
TRANSPORTATION RESEARCH RECORD 1228 191 

Variations in Molecular Size 
Distribution of Virgin and 
Recycled Asphalt Binders 
Associated with Aging 

AHMED SAMY NouRELDIN AND LEONARD E. Woon 

The relative amounts and characteristics of asphaltenes, oils, and 
resins in a given asphalt have an important effect on its physical 
characteristics and value as a paving material. A more recent 
procedure to separate asphalt into fractions of various molecular 
sizes makes use of high pressure liquid chromatography in the gel 
permeation mode, referred to as high pressure-gel permeation 
chromatography (HP-GPC). This procedure can be used to classify 
asphalt molecules into three groups according to their molecular 
size: large molecular size (LMS) component, medium molecular 
size (MMS) component, and small molecular size (SMS) compo­
nent. The balance between the relative amounts of these molecules 
is an important attribute of asphalt durability and its ability to 
perform properly in paving mixtures. This paper presents a study 
in which the changes in properties of a virgin AC-20 (ASTM des­
ignated) due to aging are characterized by means of the HP-GPC. 
Furthermore, molecular size distribution analysis was used to 
characterize Mobilsol-30 (a recycling agent) and to determine the 
proper amount required to restore salvaged binders to an AC-20 
specification range. In addition, the changes in properties due to 
aging of the weathered binder that had been restored to an AC-
20 specification range were also characterized by means of the 
HP-GPC. It was concluded that the weathering actions (simulated 
in the laboratory) would cause increases in LMS and decreases in 
MMS and SMS. These changes may be detrimental to asphalt 
characteristics because they result in drastic changes in asphalt 
consistency. A greater amount of a specific recycling agent is required 
to restore a more age-hardened binder to its original consistency; 
hence, the more the molecular size distribution moves away from 
the original balance. This could be resolved, however, by using 
different types of recycling agents for different hardening levels 
of salvaged asphalt or by using more than one recycling agent in 
proper proportions. Temperature susceptibility may be affected 
when high percentages of recycling agents are required because 
of severe hardening characteristics of the salvaged asphalt binder. 
The high pressure gel-permeation chromatography analysis for 
the virgin and recycled asphalt binders may be recommended as 
a criterion for the choice of the proper amount and characteristics 
of a recycling agent to be used to rejuvenate salvaged asphalt. 

Asphalt is considered a combination of asphaltenes , resins, 
and oils. Many other fractional classifications have been 
reported about asphalt composition. However, this classifi­
cation is still considered the simplest and most understandable 
one. Asphaltenes are more viscous than the resins and oils, 
respectively . They play a major role in determining asphalt 
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viscosity (1). Chemical reactions take place inside asphalt 
when it is exposed to heat, air (oxygen), light, or other envi­
ronmental physical actions. Oxidation causes the oils to con­
vert to resins and the resins to asphaltenes (2). Heating an 
asphalt causes volatilization of the oil fraction and also assists 
oxidation . This convention process increases with time in the 
field, causing aged asphalt to have a high asphaltene content 
and, hence, to be more viscous. The selective absorption of 
the oil fraction caused by the presence of mineral aggregate 
may result in more hardening (3). Furthermore, mineral 
aggregate surfaces may act as a catalyst for the oxidation 
process and aggravate the age-hardening process (4). 

Rejuvenating agents are used (a) to bring the asphalt to a 
suitable chemical composition for durability and (b) to restore 
the asphalt characteristics to a consistency level appropriate 
to the mix (5). Dunning and Mendenhall (6) suggested that 
the approach best suited to recycling asphalt is to improve 
the ability of the maltene fraction (resins and oils) of a recy­
cled asphalt to disperse the asphaltene fraction . They sug­
gested that a minimum of 69 percent of the maltene fraction 
needs to be present to disperse a maximum of 31 percent 
asphaltenes. Terrel and Fritchen (7) suggested a similar 
approach by selecting a recycling agent to keep the asphal­
tene-to-maltene ratio at a certain level. Noureldin (1) sug­
gested that a maltene content of 70 percent minimum and 80 
percent maximum is the best to disperse the asphaltenes with­
out causing the AC-20 to be highly susceptible to temperature . 

A high percentage of asphaltenes (more than 30 percent) 
present in asphalt would result in a pavement with potential 
cracking problems (6,8), whereas low percentages of asphal­
tenes (less than 20 percent) present in asphalt would result in 
a highly temperature susceptible paving mixture with poten­
tial rutting problems (1). Similar effects would be expected 
from asphalts with low or high percentages of maltenes (oils 
+ resins) , respectively. Optimum percentages for an AC 
60170 penetration grade (similar to AC-20, ASTM) were 
found to be 25 ± 5 percent asphaltenes , 50 ± 5 percent resins , 
and 25 ± 5 percent oils, respectively , in a previous study 
conducted by the author (1) . 

