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PREFACE

This report documents the technical progress made on the DOE funded project
"Development of Superior Asphalt Recycling Agents” for the time period covering August 2, 1993
through November 1, 1996 with emphasis for the latter period from August 1995 to November
1996. Cost sharing for this study is being supplied by the Texas Department of Transportation
and the Texas Advanced Technology Program. Bruce Cranford and Merrill Smith are the
Program Managers for the DOE Office of Industrial Technologies. Porter Grace and Ken Lucien
are the Technical Managers for the DOE Albuquerque Operations Office. Frank Childs, the
Project Technical Monitor, is on the staff of Scientech, Inc., Idaho Falls, Idaho. Professors Jerry
A. Bullin, Richard R. Davison and Charles J. Glover are the Co-Principal Investigators and are
co-authors of this report along with Dr. Jay M. Chaffin, Dr. Meng Liu and current MS candidate
Richard Madrid.

Work supported by the U.S. Department of Energy, Assistant Secretary for Energy Efficiency and
Renewable Energy, Office of Industrial Technologies, under DOE Albuquerque Operations Office
Cooperative Agreement DE-FC04-93A1.94460.

Prior work has been reported in two earlier technical annual progress reports:
¢y Bullin, J. A., et al., Development of Superioir Asphalt Recycling Agents, Phase I:
Technical Feasibility, DOE/AL/94460-1 (DE95016702), July 1995; and

(2) Bullin, J.A., et al., Development of Superior Asphalt Recycling Agents, Phase I:
Technical Feasibility, DOE/AL/94460-2 (DE97000258), April 1996.
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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

It was estimated that as of 1988 well over 10 billion dollars were spent annually in the United
States on construction and maintenance of over 2.2 million miles of asphalt pavements (Roberts et
al,, 1991). Furthermore, it was estimated that over 500 million tons of asphalt and aggregate were
consumed in these activities. While newly placed pavements may have desirable properties initially,
over a period of many years of service, the physical properties of the asphalt will deteriorate and the
pavement will need to be repaired and/or replaced. However, if a large portion of this material could
be re-utilized, a tremendous amount of waste, both environmental and economic, could be eliminated.

Even though asphalt recycling has been practiced periodically since the early 1900s, it has not
been widely implemented. This has been due to a variety of factors including the relatively cheap cost
of asphalt pavements. Economic incentives, which began to appear in the early 1970s with the Arab
oil embargo, eased as new reserves were discovered and energy conservation took hold. While these
have since been reinforced with the recent tensions in the Persian Gulf area, they have hot been
sufficient to spawn major recycling efforts. The environmental incentive to recycle has also only
recently surfaced, and has not had a major impact. Nevertheless, the major impediment to widespread
implementation has been, and continues to be, the general lack of understanding of the interactions
not only between a recycling agent and an asphalt, but also of the interactions present in asphalts
alone. To attempt to understand the interactions that take place in an asphalt and their effect on
asphalt properties, it is necessary to garner a basic understanding of the composition of petroleum

residues in general and asphalt in particular.

Physical Property/Chemical Composition Relationship

Although it is desirable to understand how the composition of an asphalt affects its rheological
properties (or physical properties), a number of factors have made achieving this understanding very
difficult. First, asphalts are a complex mixture of organic molecules derived from petroleum residue.

Furthermore, asphalts having widely different compositions may have the same rheological properties.
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In addition, asphalts change over time because of oxidative aging. This oxidative process further
changes the composition and rheological properties.

Petersen (1984) gave an excellent review on the changes in chemical composition and physical
properties of asphalt resulting from oxidative aging. In summary, oxidative aging in both the field
and the laboratory increases carbonyl content, asphaltene content, and viscosity and decreases
penetration and ductility, which eventually cause the failure of pavement. Unfortunately, quantitative
descriptions of the relationships between chemical composition and physical properties vary widely
among asphalts and still remain unclear.

During oxidative aging, many changes in asphalt composition, including composition shifts
in terms of Corbett fractionation, occur in addition to carbonyl formation. Lee et al. (1973) reported,
for four asphalts, that the infrared absorbance in the carbonyl region increases linearly with n-heptane
asphaltenes after field and laboratory aging. Furthermore, although each Corbett fraction of an
asphalt affects the properties of asphalts before and after aging, the most significant chemical
composition changes in terms of Corbett analysis is the transformation of the polar-aromatics fraction
to the asphaltenes fraction. An excessive amount of asphaltene formation during oxidative aging
causes the failure of asphalt binders.

Previous studies have shown that oxidative aging changes the chemical composition and the
rheological properties of whole asphalt (Petersen, 1984). Girder (1965) showed by elemental analysis
that the asphaltenes produced through oxidative aging are chemically different from those originally
present by elemental analysis in that the produced asphaltenes have lower nitrogen and sulphur
content and higher oxygen content. Because of chemical differences, the effect of the produced
asphaltenes on the physical properties of the asphalt, compared to the original asphaltenes, may be
different. Anderson et al. (1976) compared the viscosity and n-pentane asphaltene content of 108
different field sections using 8 different asphalts that had been field aged in Utah for seven years. The
data were compared with the Hoiberg Model (1944) and did not show good agreement. With
laboratory oxidative aging, Plancher et. al. (1976) oxidized four asphalts in the presence and absence
of lime. The data show that the viscosity at 25°C as a function of n-pentane asphaltene content

depended on the crude source, but was independent of lime treatment.

