
cause the total amount of adsorption was known, the amount 
of asphalt and AS agent could be determined individually. 

RESULTS AND DISCUSSION 

Adsorption of Model Asphalt Compounds onto 
MRL Aggregates 

The adsorption properties of seven model compounds were 
investigated on five MRL aggregates: RC-limestone, RD­
limestone, RH-greywacke , RJ-gravel, and RL-gravel. Each 
model compound was chosen to represent key asphaltic com­
ponents that have been reported to be present at the asphalt­
aggregate interface (1,2). Benzoic acid was chosen as the 
model compound to represent carboxylic acids; phenylsul­
foxide, to represent sulfoxides; 1-naphthol, phenols; phen­
anthridine, pyridinics; indole , pyrrolics; 9-fluorenone, ketones ; 
and naphthalene, aromatic species. All model compounds, be­
cause of their respective functionalities, exhibited absorbance 
characteristics in the same spectral region as asphalt. 

Mineralogical characterization of the MRL aggregates used 
in these studies shows three compositionally different aggre­
gate types (9,10), as shown in Table 1. RJ-gravel and RL­
gravel are both mixtures of siliceous gravels consisting of 
igneous, metamorphic, and sedimentary rocks. RL-gravel 
contains a small percentage of limestone, thus distinguishing 
it from RJ-gravel. RC-limestone consists mainly of three ma­
jor limestone groups: fine-grained crushed limestone, dolom­
itic limestone, and a significant amount of clay seams. RD­
limestone consists of calcareous rocks rich in shale and quartz 
with small amounts of iron pyrite. The RH-greywacke is a 
sedimentary rock consisting of a mixture of clay, silt, sand, 
and rock fragments. These aggregates with different miner­
alogical, compositional , and acid-base behavior were chosen 
for testing with the model compounds. The surface areas of 
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the aggregates ranged in order of magnitude. RH-greywacke 
had the largest surface area, 3.12 m2/g, and RJ-gravel and 
RD-limestone possessed the least surface areas, 0.37 and 0.43 
m2/g, respectively. The variety in the aggregate characteristics 
for the selected aggregates can be observed by comparing the 
differences in the percentage of water solubles, the percentage 
of acid insoluble residue, the percentage of volatiles loss, and 
the percentage of different oxide-containing compounds at­
tributed to the different aggregates. Although the percentage 
of water solubles was similar ( < 5 percent) for all the aggre­
gates-except RH-greywacke , for which these particular 
physical constants were not determined-the percentage of 
acid insoluble residue for RL-gravel was more than 15 times 
greater than for RC-limestone and almost 5 times greater than 
RD-limestone. The solubility of limestone aggregates in acidic 
media indicated a strong preference for limestone for inter­
actions with acidic asphalt models. The relatively high per­
centage of acid insoluble residue given for RL-gravel and RJ­
gravel, 88.2 and 99.2 percent, respectively, indicated a lack 
of preference for acidic asphalt models . 
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The Langmuir adsorption model was applied to the ad­
sorption data to describe the adsorption behavior of each 
functionality on each aggregate. Monolayer surface cover­
ages, equilibrium constants, and Gibb's free energies of ad­
sorption for each model compound-aggregate pair were ob­
tained from Langmuir treatment of the adsorption data and 
are summarized in Table 3. RD-limestone exhibited poor ad­
herence to the Langmuir model for almost all asphalt models 
with the exception of benzoic acid. RJ-gravel also responded 
unfavorably to Langmuir treatment for three asphalt models­
benzoic acid, indole , and 9-fluorenone-as did RL-gravel 
with indole. Perhaps this behavior can be attributed to the 
heterogeneity of these particular aggregates surfaces that might 
have more than one type of bonding interaction site for these 
models. Although adsorption occurred for these compounds, 
aud lhe Langmuir model was applied, not all Langmuir phys­
ical constants could be determined for these compounds. 