A more recent procedure to separate asphalt into various 
molecular size fractions makes use of high pressure liquid 
chromatography in the gel permeation mode referred to as 
HP-GPC (9). Jennings et al. (JO) classified asphalt constitu­
ents into three groups according to their molecular size: large 
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molecular size (LMS) component, medium molecular size 
(MMS) component, and small molecular size (SMS) com­
ponent. Asphalts with smaller amounts of LMS material were 
found to perform better (with respect to cracking potential) 
than do those with larger amounts (11) . 

This paper presents a study in which the molecular size 
distributions were obtained and compared for virgin AC-20, 
artificially hardened AC-20, a more severely artificially hard­
ened AC-20, a field-aged AC-20 present in recycled asphalt 
pavement (RAP), and asphaltenes separated from a virgin 
AC-20. This comparison helped in understanding the changes 
in molecular size distribution of an asphalt binder present in 
an asphalt mixture throughout the pavement life span. In 
addition, the molecular size distributions of Mobilsol -30 (a 
rejuvenating agent) and the hardened binders rejuvenated by 
Mobilsol-30 were also obtained in order to investigate the 
changes in molecular size distributions of aged binders after 
a rejuvenator has been used. 

MOLECULAR SIZE DISTRIBUTION 
TEST PROCEDURE 

The HP-GPC testing equipment consists mainly of a solution 
injection unit connected to six silica gel porous columns through 
which the sample solution is pumped. The silica gel pore 
arrangement allows larger molecules of a sample to flow through 
a differential refractometer detector, followed by progres­
sively smaller molecules. The detector continuously scales the 
amount of molecules flowing through as a function of time. 
The system is connected to a recorder that gives a continuous 
tracing of time versus amount of flowing molecules. A general 
view of this system is shown in Figure 1. The test procedure 
used, reported by Garrick (12), can be summarized as follows. 

1. An asphalt sample is weighed on a sensitive scale and 
is allowed to dissolve in a tetrahydrofuran (THF) solvent. 
Asphalt concentration in solvent is adjusted to be 1 percent. 
This is achieved by dissolving 0.0527 g of asphalt in a 5.223-
g (6-mL) solvent. 

FIGURE 1 HP-GPC equipment. 
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2. The solution is drawn by a 6-mL injector and then pushed 
out to a clean glass container through a filter (fixed inside the 
injector) to ensure the purity of the solution. 

3. A 0.5-mL quantity of the solution is then immediately 
drawn by a smaller injector and injected into the HP-GPC 
system through its injection unit. 

4. The solution is drawn through the gel permeation col­
umns and allowed to flow at a rate of 2 mL/min. This is 
achieved by increasing or decreasing the pump pressure gauge 
until 10 mL of THF solution can be drawn out of the system 
in a 5-min period before the sample injection. 

The gel permeation columns separate constituents of asphalt 
by molecular size. The columns contain porous silica gel that 
permits the largest molecules to pass first and successively 
retards the progress of the smaller molecules. A detector and 
a recorder within the system produce a chromatogram depict­
ing the relative amount of molecules being eluted from the 
HP-GPC system at different times . The plot of the relative 
quantity of molecules versus time represents the molecular 
size distribution (MSD) of the asphalt sample being analyzed. 
It must be remembered that the resulting distribution is a 
function of both the solvent and the column used in the 
determination. 

SAMPLING PLAN AND MATERIAL 

The following 10 binders were analyzed by the HP-GPC for 
comparison purposes. 

Binder 1. Virgin AC-20, H0 • A virgin AC-20 was obtained 
from Amoco Oil Company. Its characteristics are given in 
Table 1. 

Binder 2. AC-20, H1 • An artificially weathered AC-20 was 
obtained by heating a sample of virgin AC-20 (H0 ) in an oven 
at 140°F for 8 days . 

Binder 3. AC-20, H2 • An AC-20 (H0 ) was weathered under 
actual field conditions. The recycled asphalt pavement (RAP) 
used was milled from US-52 (south of Indianapolis, Indiana) 
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and selected under the supervision of Indiana Department of 
Highways personnel. Samples of the RAP were reduced in 
size for laboratory evaluation. Asphalt extraction and recov­
ery were conducted using ASTM D2172 Method A and Abson 
Method ASTM D1856. The salvaged binder was characterized 
by means of penetration, softening point, and viscosity tests. 
Table 2 gives the amount and physical characteristics of the 
extracted hard asphalt. 