It is highly desirable and very important to develop a rheological model relating the




composition of the unaged and aged asphalt (asphaltene, carbonyl content, or others, if possible) to
rheological properties. This model would provide a foundation not only for predicting asphalt
behavior during pavement life but also for developing and manufacturing superior asphalt binders with

desired rheological properties by manipulating their composition.

Asphalt Composition and Fractionation Methods
Standard Fractionation Methods

Asphalt, as a residue of crude oil distillation, contains all of the high molecular weight, high
boiling point materials present in crude oil. Unfortunately, because the residues contain thousands
of non-volatile compounds and the extremely powerful analytical tool of gas chromatography cannot
be used to fully resolve and identify each individual component. As such, much effort has been
expended investigating other methods for determining the chemical composition of asphalt and other
heavy petroleum products. Several of these have focused on using purely physical separations to
isolate fractions of similar molecular size by gel permeation chromatography, GPC, with limited
success correlating fraction distribution to binder properties and pavement performance
(Kleinschmidt, 1955; Altgelt and Hirsch, 1970; Bynum and Traxler, 1970; Reerink and Lizenga,
1975; Such and Brule, 1979; Jennings, 1985; Brule et al., 1986; Glover et al., 1987; Davison et al.,
1989). However, the correlations between molecular size and performance are complicated by the
fact that the large molecules typically are usually of similar chemical functionality and/or reactivity.
This is, in general, not true for the other molecular sizes. As such, any truly useful technique must
group the components according to chemical functionality or chemical reactivity.

Over the past several decades much effort has been expended to isolate fractions of similar
chemical functionality or reactivity from asphalt (Hoiberg and Garris, 1944; Hubbard and Stanfield,
1948; Rostler and Sternberg, 1949; Traxler and Schweyer, 1953; Kleinschmidt, 1955; Corbett and
Swarbick, 1960; Corbett, 1969). Nearly all of these efforts have been focused on describing asphalt
composition in terms of a relatively few number of pseudo-components or group-type fractions.

Hoiberg and Garris (1944) developed a fractionation method which separates asphalt into

hexane insolubles, hard resins, soft resins, oils, and waxes based on solubility and molecular

weight differences. Traxler and Schweyer (1953) developed a fractionation procedure intended




as an improvement of the Hoiberg and Garris (1944) procedure. In the Traxler and Schweyer
(1953) procedure, the asphalt is dissolved in n-butanol and the insoluble materials are removed.
The materials insoluble in the n-butanol are referred to as “the asphaltics”. The n-butanol is then
removed from the soluble materials. Next, acetone is added and the solution is chilled to -10°F.
The acetone insoluble materials, called the saturates (S), are separated from the acetone soluble
materials, which are called the cyclics (C). In a later study, Traxler (1960b) further split the
asphaltics into asphaltenes (A) and resins (R) based on solubility in n-heptane. Traxler defined
a compositional parameter called the coefficient of dispersion "X", which is equal to
(R+C)/(A+S), to indicate the colloidal characteristics of an asphalt. A higher value of "X"
indicates a better state of dispersion in asphalt. Traxler also found that the degree of hardening
as a result of oxidation was related to the coefficient of dispersion for the six asphalts that were
studied.

Although the methods of Hoiberg and Garris (1944) and Traxler (1960b) have been utilized
to determine asphalt composition, the most well known methods of asphalt fractionation are, by far,
those of Rostler and Sternberg (1949) and Corbett (1969). Both of these methods entail performing
a binary fractionation of the material based on solubility in some arbitrary solvent, typically a
saturated hydrocarbon (n-hexane, n-heptane, i-octane, etc.). The insoluble fraction, if present, is
separated by filtration and is referred to as the asphaltene fraction, or simply asphaltenes (AS). The
soluble portion of the asphalt is called the maltene fraction. It has been widely reported that the
asphaltene fraction contains a large portion of the metals and hetroatoms present in the asphalt
(Corbett and Swarbick, 1960; Rostler and White, 1962; Corbett, 1970; Altgelt and Harle, 1975;
Corbett, 1979; Savastano, 1991; Stegeman et al., 1992; Jemison et al., 1995; Lin et al., 1995a; Lin
et al., 1995b; Lin et al., 1996).

Many of these researchers have also reported that the asphaltenes, both original asphaltenes
and those produced by aging or air-blowing, are chiefly responsible for the viscous nature of asphalt.
Several of these researchers have investigated the relationship between the viscosity and the
asphaltene content in asphalts and asphaltene/solvent mixtures. Eilers (1948) measured the relative
viscosities (1),), which are the viscosity of the solution divided by the viscosity of the solvent (n/n,),

of diethyl ether asphaltenes from several original and air-blown asphalts in carbon disulfide solutions.