Langmuir monolayer surface coverages (µmole/g and 
µmole/m 2) for each asphalt model compound on each aggre­
gate are presented in Table 3. Most model compound-

TABLE 3 COMPARISON OF PHYSICAL CONSTANTS 
DETERMINED FROM LANGMUIR EQUATION FOR SPECIFIC 
ASPHALT MODELS ADSORBED ON MRL AGGREGATES 

Monolays Amount Equilibrium Gibb's Free Conelation 
Model/ AfitepUI 

pmole/ml 
Cooawlt (X) Energy (40") Coefficient 

µmole/a 110"$ (KJfmole) 

Benzoic Acid 
RC-limeetooe 4.6S 2.61 3.87 -31.9 0.99 
RD-limcstooe 1.97 4.S9 4.09 -32.0 0.99 
RH-greyw.cke 7.38 2.39 I.SI -29.S 0.99 
RJ-gravel 2.23 6.02 - - 0.99 
RL-gravel 9.lS 9.84 S.92 -32.9 0.99 

Phenylsulfoxide 
RC-limestone 3.96 2.23 S.Sl -32.8 1.00 
RD-limestone 0.667 I.SS - - 0.89 
RH-greyw.cke 6.3S 2.04 6.91 -33.3 1.00 
RI-gravel 8.62 23.27 2.16 -30.4 0.94 
RL-11ravel 6.33 6.81 2.0S -30.3 0.96 

1-Naphthol 
RC-limestone 3.S9 2.02 3.SO -31.6 1.00 
RD-limestone 0.636 1.48 - - 0.99 
RH-areyw.cke 4.94 1.S8 2.78 -31.1 1.00 
RJ-11ravel 1.46 3.93 4.44 -32.2 0.99 
RL-gravel 3.40 3.6S 2.78 -31.1 1.00 

Phenanthridine 
RC-limoelooo 2.86 1.61 6 .10 -33.0 1.00 
RD-limeatooe O.S62 1.31 - - 0.77 
RH-areyw.cke 4.80 l.S4 2.07 -30.3 1.00 
RJ-11ravel 2.S3 6.83 1. 18 -28.9 0.96 
RL-gravel 4.SS 4.89 2.86 -31.1 0.99 

lndole 
RC-limcelooo 2.94 l.6S 1.61 -29.7 0.93 
RD-li lDllllOoe 0.464 1.08 - - 0.68 
RH-11reyw.cke 4.36 1.40 1.65 -29.8 0.99 
RI-11ravel 0.09S 0.256 - - 0.72 
RL-11ravel 2.02 2.17 - - 0.93 

9-Fluo..-
RC-limeeloae l.70 0.9S7 17.5 -35.6 0.99 
RD-lime&tooe 0.323 0.751 - - 0.83 
RH-11reyw.cke 3.06 0.980 1.84 -30.0 1.00 
RI-gravel 0.619 1.67 - - 0.87 
RL-gravel 3.63 3.90 6.21 -33.0 1.00 

- Adsorplioo iaotbenn did not conform to l..anpwir Equatioo, yieldina a oeaalive inleTcepl that prevented 
calculatioo of K and 4G 0

• 
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aggregate combinations were in good agreement with the 
Langmuir model as determined by the correlation coeffi­
cients. Correlation coefficients ranging between .68 and 1.00 
were considered to be acceptable for the determination of 
Langmuir surface amounts considering the heterogeneous 
chemical compositions of actual aggregates that might allow 
for numerous and varied interactions. The adsorption behav­
ior of indole on RD-limestone was the only asphalt model­
aggregate combination that did not adhere to Langmuir mono­
layer analysis. 