Binder 4. AC-20, H 3 • An artificially weathered AC-20 (H
0

) 

was obtained by heating a sample of virgin AC-20 in an oven 
at 250°F for 24 hr. 

Binder 5. Asphaltenes. The asphaltene fraction of a virgin 
AC-20 (H0 ) was separated using heptane solvent and the 
standard method of separating asphalt into fractions, ASTM 
D4124. 

Binder 6. Mobilsol-30. A rejuvenating agent produced by 
McConnaughy, Inc., Mobilsol-30 is an ASTM-designated type 
101 oil. Table 3 gives the characteristics of Mobilsol-30. This 
is a softening agent used for rejuvenating the hardened asphalt 
present in RAP. The selection of this softening agent was 
based on its previous usage in pavement recycling operations. 

Binder 7. Recycled A C-20, 1. This binder consists of 85 
percent of Binder 3 (RAP) and 15 percent of Binder 6 (Mobil­
sol-30). It represents the recycled binder after it has been 
restored to AC-20 consistency range. The percentages required 
to obtain a binder with a viscosity and a penetration within 
the AC-20 specification range were 85 percent and 15 percent. 

TABLE 1 CHARACTERISTICS OF AC-20 

Test 

Penetration (100 gm, 5 sec, 77°F, 0.1 mm) 
Absolute viscosity (140°F, poise) 
Softening point (°F) 
Ductility (77°F, 5 cm/min, cm) 

TABLE 2 CHARACTERISTICS OF 
EXTRACTED HARD ASPHALT 

Test 

Penetration (77°F, 100 gm, 5 sec) 
Viscosity (140°F, poises) 
Kinematic viscosity (275°F, c. st.) 
Softening point (°F) 
Asphalt content (total weight, % ) 

TABLE 3 CHARACTERISTICS OF 
MOBILSOL-30 

Value 

65 
1890 

122 
150+ 

Value 

28 
20 ,888 

726 
137 

6 

Value 

Asphaltenes (%) 0 
Polar compounds (%) 8 
Aromatics(%) 79 
Saturates(%) 13 
Flash point (°F) 505 
Kinematic viscosity at 140°F (c. st.) 164 
Specific gravity 0.974 

NoTE: Constituents were obtained using Clay-Gel 
Analysis (ASTM 02007-75). 

193 

Binder 8. Recycled AC-20, 2. This binder consists of 70 
percent Binder 4 and 30 percent Binder 6. It also represents 
the recycled asphalt after it has been restored to AC-20 con­
sistency range as Binder 7. The only difference is that the 
weathered binder to be restored is harder and requires more 
softening agent for the AC-20 specification range. 

Binders 9and10. Artificial weathering conditions to which 
Binder 1 (virgin AC-20) was subjected and that resulted in 
the production of Binder 2 were repeated for Binders 7 and 
8. Binders 9 and 10 are those obtained from those artificial 
hardening conditions. 

The layout and the procedure for producing the 10 binders 
to be analyzed by the HP-GPC equipment are given in Figure 
2. It should be noted that 7 of these 10 binders were created 
from the other 3 (virgin AC-20, Mobilsol-30, and salvaged 
asphalt present in the RAP). 

EXPERIMENTAL DESIGN 

This study was statistically designed in order to investigate 
the effect of binder types. This factor consists of 10 levels (10 
binder types). The following model was used to introduce the 
data in a mathematical form: 

where 

P is the percentage of LMS, MMS, or SMS present in the 
binder; 
M is an overall mean, 
B; is the binder type effect (fixed); and 
E;j is the experimental error (random). 

A completely randomized design with one factor having 10 
levels and three replications for each level was applied (13). 

HP-GPC TEST RESULTS AND ANALYSIS 

Molecular size distribution (MSD) plots were obtained for 
the 10 binders. Figure 3 illustrates the MSD for the virgin 
AC-20(Binder1). The area under the curve, which represents 
the relative amount of molecules present in the AC-20 sample, 
was divided into three parts: LMS area, MMS area, and SMS 
area. The elution times separating the three areas were chosen 
to be 26.5 and 28.8 min, respectively. The choice was made 
to obtain 25 percent, 50 percent, and 25 percent as the per­
centages of LMS, MMS, and SMS present in an AC-20. The 
same separating times were used to compare the 10 binders. 

Tables 4 and 5 present the LMS, MMS, and SMS per­
centages (average of three replications) present in the 10 bind­
ers identified previously. The penetration and absolute vis­
cosity values of the 10 binders are also included. It should be 
noted that the results for the three replications were almost 
identical, suggesting the precision of the HP-GPC system in 
analyzing asphalt samples. 