The data from all of the solutions were compared with an empirical model Eilers proposed. The data
were not well described by the model and Eilers concluded that the deviations between the model and
the measured data were associated with the fact that the asphaltenes were non-spherical, deformable
particles or are polydisperse in size. Reerink and Lizenga (1973) measured the viscosities of solutions
of n-heptane asphaltenes from original and air-blown asphalts dissolved in toluene. The solution
viscosities were related to the concentration and width of the molecular weight distribution of the
asphaltenes as measured by Gel Permeation Chromatography. The data were compéred to the
Heukelom and Wijga model (1971) which is a simplification of the Eiler model that assumes a linear
relation between the square root of the reciprocal of the relative viscosity, 1/(n,)”, and the particle
(asphaltene) volume fraction. Relative viscosities calculated from the model were consistently lower
than the measured values.

Sheu et al. (1991) related the n-heptane asphaltene concentration of two Ratawi vacuum
residues in toluene to the solution relative viscosity. The authors discussed four different solution
viscosity models. The solution viscosity data suggested that the asphaltenes associate to form larger
particles as a result of solvation by the solvent phase. They concluded that the Pal and Rhodes (1989)
model, Equation (1-1), described the relationship between the relative viscosity, 1,, and the volume

fraction of suspending colloidal particles (asphaltenes), ®.

=4 =(1 -K$)?* (1-1)
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The solvation constant, K, represents the degree of aggregation of suspended particles. The Pal-
Rhodes model assumes that all the particles are solvated by the solvent phase and act like
polydisperse hard spheres. No data were reported for maltene/asphaltene systems. Sheu et al. (1991)
point out that for non-spherical particles the exponent of -2.5 in the Pal and Rhodes model can be a
free parameter to account for the particle asymmetry. Storm et al. (1993) also used the Pal-Rhodes
model to describe the relative viscosity/asphaltene concentration relationship of asphalts.

Altgelt and Harle (1975) measured the effect of heptane asphaltenes on the viscosity of
organic solvents and maltenes. Increasing the asphaltene concentration increased the relative viscosity

of the solution. Although no model was developed, the behavior followed a repeatable trend for




blends of asphaltenes and maltenes taken from the same parent asphalt. However, when combining
asphaltenes and maltenes from different sources, the data were highly scattered. Evidently, when
cross mixing asphaltenes and maltenes, the effect on relative viscosity must not only include the
concentration of asphaltenes but also the solvation power of the maltene, which is a function of the
composition of the maltene.

Recently, Branthaver et al. (1991) studied the effect of unaged asphaltenes on unaged asphalt
relative viscosity. The data at 60°C for unaged asphalts from a variety of crude sources showed very
little difference in the relative viscosity between asphalts. This result seems to be contradictory to
that of Altgelt and Harle (1975) and would seem to indicate that the solvation power of each maltene
is similar or the same. The solvation power of the maltene is a function of the composition of the
maltene fraction, which changes as the asphalt ages. The changes in composition will be discussed
in detail later.

The two major fractionation methods differ in their treatment of the hydrocarbon-soluble
fraction (maltenes), but both define a group of materials called saturates (Corbett, 1969) or paraffins
(Rostler and Sternberg, 1949) which are highly unreactive and incompatible with the asphaltenes.
In the Rostler method, the maltenes are treated with 85%, 100%, and fuming H,SO,, successively.
The asphaltic materials which react with the various strength sulfuric acid solutions are called the
nitrogen bases (N), first acidaffins (A,), and second acidaffins (A,), respectively. The compounds
which do not react even with the fuming sulfuric acid are called collectively the paraffins (P) fraction.
Rostler and White (1962) reported that the nitrogen bases peptize the asphaltenes, the acidaffins act
as a solvent for the peptized asphaltenes, and the paraffins cause the asphalt to gel due to their
incompatibility with the asphaltenes.

Several researchers have utilized the Rostler fractionation procedure to correlate the
composition and the properties of asphalts (Rostler and White, 1962; Halstead et al., 1966; Skog and
Zube, 1966; Jamieson and Hattingh, 1970; White et al., 1970; Davidson et al., 1977; Gannon et al.,
1980; Rostler and Rostler, 1981; Halstead, 1985). These correlations have typically been done using
two compatibility indexes, the Rostler durability parameter (N+A,/P+A,) and the ratio of N/P.
Generally, asphalts with high Rostler parameters and high N/P ratios have good physical properties

mainly because high values of these parameters indicate a high aromaticity in the asphalt and




consequently, highly solubilized asphaltenes. On the other hand, because the Rostler durability
parameter is the ratio of the most reactive species to the least reactive species (neglecting
asphaltenes), a high value of the Rostler durability parameter also indicates a tendency to react, and
thus age. Furthermore, the meaning and validity of the Rostler durability parameter are in question
as any possible influence of the asphaltenes is ignored and the contributions of the other fractions are
weighted equally. Halstead et al. (1966) did investigate the use of other weightings of the Rostler
fractions, but reported that the correlations were generally no better. Another parameter, the
Gotolski Ratio, defined as (N+A1+A2)/(P+A), has been correlated to field aging (Kemp and
Predoehl, 1981). In some cases, the ratios defined based on the Rostler fractions yield good
correlations with physical properties. In other studies neither the Gotolski nor the Rostler ratio
correlate with performance (Goodrich et al., 1986). The Rostler fractionation method is inherently
capable of producing only empirical relationships between pavement performance and composition
because the fractionated components have been irreversibly altered in the separation process.
Therefore, the properties of the individual fractions are not representative of their properties in the
unfractionated asphalt (White et al., 1970).