For any given aggregate tested with the seven asphalt model 
compounds (see Table 3), benzoic acid consistently produced 
the highest relative monolayer coverage (µmole/g), with the 
exception of phenylsulfoxide and phenanthridine on RJ-gravel, 
which showed larger monolayer amounts. For the five aggre­
gates tested, benzoic acid monolayer surface coverages ranged 
from 1.97 to 9.15 µmole/g on RD-limestone and RL-gravel, 
respectively. In general, the lowest monolayer surface cov­
erages (µmole/g) were produced by indole and 9-fluorenone 
adsorption on all aggregates . Correction of the Langmuir asphalt 
model surface amounts for aggregate areas, µmole/m 2

, 

produced slightly different results for the relative amounts 
of asphalt models adsorbed to aggregate surface. Very 
large surface amounts were observed for benzoic acid on 
RJ-gravel and RL-gravel at 6.02 and 9.84 µmole/m 2

, respec­
tively. The largest of all monolayer surface coverages cor­
rected for aggregate surface area was produced by phenyl­
sulfoxide on RJ-gravel, 23.27 µmole/m 2

• Low, less than 
1 µmole/m 2 , adsorption surface amounts were observed for 
9-fluorenone on RC-limestone, RD-limestone, and RH­
greywacke in addition to that observed for indole on RJ­
gravel. The adsorption of indole on RD-limestone did not fit 
the Langmuir model; thus, the Langmuir monolayer surface 
amount was not determined. In general, indole and 9-
fluorenone showed the lowest Langmuir monolayer surface 
coverages, µmole/m2, for all aggregates tested. RJ-gravel and 
RL-gravel showed high Langmuir surface amounts, µmole/ 
m2 , for all the asphalt models tested with the exception of 
indole. Although naphthalene, representing aromatic func­
tionality, was tested as an asphalt model on all aggregates, 
adsorption was observed only on RJ-gravel yielding the smallest 
amount of surface coverage for any asphalt model-aggregate 
combination, 0.011 µmole/m2

• 

The strength of the interfacial bond between the model 
functionalities and the aggregate surfaces is represented by 
the Gibb's free energy values as listed in Table 3. Although 
all of the Gibb's free energy of adsorption values are similar, 
the most negative values and, hence, the strongest interfacial 
bonds were observed for 9-fluorenone on RC-limestone and 
RL-gravel, phenylsulfoxide on RH-greywacke, and phenan­
thridine on RC-limestone at -35.6, - 33.0, -33.3, and -33.0 
KJ/mole, respectively. The strengths of interaction between 
9-fluorenone and RC-limestone, RL-gravel, and RH-greywacke 
were relatively strong compared with other model compound­
aggregate combinations. Langmuir treatment of benzoic acid 
on RH-greywacke, indole on RC-limestone and RH-grey­
wacke , and phenanthridine on RJ-gravel produced the least 
free energy values at less than 30 KJ/mole. The differences 
in the free energy values of benzoic acid, phenanthridine, and 
9-fluorenone on all aggregates may be indicative of variation 
in bonding sites or heterogeneity of the aggregates . 
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The equilibrium constants shown on Table 3 can be cor­
related to the extent of interaction between the model com­
pound and the active sites on the aggregate surface. The equi­
librium constant for benzoic acid on RL-gravel of 5.92 x 105 

as compared to 1.51 x 10 5 for the same functionality on RH­
greywacke indicates that benzoic acid interacted more with 
RL-gravel than RH-greywacke. Thus, for this investigation, 
each model-aggregate pair that interacted the most, as de­
termined by the magnitude of the equilibrium constants, was 
as follows: benzoic acid and RL-gravel , phenylsulfoxide and 
RH-greywacke, 1-naphthol and RJ-gravel, phenanthridine and 
RC-limestone, indole and RC-limestone or RH-greywacke, 
and 9-fluorenone and RC-limestone. The largest equilibrium 
constant, 17 .5 x 105 , was observed for 9-fluorenone and RC­
limestone. The smallest , 1.18 x 105 , was observed for phen­
anthridine and RJ-gravel. 