A complete analysis of variance (ANOV A) was conducted 
to detect significant differences between the molecular size 
distributions of the 10 binders. The least significant difference 
between each of two means was found to be 1.37, 1.32, and 
1.48 for LMS, MMS, and SMS, respectively. 
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FIGURE 2 Layout of the 10 binders analyzed by HP-GPC. 
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FIGURE 3 Molecular size distribution plot of AC-20 obtained by HP-GPC system. 

Time-Temperature Effect on Molecular Size 
Distribution (MSD) of Virgin AC-20 

Data presented in Table 4 suggest that the artificial weathering 
actions to which virgin AC-20(Binder1) was subjected would 
result in a significant increase in the IMS component together 
with a significant decrease in the MMS and SMS components, 
as can be observed from MSD values for Binder 2. The more 
severe the artificial hardening process, the greater is the increase 
in IMS components and the decrease in MMS and SMS com­
ponents , as can be seen from MSD values for Binder 4. How­
ever, the: <lc:crc:asc: in the SMS component becomes less sub-

stantial than that of the MMS component. The changes in 
MSD by the artificial laboratory hardening process were also 
accompanied by an increase in the viscosity and a decrease 
in the penetration values. 

HP-GPC analysis for Binder 3, which is AC-20 subjected 
to actual environmental and weathering actions in the field, 
resulted in an MSD, penetration, and viscosity values between 
Binder 2 and Binder 4. 

It can be concluded that, generally, time and temperature 
would cause AC-20 (Binder 1) to transform to Binder 2, then 
to Binder 3, and then to Binder 4 (from a molecular size 
distribution standpoint). 
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TABLE 4 MOLECULAR SIZE DISTRIBUTION FOR THE 10 BINDERS 

Binder 

2 3 4 5 6 7 9 10 

LMS (%) 25.2 30.6 33.2 37.8 91.1 0.0 26.1 27.0 31.1 33.3 
MMS (%) 50.1 48.0 46.1 42.4 8.9 40.9 47.3 41.2 43 .8 42.5 
SMS (%) 24.6 21.5 20.7 19.8 0.0 59.1 26.6 31.8 25 .1 24.2 
Penetration 65 34 28 17 - " 69 72 44 32 
Viscosity (140°F, poise) 1,890 9,158 20,888 72,186 - a - b 1,974 1,797 5,580 10,791 

"Binder 5 (asphaltenes) was too brittle to run penetration or viscosity tests. 
bBinder 6 (Mobilsol-30) was too soft to run penetration. Its kinematic viscosity at 140°F was 164 C.st. 

TABLE 5 MOLECULAR SIZE DISTRIBUTION FOR THE 10 BINDERS: 
REPLICATION VALUES 

Binder ( 1) (2) 

. 
LMS, % 25.2 30.6 

MMS, % 50.2 48.0 

SMS, % 24 .6 21.4 

Binder (6) ( 7) 

LMS, % o.o 26.1 

MMS, % 40.9 47.3 

SMS, % 59 .1 26.6 

Note: Percentage represents the 

Asphaltenes Versus Mobilsol-30 

Figure 4 illustrates the MSD for asphaltenes (Binder 5) and 
Mobilsol-30 (Binder 6), and Table 4 gives the IMS, MMS, 
and SMS percentages present in these two binders. Binder 5 
has 0.0 percent SMS, whereas Binder 6 has 0.0 percent IMS. 
These results suggest that Binder 6 may be used as an additive 
(softening agent) for binders containing high percentages of 
IMS (hardened binders) and that Binder 5 may be used as an 
additive to those binders containing very low percentages of 
IMS. 

Molecular Size Distribution for Recycled Binders 

Binder 7 is composed of 15 percent Mobilsol-30 (Binder 6) 
and 85 percent RAP (Binder 3), and Binder 8 is composed 
of 30 percent Mobilsol-30 and 70 percent Binder 4. These 
compositions were used to obtain recycled binders having 
consistency characteristics similar to those of Binder 1 (AC-
20). Specification limits for AC-20 are 60 + (AASHTO M226, 
Table 2) for penetration and 2,000 ± 400 poises for viscosity 
at 140°F. 