To eliminate the irreversible changes that the chemical reactivity separation methods produce,
several open column chromatographic techniques for asphalt group-type fractionation have been
proposed over the past several decades. Corbett and co-workers have been the most active
researchers in this regard (Corbett and Swarbick, 1958; Corbett and Swarbick, 1960; Corbett, 1964;
Corbett, 1969; Corbett, 1970; Corbett, 1975; Corbett and Merz, 1975; Corbett, 1979; Corbett and
Schweyer, 1981; Corbett, 1984). The procedure finally settled on by Corbett (1969) has since been
adapted by the American Society for Testing and Materials as the standard method for determining
asphalt composition (ASTM D-4124, 1994).

In the standard method, the asphaltenes are separated by precipitation from an n-heptane
solution and the maltenes are then separated into saturates (SA), naphthene aromatics (NA), and
polar aromatics (PA) by elution chromatography using an open column containing activated alumina.
Physically, the asphaltenes are black solids which might resemble coal, the saturates are similar in
consistency to petroleum jelly, the polar aromatics are generally black solids at room temperature,

and the naphthene aromatics are reddish-brown liquids. The naphthene and polar aromatics are




sometimes lumped together and referred to simply as the aromatics (AR). Generally speaking, the
Rostler paraffins are equivalent to the saturates, the nitrogen bases have much in common with the
polar aromatics, the second acidaffins are similar to the naphthene aromatics, and the first acidaffins
are split between the polar aromatics and the naphthene aromatics. Unfortunately, the Corbett
procedure is labor intensive and the separation cut-points can be highly subjective as they are
determined by visual inspection. However, this study focused on Corbett-type components over the
Rostler components as the Corbett method is simpler. Unfortunately, regardless of which
fractionation procedure is utilized, the fractions are operationally defined and are complex mixtures
themselves. Moreover, the same fractioﬁ from various asphalts may have much different chemical
and physical properties and two asphalts with similar fractional composition may behave completely
differently (Goodrich et al., 1986).

Corbett-based techniques do have advantages over the Rostler method. In particular, the
Corbett method typically produces several grams of each fraction. The “giant” Corbett method
utilized by Peterson et al. (1994) is capable of producing several hundred grams of each fraction. The
larger sample sizes for the Corbett procedure allow for studies to be conducted on individual Corbett
fractions or combinations of Corbett fractions. Several studies have been conducted in this regard
(Corbett, 1970; Corbett, 1979; Peterson et al., 1994; Lin et al., 1996; Liu, 1996). The saturates have
been shown to lower the viscosity, but are generally believed to be detrimental to viscosity
temperature susceptibility, asphalt compatibility and performance in general. The naphthene
aromatics help soften the asphalt and bridge the compatibility gap between asphaltenes and saturates.
The polar aromatics impart ductility to the asphalt and are chiefly responsible for asphaltene
dispersion but contribute negatively towards viscosity temperature susceptibility. Finally, the
asphaltenes were shown to be responsible for viscosity building but also contribute to good
temperature susceptibility.

More recent studies (Peterson et al., 1994; Lin et al., 1996; Liu, 1996) have focused on
determining the influence of the various fractions on the physical properties and aging characteristics
of asphalts. Saturates were shown to neither oxidize nor harden. Naphthene aromatics oxidize, but
do not harden appreciably. Polar aromatics oxidize and harden rapidly. It should be noted that even

though there is a general similarity between the Corbett fractions of different asphalts, the properties




of the fractions often vary widely. Lin et al. (1996) showed compelling evidence that saturates are
highly detrimental to the rheological properties of aged asphalts, especially at lower temperatures.
Peterson et al. (1994) showed conclusively that although the presence of saturates in blends without
initial asphaltenes is not detrimental, the presence of saturates in blends with initial asphaltenes is
highly detrimental to aging performance.

Efforts have also been undertaken to determine Corbett-type fraction composition using the
automated, unbiased technique of high performance liquid chromatography (HPLC). In the mid
1970s to early 1980s, petroleum chemists began to use the relatively new analytical technique of
(HPLC) for group-type analyses of petroleum and coal derived materials (Suatoni and Swab, 1975;
Suatoni and Swab, 1976; Dark and McFadden, 1978; Dark and McGough, 1978; Gayla and Suatoni,
1980). One of the primary advantages of HPLC over open column techniques is the elimination of
cut-point subjectivity. Suatoni and Swab (1975) showed that the saturate, aromatic, and polar
fractions from different materials with similar boiling points possessed nearly the same refractive
index response factor, regardless of crude source. Furthermore, they analyzed several compounds
with a wide range of boiling points and they showed that the response factor was a function of residue
boiling point range. It has been noted, elsewhere, that the refractive index of the saturates fraction
may approach a limiting value (Lundanes and Greibrokk, 1985).