Because some of the adsorption data on the model 
compound-aggregate pairs showed poor adherence to Lang­
muir treatment, the relative affinities of the model compounds 
for each of the aggregates were determined by duplicate ad­
sorption experiments, employing 1 and 2 g of aggregate, for 
each model compound-aggregate pair. The relative rankings 
of surface coverage, that is, relative affinities of model com­
pounds for aggregates, are normalized and summarized in 
Table 4. Benzoic acid showed the greatest affinity for all 
aggregates (µmole/m2) , with the exception of RJ-gravel, and 
naphthalene showed the least. Phenylsulfoxide was a good 
adsorber on all the aggregates. Indole usually was a poor 
adsorber. This method of affinity rankings (Table 4) shows 
good agreement with similar rankings achieved by Langmuir 
data (µmole /m2) with the exceptions presented by RD­
limestone whereby Langmuir treatment shows 1-naphthol, 
phenylsulfoxide, and phenanthridine with different relative 
affinity rankings than those obtained by the empirical method 
devised for four sample measurements. A reversal in the rank­
ings of benzoic acid and phenanthridine on RJ-gravel is also 
noted . These anomalies can be attributed to the heteroge­
neous nature of the aggregate. 

Adsorption and Desorption Behavior of Asphalts on 
RH-Greywacke 

The adsorption and desorption behavior of three different 
asphalts-AAD-1, AAM-1, and AAK-1-from toluene so­
lution onto RH-greywacke should indicate the effect of their 
different chemical properties on the interaction and affinity 
of the asphalt with a given aggregate . The viscosities of the 
asphalts (Table 2) corresponded to AC-10, AC-20, and AC-
30 for AAD-1, AAM-1, and AAK-1, respectively. AAD-1 
and AAK-1 contained asphaltene contents of 23 .0 and 21.1 
percent, respectively, and AAM-1 possessed a lower asphal­
tene content of 3.9 percent. AAM-1 contained higher amounts 
of polar and naphthene aromatics and a lower amount of 
saturates than did either AAD-1 or AAK-1. 

AAD-1 and AAK-1 showed a substantial amount of self­
assembly, which is an attraction of asphalt molecules to one 
another. Although AAM-1 did not show obvious self­
assembly, it contained large molecular weight components 
(11, Pribanic 1990, personal communication) . Some of the 
differences observed among the asphalts were small. The ar-
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TABLE 4 RELATIVE AFFINITY RANKINGS OF SURFACE COVERAGE OF MRL AGGREGATES BY 
MODEL ASPHALT MODELS (µmole/g = µmole/m 2 , mg/g = mg/m2) 

RC-limNloae ~vel RH-areyw•cte RJ-gnvel RD-limulone 
Alpllalt Model 

(Fwio:liomliliu) 
mc1m2 

iamolelm2 

rrwlm2 
iamolelm2 

11111m2 
iamole/m2 

11111m2 
iamole/m2 

rrwlm2 
iamole/m2 

• •• • •• 
Bem.oic Acid 2 I I I I I 2 

(Cuboxylic Acid.) 

lndole 5 •• 4 6 6 6 6 
(Pyrrolic:1) 

9-Fluoluone 6 6 6 4 .. .. 5 
~) 

1-Nlphlbol 4 3 J 5 5 5 4 
(l'benolic1) 

l'lleaaaduidim 3 5 5 3 3 3 3 
(Pyrindiaic1) 

l'lleayllllll'oxide I 2 l 2 2 2 I 
(Sulfoxide1) 

N..,iitMlem - - - - -
(A.-ic1) 

- No .doorplioa occwnd 
• Muo buM, ave,... of 4 .dllOlplioa eiiperimel'U u.ui, a maximum 2 I of ..,..e1a1e. 