It can be observed, from Table 4, that although the con­
sistency characteristics (penetration and viscosity) of Binders 
7 and 8 were restored to AC-20 classification range, significant 

(3) (4) (5) 

33.2 37.8 91. l 

46.1 42.4 8.9 

20.7 19.8 o.o 

(8) (9) (10) 

27.0 31.1 33.3 

41. 2 43.8 42.5 

31. 8 25.1 24.2 

average of 3 replications . 

differences exist between their MSD and that of AC-20 (Binder 
1) . Assuming that the MSD of AC-20 is the target distribution, 
Binder 7 has a slightly (but not significant! y) higher percentage 
of LMS, a significantly higher percentage of SMS, and a sig­
nificantly lower percentage of MMS. Binder 8 followed the 
same trend but with more drastic differences. This implies 
that the recycling process may restore the hardened asphalt 
back to the proper consistency requirements but may not at 
the same time restore the balance of the LMS, MMS, and 
SMS. In addition, the more an asphalt was hardened, the 
greater the amount of rejuvenating agent was required to 
fulfill proper consistency requirements and, hence , the more 
the MSD moves away from the original balance. 

Time-Temperature Effect on the MSD of Recycled 
Binders 

The MSDs of Binders 7 and 8 were transformed to Binders 
9 and 10, respectively, under the same artificial hardening 
conditions causing Binder 1 to transform to Binder 2. A sig­
nificant increase in IMS and a significant decrease in MMS 
were obtained when Binder 9 was compared with Binder 7. 
Similar trends were obtained when Binder 10 was compared 
with Binder 8 except for MMS, where a slight nonsignificant 
increase was noted. Penetration and viscosity values for Bind-
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FIGURE 4 Molecular size distribution plot of asphaltenes and Mobilsol-30. 

ers 7 through 10 indicate that Binder 7 may be less temper­
ature susceptible than Binder 8. Binder 8 possesses a greater 
reduction in penetration value and an increase in viscosity 
when transformed to Binder 10 than when Binder 7 was 
transformed to Binder 9. 

Approach for Choice of Proper Type and Amount 
of Recycling Agent 

Most of the recycling operations involving the addition of 
virgin asphalt and/or a recycling agent are based on achieving 
a target consistency (based on viscosity) for determining the 
type and amount of the virgin binder. In other words, to 
restore a salvaged binder with a viscosity of 21,000 poises at 
140°F to an AC-20 classification range (viscosity of 2,000 ± 
400 poises at 140°F), a virgin asphalt and/or a softening agent 
with a lower viscosity is used. The required amount of this 
softening agent is determined on the basis of the target vis­
cosity of the resulting binder (2,000 ± 400 poises) . This may 
not be the proper approach because it does not assure the 
balance between molecules present in that resulting binder. 

A more promising approach can be to choose a rejuvenating 
agent with a certain MSD to be added to the salvage binder 
to restore its MSD close to that of the target binder. In other 
words, if the target binder was AC-20 with an MSD of 25 
percent-50 percent-25 percent for the LMS, MMS, and 
SMS and the old asphalt MSD was 35 percent-45 percent-
20 percent for the LMS, MMS, and SMS, the amount of 
rejuvenating agent to be used in combination with the old 
asphalt is that required to obtain an MSD of 25 percent-50 
percent-25 percent (or close to it) for the recycled binder. 
If there is no such amount to achieve that MSD, another 
recycling agent can be selected. 

SUMMARY OF RESULTS 

Asphalt binders are composed of molecules that can be divided 
by size into LMS , MMS , and SMS. A balance between the 
relative amounts of these molecules could be an important 
attribute relating to its durability and its ability to perform 
properly as an asphaltic binder. The main findings of this study 
can be summarized as follows. 

1. Environmental and weathering actions in the field or 
simulated in the laboratory would cause changes in the relative 
amounts of LMS, MMS, and SMS present in the asphalt binder. 
These changes can be described as increases in LMS and 
corresponding decreases in MMS and SMS. They may be 
detrimental to asphalt characteristics because they result in 
drastic changes in asphalt consistency. 

2. A recycling agent can restore the consistency charac­
teristics of the weathered asphalt. However, the balance 
between LMS, MMS, and SMS may not be restored exactly. 

3. The more age hardened an asphalt is, the greater the 
amount of recycling agent is required to restore original con­
sistency and, hence, the more the MSD moves away from the 
original balance. It may be recommended, however , that this 
could be resolved by using different types of recycling agents 
for different hardening levels of asphalt or by using more than 
one recycling agent. 

4. Temperature susceptibility may be affected when using 
high percentages of recycling agents required because of the 
severe hardening characteristics of an asphalt binder. This 
was noted for Mobilsol-30, which was the type of recycling 
agent used in this study. 

5. Achieving a target MSD for the recycled binder may be 
considered as an approach to select the proper type and amount 
of virgin asphalt or recycling agent required for the recycling 
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operation. It is yet to be investigated, however , whether 
restoring asphalt consistency, restoring a certain MSD, or 
restoring both would result in better performance by recycled 
asphalt. 
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