In a later experiment, Gayla and Suatoni (1980) reported that the response factors for
saturates obtained from coal liquids with widely varying boiling points were identical for three out
of the four materials they studied, indicating that calibration of saturate content may be possible.
However, other studies have indicated that the best agreement between HPLC saturate content and
open column saturate content was obtained when the HPLC saturate content was determined by
difference, rather than by direct methods (Dark, 1982; Bishara and Wilkins, 1989; Beg et al., 1990,
Ali and Nofal, 1994). In addition, Bishara and Wilkins (1989) reported that the naphthene and polar
aromatics for a given material could be determined directly from HPLC calibration but universal
calibration was not possible. Recently, Lin (1995) reported data showing the absorptivities of the
aromatics fractions change with aging supporting the conclusions of Bishara and Wilkins. However,
Lin reported data supporting the claims of Suatoni and Swab (1975), Gayla and Suatoni (1980), and
Lundanes and Greibrokk (1985) that saturate calibration may be possible.
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More detailed reviews of the methods available for fractionation of asphalts and the general
properties of the various fractions were conducted by Altgelt and Gouw (1975), Rostler (1979), and
Petersen (1984).

Supercritical Fractionation

There are two general approaches to upgrading the residues from crude oil distillation. These
are chemical processes (such as visbreaking, catalytic cracking, and coking) and physical separation
processes (such as propane deasphalting and supercritical extraction). Frequently, a combination of
these must be used as residues have high asphaltene contents which may result in undesirable coking,
and high sulfur and metals contents which will poison catalysts. Supercritical fractionation has been
shown to be an especially useful tool for residue upgrading (Gearhart and Garwin, 1976a; Gearhart
and Garwin, 1976b; Brons and Yu, 1995; Low et al., 1995). The most well known supercritical
fractionation process is the Residuum Qil Supercritical Extraction (ROSE) process licensed by M.W.
Kellogg (formerly by Kerr McGee).

Briefly, supercritical fractionation separates the components of a petroleum residue based on
their solubility in a supercritical solvent. The solvents of choice for petroleum applications are
typically low molecular weight hydrocarbons such as propane, n-butane, i-butane, n-pentane, i-
pentane, or a mixture of these. Typically, the selectivity for asphaltene rejection is highest for the
lower molecular size solvents, but the versatility of the separations increases with increased solvent
molecular size (Gearhart and Garwin, 1976a; Gearhart and Garwin, 1976b; Gearhart, 1980). The
solubility of the components in the supercritical solvent is a complex function of both molecular size
and chemical functionality of the compounds, the density of the solvent, and the solvent:solute ratio
(McHugh and Krukonis, 1986; Stegeman et al., 1992; Jemison et al., 1995; Brons and Yu, 1995; Low
et al., 1995). However, the most important factor is the density of the solvent which can be
manipulated quite dramatically with only relatively minor changes in the operating temperature or
pressure near the critical region.

Most industrial units can be operated as a three-stage process which produce an asphaltene-
rich fraction, or “asphaltenes”, a saturate-rich fraction known as deasphalted oil, or DAO, and an

intermediate fraction known as resins. However, because the process is typically utilized to reject
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asphaltenes and produce DAO suitable for use as either lube oil feedstock or catalytic cracker
feedstock, most of the industrial units are operated as two-stage units. The use of only two stages
negates much of the versatility of the process and, although Gearhart and Garwin (1976) reported
that supercritical fractionation could be utilized to produce specification asphalts, only a few studies
have been conducted with specific application to studying the properties of asphalt supercritical
fractions with the intention of producing superior paving materials.

Stegeman et al. (1992) employed n-pentane as the supercritical solvent to fractionate asphalts.
The major problem encountered by these researchers was that a large portion of the feed material
(approximately 40%) remained insoluble in n-pentane at the operating conditions and the unit had a
tendency to become plugged, requiring much maintenance. In addition, they wanted to fractionate
the asphalt into approximately equal-sized fractions for a study of fraction properties. Therefore, they
had to perform room temperature separations with n-pentane/cyclohexane mixtures of varying
compositions on the heaviest material. They produced a total of eight fractions. To rectify this
situation, Jemison et al. (1995) used cyclohexane to perform an initial fractionation of the asphalt in
the supercritical unit. This had the desired effect of producing more evenly distributed fraction yields.
However, the use of cyclohexane resulted in reduced selectivity and necessitated higher operating
pressures and temperatures. These higher temperatures, necessary to achieve the supercritical
conditions for the cyclohexane, also led to some thermal degradation of the asphaltic material.
Furthermore, an unwieldy total of ten numbered fractions were produced. Jemison (1992) also
fractionated reduced crudes using this methodology, but found that the presence of the vacuum gas
oils created co-solvency problems.