•• llantills delonniaed &om J..aasmuir lreallnelll. 

omatic hydrogen content determined by proton nuclear mag­
netic resonance (NMR) using the calculation of Haromut;) 
(Haromat;c + Hai;phat;c) yielded aromatic hydrogen contents be­
tween 6.5 to ~6.8 percent for the three asphalts (Jennings 
1990, personal communication). The aromatic carbon content 
measured by 13C NMR and calculated by the equation of 
Caromat;c/(Caromatk + Cauphat;c) showed larger differences and 
ranked AAD-1 at ~23.7 percent, AAM-1 at ~24.7 percent 
and AAK-1 at 31.9 percent. A substitution index, defined as 
the ratio of aromatic carbon to aromatic hydrogen, provides 
an indication of the number of aromatic carbons linked to 
hydrogens compared with those linked to other types of car­
bons. The lower the number obtained, the greater the cor­
respondence between the numbers of aromatic carbons and 
aromatic hydrogens present, and the lesser the substitution. 
The higher the number obtained, the greater the substitution. 
AAD-1 showed the least substitution at a ratio value of 2.2; 
AAM-1 yielded 2.7; the most substituted was AAK-1 at 3.1 
(Jennings 1990, personal communication). 

The sulfur content of AAD-1at8.6 percent was nearly four 
times that of AAM-1, although the vanadium content of 
AAK-1at1,427 ppm was four times greater than AAD-1 and 
20 times greater than AAM-1 (Table 3). When the amount 
of heteroatoms (0, S, N) present was calculated as the ratio 
of heteroatoms per asphalt molecule, AAK-1 gave 3.1; 
AAD-1, 2.65; and AAM-1, 1.8 (Jennings 1990, personal 
communication). 

The chemical composition and characteristics of the as­
phalts used in this study varied considerably. Experiments 
were performed adsorbing each of the asphalts from toluene 
solution onto RH-greywacke to evaluate the effect of their 
chemistry on adsorption and desorption behavior. After as­
phalt adsorption onto aggregate, water was added to the sys­
tem. After adsorption and desorption were completed, the 

• •• • • • • • • 
I 1 3 2 3 I I 1 

5 5 7 7 6 6 5 5 

6 6 5 5 5 5 6 6 

3 3 4 4 4 4 4 3 

.. 4 2 3 2 3 2 4 

2 2 I I I 2 3 2 

- 6 6 7 - -

amount of asphalt present in solution was determined and the 
amount of asphalt on the aggregate was calculated. 

The adsorption and desorption behavior of the three as­
phalts presented in terms of the amount of asphalt adsorbed 
per gram of RH-greywacke as a function of the equilibrium 
concentration of the solution is shown in Figure 2. The points 
shown are the data points obtained for the different asphalt­
aggregate pairs. The solid line represents the best-fit curve 
obtained by fitting the data points with a polynomial. The 
shape of the adsorption isotherms was different with AAD-1 
showing more adsorption at lower equilibrium concentration 

1.6 ~----------------, 
~a AAD-1 
~·AAM-1 
~AAK-1 

0.0 --h-~l.,-,-~~~m~~~~m~~.,-,..,m 

0.0 0.2 0.4 0.6 
EQUILIBRIUM CONC (g/l) 

FIGURE 2 Adsorption and desorption of 
asphalts onto RH-greywacke. 
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but achieving a lower saturation amount than did AAK-1. 
AAM-1 showed the least adsorption at all equilibrium con­
centration levels. AAD-1 and AAM-1 asphalts displayed a 
maximum in adsorption behavior between 0.5 and 0.7 g/L 
equilibrium concentration; AAK-1 adsorption appeared to be 
still rising. At 0.6 g/L equilibrium concentration, the adsorp­
tion of the asphalts ranked at AAK-1 > AAD-1 > AAM-1. 

Desorption of the adsorbed asphalt with water resulted in 
the behavior given in the desorption isotherms presented in 
Figure 2. Water , introduced at -280 mmolar, was immiscible 
with toluene. The scatter in the points obtained from the 
desorption data was larger than that observed from the ad­
sorption data, which was partially caused by the presence of 
a two-phase system after desorption. AAD-1 lost the least 
asphalt from the RH-greywacke surface, followed by 
AAM-1 and then AAK-1. The asphalt was reduced by 9 per­
cent for AAD-1, 20 percent for AAK-1, and 17 percent for 
AAM-1. The amount of asphalt retained on the aggregate 
was determined by subtracting the amount desorbed from the 
amount adsorbed. AAD-1 and AAK-1-with the higher 
heteroatom contents, metals content , and asphaltenes­
retained more asphalt after desorption than did AAM-1, the 
most hydrocarbonaceous and least polar of the asphalts; how­
ever, the differences were not large on RH-greywacke. Other 
aggregates must be tested to determine the sensitivity of as­
phalt adsorption behavior to chemical composition . 