Stegeman et al. (1992) and Jemison et al. (1995) both showed that the asphaltenes and metals
were highly concentrated in a relatively small number of the fractions that they produced, as were the
saturates. As one might imagine, the contents of these components were inversely related in the
supercritical fractions. They also showed that although there was some concentration, the naphthene
aromatics and polar aromatics were fairly evenly distributed throughout the fractions. However, the
molecular size of the naphthene and polar aromatics varied quite dramatically from fraction to
fraction, reinforcing the fact that separation occurs not only based on chemical functionality, as shown

by the concentration of the asphaltene and saturate materials, but also based on molecular size.
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Jemison et al. (1995) expanded the study to include aging characteristics. Various fractions
were blended to obtain several materials with asphalt-like consistency. The asphaltene and high
molecular weight polar-aromatic rich heaviest few fractions and the saturate rich fraction were not
included in the blending experiments. A few of the blends consisted of a single fraction. The aging
studies were carried out in a pressurized oxygen vessel, POV, (Lau et al., 1992) at elevated
temperature and pressure. Poor temperature control prevented determining accurate kinetics, but
Jemison et al. (1995) were able to compare performance of the blended and original asphalts based
on the hardening susceptibility (HS), discussed later, and the oxidation rate at a given aging
temperature. They found that the blended asphalts had hardening susceptibilities superior to those
of the original asphalts but the oxidation rates were not appreciably changed. However, the rates for
blends made from one asphalt usually were different from the rates for blends made from another
asphalt. The implications of this are that the supercritical fractions from an asphalt with a low HS
could be blended with fractions from an asphalt with low aging rates (the two are not usually
inclusive) to produce a superior asphalt. Although the properties of the single fraction “blends” were
worse than the properties for the multiple fraction blends, they were still superior to those of the
original asphalt. They attributed the improved properties to the improved compatibility of the blends

from reduced levels of asphaltenes and saturates initially present in the blend.

Asphalt Aging

An asphalt begins its irreversible march toward failure as early as the hot-mix plant. In the
hot-mix plant, the asphalt is added to the aggregate at very high temperatures in the presence of an
impinging flame. At these extreme conditions a certain amount of volatilization takes place which
increases the viscosity of the binder. The binder also undergoes chemical changes, particularly at the
aggregate/binder interface.

While some hardening does take place in the extreme conditions present in the hot-mix plant,
the majority of the changes which take place in the binder, over time, occur after the pavement has
been laid. Over the past several decades, much effort has been focused both on describing the aging
behavior of asphalts, and on developing aging tests to mimic the aging which occurs over the life time

of a pavement. A summary of the asphalt aging literature follows.
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An excellent review on the changes in chemical composition, material properties, and
measured physical properties caused by oxidative aging is given by Petersen (1984). In terms of
chemical composition, oxidative aging in both the laboratory and the field results in an increase in
carbonyl content and asphaltene content, and a decrease in compatibility. In terms of physical
properties, aging increases viscosity and stiffness, as well as viscosity temperature susceptibility, and
decreases penetration and ductility. Overall, aging results in a harder, more brittle cement.
Ultimately, the deterioration in the physical properties leads to pavement failure under traffic loads
and thermal cycling. The resistance to age hardening under service weathering conditions is generally
called durability.

To understand and to model the age hardening process with the hope of finding a way to
retard oxidative aging, much effort has been made to track the change in binder properties in service.
Brown et al. (1957) periodically measured the softening points, penetrations, and ductilities of two
markedly different asphalt types, each used in two different roads, over a testing period of nine years.
They found that the change in these properties, namely increase in softening point and decrease in
both ductility and penetration, followed a simple hyperbolic law with respect to service time as shown

in Equation (1-2).

Ays=s ——— (1-2)

In this equation, ay represents the property change, t is the aging time in the field, while a, and by are
model parameters. Kandhal and Koehler (1984) reported that oxidative aging resulted in
progressively lower penetration and higher viscosity. They also reported that these changes could
be described by a hyperbolic function of time. Way et al. (1959) also reported that the change of
penetration with time followed a hyperbolic form.

As a general model to describe the property change with respect to aging time, Equation (1-2)
can be used to predict future service life of the pavement. This is accomplished by measuring data
for the early years of a pavement’s life and fitting them to the model to obtain the parameters. The

rate and ultimate degree of property change over the full life may then be predicted by the equation.
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Although this is a model possessing prediction capability, the calculation is based on the assumption
that the average weathering condition, particularly the ambient temperature, as well as the traffic load
on the specific road would remain not significantly changed from year to year. Furthermore,
measurement of the properties of aged samples requires recovery of the binders from field aged
pavements, whereby significant error may be introduced due to incomplete recovery and other modes
of misoperation (Burr et al., 1990, 1991; Burr, 1993). Also, to collect enough data to fit Equation
(1-2), specimens with field aging times of several years are necessary. Clearly using data accumulated
during several years to predict additional service life of several years is a high-cost procedure.
Finally, even if the quality of the binder has been identified by this method to be inferior, the pavement
has already been constructed. It would be much more beneficial to evaluate the quality, particularly
the aging quality of the asphalt, before it is selected for a certain pavement project.

The task of evaluating asphalt aging quality in a reasonably short period of time calls for a
laboratory test that can be conducted on the original binder. This is why early attempts on developing
an asphalt aging test to evaluate long-term durability have been so extensive. Strieter and Snoke
(1936) aged 0.635 mm thick asphalt films by exposing them to cyclic treatments of light, heat,
refrigeration, and forceful spraying of water. In a modified version (Strieter and Snoke, 1936), the
period of refrigeration was omitted, and the specimens were dipped in water instead of spraying.
Ebberts (1942) oxidized asphalt films using potassium permanganate. Anderson et al. (1942)
proposed two test methods for determining the oxidation stability of asphalts to enable forecast of
their road behavior. The first method uses data obtained by means of the loss on heating. In the
second method, an asphalt solution in benzene is subjected to the action of oxygen at an elevated
pressure, but at a temperature within the range of those found in service. Van Oort (1956) studied
the durability of asphalt in the dark. The oxygen uptake and the change in viscosity after exposure
was measured with respect to aging time. Both oxygen uptake and viscosity increase showed
hyperbolic shapes. Assuming a first order reaction for asphalt oxidation and taking into account the
diffusion of oxygen along the asphalt film, a comprehensive theoretical model was proposed for
transport and reaction. By comparing the measured time-absorption curve to the theoretical
calculation, Van Qort was able to estimate the diffusion coefficient. However, the assumption of first

order reaction is arbitrary and may be erroneous, possibly leading to an incorrect estimation of the
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diffusion coefficient. Blokker and van Hoorn (1959) reported that the rate of oxidation was much
higher in the presence than in the absence of sunlight. However, Blokker and Hoorn also noted that
the oxidation prompted by the light was restricted to a depth of about 4 microns. Aiming to measure
asphalt durability by its oxidizability, Knotnerus (1972) measured the oxygen absorption of asphalts
dissolved in toluene at 303.2 K (30°C). Knotnerus’ data also showed the oxygen uptake to be a
hyperbolic function of time.

In these works, the researchers did not have a clear objective to develop an aging model, and
to interpret the laboratory test results in terms of predicted road performance. The underlying
assumption would appear to be that if an asphalt binder ages more slowly at any specified conditions,
it will also age more slowly in service. Generally speaking, a more severe aging condition will
promote the age hardening process of all the asphalts. However, due to the extreme variability in
chemical composition between asphalts, the relative ranking of aging resistance may be different by
different test techniques.

In the pursuit of an aging model through laboratory research, the variables important to field
aging must be identified. The progress of in-service aging has been found to depend on a number of
factors including susceptibility of the binder to aging, void percentage and porosity of the asphalt
pavement, ambient temperature, and other factors such as sunlight, the nature of the aggregate and
moisture (Verhasself and Choquest, 1993). It is obvious that perfect laboratory simulation of field
aging is almost impossible. However, among the factors listed above, the binder’s tendency to age
hardening and the temperature at which the binder ages are the dominant factors. Thus, it is a
realistic assumption that when other factors remain equal, the aging process is mainly determined by
the binder’s resistance to oxidative aging and the service temperature. Intuitively, the binder’s
susceptibility to aging should also be determined by the binder’s chemical composition, and therefore
highly asphalt dependent. To compare the oxidation of different asphalts, it is necessary to control
the oxidation temperature in any aging test. However, oxidation at road-like conditions proceeds at
a very slow rate. Therefore, in order to conduct aging tests in a reasonable period of time, elevated
oxygen pressure and/or elevated temperature have been investigated in various asphalt aging studies.

Concerns have been raised about the possibility that the reaction mechanism may be changed

due to the use of elevated temperature and pressure, particularly aging temperature. It has been
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reported by Van Oort (1956) that at temperatures above 373.2 K (100°C), dehydrogenation takes
place, as is evident from the water produced. Carbon dioxide may also be formed above this
temperature. At lower temperatures, no water or carbon dioxide is formed. Hughes (1962) studied
asphalt oxidation at elevated temperatures and found that the oxidation rate-temperature relationship
had different patterns for the three temperature ranges: from around 366.5 to 422.0 K, from 422.0
to 505.4 K, and above 505.4 K. Thus it is reasonable to doubt if the reaction mechanism at
temperatures far above 366.5 K (200°F) is the same as that below 366.5 K. By studying the
asphaltene production patterns when asphalts were aged at different temperatures and comparing
them to the asphaltene production pattern of road aged samples, Choquest and Verhasselt (1994)
claimed that aging temperatures above 373.2 K in accelerated tests might cause alteration in the
reaction mechanism. The conclusion that can be drawn from these previous studies is that the
temperature used in a laboratory aging test designed to simulate long-term pavement aging should
not exceed 373.2 K (100°C). On the other hand, higher temperatures are essential to simulate the
hot-mix process. In fact, both the thin film oven test, TFOT (ASTM D-1754,1994), and the rolling
thin film oven test, RTFOT (ASTM D-2872, 1994) are conducted at significantly higher temperatures
and have been shown to approximately describe the “instantaneous” changes in physical properties
which occur in the hot-mix plant (Jemison et al., 1991). Unfortunately, both of these aging test are
sometimes used to simulate long-term aging as well, with minimal success.

In 1954, Lee and Dickinson (1954) reported the design of a pressure oxygen vessel (POV)
to age asphalt films at 20 atm oxygen and 338.2 K for 64 hours. The advantage of this test is the
capability to accelerate the aging at relatively low temperatures by using high pressure oxygen. The
Frass brittle temperature was measured after POV aging and was correlated to the observed road
performance. However, no aging model was proposed. In the same study, it was clearly
demonstrated that, compared to the loss of oil through vaporization, the susceptibility to atmospheric
oxidation was a much more important factor deciding the durability of the pavement.