Adsorption and Desorption Behavior of AAD-1 on 
Three Aggregates 

The adsorption behavior of AAD-1 asphalt on three aggre­
gates-RH-greywacke, RC-limestone, and RL-gravel-was 
determined (Figure 3). The surface areas of these three ag­
gregates as measured by N2 BET are quite different: RH­
greywacke had 3.12 m2/g; RC-limestone, 1.78 m2/g; and 
RL-gravel , 0.93 m2/g. Because of these rather substantial dif­
ferences, the adsorption and deso,rption behavior is plotted 

1.6 --,-----------------~ 
~RC-Mc 
~RL- Gu 
~RH-Gr 

0.2 0.4 0 .6 
EQUIIJBRIUM CONC (g/l) 

FIGURE 3 Adsorption and desorption of 
AAD-1 asphalt onto aggregates. 
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on a basis of mass of asphalt adsorbed per unit surface area 
of the aggregate (mg/m2) rather than per gram. Placing the 
adsorption on a surface area basis assumes that the BET 
surface area represents active sites of an aggregate that par­
ticipate most actively in the adsorption of asphalt. Although 
this assumption may not be exactly correct, it is likely that 
the presence of a larger surface area results in a greater num­
ber of active sites. This basis changes the ranking of asphalt 
adsorption when plotted on a mass basis because of the dif­
ferences in the surface areas among the aggregates. 

The shape of the isotherms as well as the amount of asphalt 
adsorbed was substantially different for the three aggregates 
(Figure 3). Both RH-greywacke and RL-gravel leveled off 
and showed definite plateaus at the higher equilibrium con­
centrations tested . The asphalt adsorption for RL-gravel rose 
more steeply than that for either RH-greywacke or RC­
limestone. When the aggregates are compared on an equiv­
alent surface area or active site basis, AAD-1 had much lower 
affinity for RH-greywacke than it did for either RC-limestone 
or RL-gravel. At high-equilibrium concentrations, AAD-1 
showed a much higher affinity for RC-limestone than RL­
gravel. Because the primary goal was to observe differences 
among the adsorption behavior of the different asphalt­
aggregates, the high concentration levels required to achieve 
the saturation amount on RC-limestone were not employed. 

The desorption of AAD-1 asphalt by water from the three 
aggregates, also given in Figure 3, showed the different water 
sensitivities of each asphalt-aggregate combination. AAD-1 
desorbed the most from RC-limestone and the least from RH­
greywacke; RL-gravel was intermediate. The desorption be­
havior of AAD-1 varied considerably , depending on the ag­
gregate type. The ranking of the amount of asphalt remaining 
on the aggregate surfaces after water desorption was the same 
as that for the initial adsorption; however, the total amount 
remaining was less. A decrease in the asphalt amount ad­
sorbed was 20 percent for RC-limestone, 22 percent for RL­
gravel , and 9 percent for RH-greywacke. Thus, the RL-gravel 
and RC-limestone showed more than twice the water sensi­
tivity of RH-greywacke. 

Effect of AS Agent on AAD-1 Adsorption 

The effect of AS agent on the adsorption of AAD-1 asphalt 
on RH-greywacke was examined in two ways: (a) adsorption 
and desorption experiments with AAD-1 and RH-greywacke 
precoated with AS-agent, and (b) coadsorption of asphalt and 
AS agent from solution on RH greywacke. Two different 
concentrations of AS agent were used, one low and the other 
high. Toluene was used as the solvent for the first method 
and a 3:1 toluene-to-methylene-chloride solution was used 
for the second. 

The adsorption behavior of the AAD-1 asphalt in three 
experiments involving AS agent plus that of AAD-1 asphalt 
on RH-greywacke, in the absence of AS agent and in toluene, 
is presented in Figure 4. The amount of AAD-1 adsorbed 
ranked according to the conditions of no AS agent present, 
coadsorption with a low concentration of AS agent, adsorp­
tion onto precoated RH-greywacke, and coadsorption with a 
high concentration of AS agent . The amount of AS agent 
used for adsorbing from solution in the precoated experiment 
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FIGURE 4 Adsorption of AAD-1 asphalt onto 
RH-greywacke using AS agent. 

and in the coadsorption experiment with a high AS agent 
concentration was equivalent. In all cases in which AS agent 
was present in the system, the amount of asphalt adsorption 
decreased . The precoated aggregate was not as detrimental 
to asphalt adsorption as was the coadsorption with the high 
concentration of AS agent present. A substantial difference 
was observed between the AAD-1 adsorption low and high 
levels of AS agent. Table 5 compares the amount of AAD-1 
and AS agent adsorbed at specific equilibrium concentrations 
of asphalt. AS agent appeared to compete for active sites on 
the aggregate surface in the coadsorption experiments, thereby 
limiting the amount of AAD-1 asphalt that was adsorbed. 

Precoated RH-greywacke and the high concentration of AS 
in the coadsorption experiment showed the least amount of 
asphalt desorbed by water (Figure 5). The asphalt adsorbed 
individually and the asphalt coadsorbed with a low concen­
tration of AS agent were more readily desorbed by water. 
AS agent from the high-concentration AS agent coadsorption 
was removed from the aggregate surface by water more read­
ily than that from the low-concentration AS agent coadsorp­
tion. A comparison of the desorption data at six different 
equilibrium concentrations of asphalt, presented in Table 5, 
shows a significant solvent effect on asphalt desorption. Ap­
proximately 10 percent more asphalt was desorbed by water 
when methylene chloride was combined with toluene than 
when toluene was the sole solvent. 

The AS agent in the asphalt-aggregate system, regardless 
of whether it was precoated or coadsorbed, affected the amount 
of asphalt adsorption on the aggregate. The more AS agent 
present, the greater the effect. If the total amount of asphalt 
adsorbed is the most important factor in bonding asphalt to 
aggregate, then AS agent interferes with that phenomenon. 
If the AS agent promotes stronger bonding through a lesser 
quantity of asphalt, then the AS agent may be beneficial to 
the longevity and water resistivity of the system. The ranki11g 
of the amount of asphalt remaining on RH-greywacke after 
water desorption was the same as it was for the initial ad­
sorption. The effectiveness of the AS agent for retaining as-
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FIGURE 5 Desorption of AAD-1 asphalt Crom 
RH-greywacke using AS agent. 
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phalt in the presence of water ranked according to the fol­
lowing order: precoated aggregate at 6.5 percent desorption 
> low concentration of AS agent at -20 percent desorption 
> high concentration of AS agent at - 30 percent. 

SUMMARY AND CONCLUSIONS 

The adsorption and desorption behavior of asphalts varied 
according to their chemical compositions as evidenced by their 
different isotherm shapes and adsorption amounts on RH­
greywacke. Different chemical functional groups represent­
ative of heteroatomic-containing groups in asphalt showed 
different affinities and adsorption amounts. Benzoic acid and 
phenylsulfoxide had the highest adsorption affinity, followed 
by such species as phenanthridine, fluorenone, and naphthol. 
Low affinity was shown by the least polar species, indole and 
naphthalene. Different aggregates showed varied adsorption 
amounts for the same asphalt, indicating that aggregate­
asphalt pairs have unique interactions between the active sites 
on the surface of the aggregate and the composition of the 
asphalt. A similar behavior was observed between the as­
phaltic models and five aggregates. Some aggregates adsorbed 
considerably more material than others, whereas some ag­
gregates had more affinity for particular polar functional groups 
than others . Introduction of AS agent into the system reduced 
the amount of asphalt adsorbed. Precoating of the aggregate 
surface by AS agent decreased both the adsorption and de­
sorption of asphalt. 

RECOMMENDATIONS 

Characterization of the aggregates by evaluating the adsorp­
tion behavior of models that represent specific functionalities 
provides a good measure of the reactivity of different aggre­
gate surfaces. This reactivity measure may be applicable to 
asphalt systems and provide a predictive means for matching 



TABLE 5 ASPHALT AND AS AGENT ADSORPTION AND DESORPTION BEHAVIOR 
ON RH-GREYWACKE 

Cooctimtlllion of Alpbeh CafL) 

0.1 0.2 0.3 0.4 0.5 

Adaoiptioo emsta> 
Alpluilt 

No AS (Toluene) 0 .426 0.769 1.024 1.192 1.273 
No AS (MeCl2 + Toi) 0 .418 0 .714 0.940 1.095 1.180 

LowAS 0.420 0.595 0.723 0.804 0.837 
High AS 0 .038 0 .068 0.096 0.122 0 .148 
Precoated 0.129 0 .173 0.205 0.232 0.255 

AS Agem 

Low AS 0.007 0.010 0 .012 0.013 0 .013 
High AS 0.006 0.012 0.016 0.0'21 0 .025 

DelOrption Caw/1) 
Alphah 

No AS (Toluene) 0.048 0.070 0.087 0.102 0.106 
No AS (MeCl2 + Toi) 0.027 0.084 0.135 0.180 0.220 

LowAS O.o75 0.102 0.124 0.141 0.154 
Hip AS 0.005 0.015 0.025 0.035 0.045 

Precoated 0 .009 0 .011 0 .013 0.014 0.016 

AS Aa6lll 

LowAS 0.002 0.001 0.002 0.003 0 .003 
High AS 0 .001 0 .002 0 .004 0.006 0 .007 

Ro-1ndu Cmila> 
Alpha1t 

No AS (Toluene) 0.378 0 .699 0 .937 J.090 1.167 
No AS (MeCl2 + Toi) 0.391 0.630 0.805 0.915 0.960 

LowAS 0.345 0.493 0.599 0.663 0.683 
High AS 0.033 0.053 0.071 0.087 0.103 
Procoated 0 .120 0.162 0 .192 0.218 0.239 

AS A,elll 

Low AS 0.005 0.009 0.010 0.010 0.010 
High AS 0 .005 0 .010 0.012 0.015 0.018 

"o..u,w 
Alpba1t 

No AS (Tolunl) 11.3 9 .1 8.S 11.6 &.3 

No AS (MoC12 + Toi) 6.5 11.8 14.4 16.4 111.6 
LowAS 17.9 17.1 17.2 17.S 18.4 
H;,11 AS 13 .2 22.1 26.0 21.7 30.4 
Prec:oMed 7.0 6.4 6.3 6.0 6.3 

AS A,..a 

LowAS 21.6 10.0 16.7 23.1 23.1 
High AS 16.7 16.7 25.0 21.6 21.0 
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0 .172 
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0.013 
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0.109 
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0.163 
o.oss 
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0.003 
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1.157 
0.941 
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0.117 
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0.010 
0.020 

8.6 
21.3 
19.8 
32.0 
6.5 

23.1 
31.0 
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asphalt with aggregate. Determining the adsorption and de­
sorption behavior of asphalt on aggregate provides a direct 
means of evaluating the interaction between the asphalt­
aggregate pairs. These methods lay the groundwork for a 
simple laboratory test evaluating specific asphalt-aggregate 
interactions. More experiments are under way to evaluate 
the applicability of these tests to a wide variety of asphalt­
aggregate systems. 
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