Lee (1968) modified the POV test by pre-treating the asphalt using the TFOT to simulate the
hot-mix procedure. Lee used 3.2mm asphalt films and aged the asphalts at 338.9 K under 20 atm
pure oxygen for 10 days. The properties measured to indicate changes included penetration,

softening point, absolute viscosity, asphaltene content, and oxygen content. Six asphalts of different
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penetration grades were studied. The viscous hardening in the pressure-oxidation process was found
to be a hyperbolic function of time. Lee noted that the degree of hardening was accelerated by a
factor of two to five times when aging pressure is increased from 1 atm to 20 atm. Furthermore, Lee
concluded that differences exist among asphalts in the rate and degree of hardening during the
pressure-oxidation procedure. Therefore, the procedure can distinguish between asphalts that are
susceptible to hardening and those that are not. However, Lee did not investigate how the pressure
relates to an aging model in terms of its effect on the oxidation kinetics. Because of this, there is no
quantitative basis to interpret the test result obtained at higher pressure to the road condition. With
eight asphalt cements, Lee (1968) compared field aging data of two years service to the laboratory
aging results. He concluded that 46 hours of aging at 338.9 K under 20 atm oxygen with TFOT pre-
treatment would age an asphalt to the equivalent of about 60 months of actual pavement service in
Iowa. In a further study, Lee and Huang (1973) reported that the hyperbolic model could be used
to describe the carbonyl content with respect to aging time at the accelerated aging test condition.

All of the test methods described previously involve experiments conducted at only one aging
temperature and one oxygen pressure. The main focus has been to develop an operationally simple
laboratory test, and to correlate field aging to laboratory aging. Many of these tests were also
designed for aging for only one specified time period. Because of a lack of the quantitative
understanding of the effects of temperature and pressure on the oxidative aging process, the
correlations developed from these tests have always been empirical. To develop an aging model with
aging temperature and oxygen pressure being the controlled variables, aging experiments must be
conducted at multiple temperatures and pressures.

Some research has been achieved in this direction. Dickinson and Nicholas (1949) developed
a comprehensive model to describe asphalt oxidation. Oxygen absorption by asphalt films was
measured with both the aging temperature and oxygen pressure being controlled variables. The
temperature covered a range from 338.2 to 392.2 K, and the pressure from 0.2 to 1 atm. The model

they proposed, which assumes that two simultaneous reactions are occurring, is shown in Equation

(1-3).

Ay=kt+a [1-ep(-bt)] (1-3)
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The first reaction has a constant rate k, while the second reaction, with model parameters a, and b,
is relatively faster, reaching virtual completion after approximately 100 hours. The constant rate was
found to be highly sensitive to aging temperature, following an Arrhenius relationship (discussed in
detail later) with an activation energy of 29.3 kJ/mol. The sensitivities of parameters a, and b, to
temperature and pressure were also investigated. The application of this model may be explored.
However, since ay in this study is oxygen absorption, efforts must be made to correlate this chemical
measurement to performance related properties.

In Israel, Ishai (1987) suggested a methodology for the analysis of asphalt age-hardening in
the time-temperature domain. Penetration aging indices were plotted against exposure time for
different aging temperatures. Exposure temperature was also plotted against exposure time to depict
curves of the same aging indices. A calibration scheme using field aging data was described. They
claimed that the calibrafed laboratory aging curves in the time-temperature domains could be used
to predict future aging behavior. In the extended study, Ishai et al. (1988) correlated rheological and
physico-chemical properties to the long-term asphalt durability evaluated by the time-temperature
domain method. The exposure temperatures in the laboratory oven tests ranged from 343.2 to 436.2
K for different time durations of up to 21 days. Again, this study is one of the few systematic
research efforts studying the oxidative aging in a multi-temperature context. However, the high end
of the temperature used (436.2 and 413.2 K) may alter the mechanisms of the oxidation process. The
requirement of the calibration using field aged samples means the method can not be used to evaluate
the quality of an asphalt before it is placed on the road.

Verhasselt and Choquest (1991, 1993) and Choquest and Verhasselt (1994) reported an
accelerated aging test in which the binder was heated in a rotating stainless steel cylinder in a manner
similar to the Rolling Thin Film Oven Test (RTFOT, ASTM D2872). Oxygen was introduced into
the cylinder and the aging temperature was controlled between 343.2 and 373.2 K. Aged samples
were removed from the cylinder after specific aging times. Asphaltene content, ring-and-ball
softening temperature, reciprocal of penetration, and infrared absorption at 1700 cm™ were measured.
They developed a model which described the change in properties based on reaction and diffusion in

one-dimension, as shown in Equation (1-4).

18




(Ay)? =kt (1-4)

The parameter k is the reaction rate for the particular property. The values of k were obtained for
different temperatures and plotted against the reciprocal of aging temperature to estimate the
Arrhenius activation energy. The researchers claim that reaction rates at low temperatures may be
calculated by extrapolation of the Arrhenius relationship to lower temperatures. Using several years
of recorded service temperature and the activation energy, the kinetic mean value of the annual
temperature was calculated. It was found that laboratory tests must be conducted at a temperature
below 373.2 K (100°C) to simulate the in-service aging of a bituminous binder. At temperatures
higher than 373.2 K, the reaction mechanism is different from that which occurs in the pavement.
Highly significant linear relationships between the measured properties were reported. However, the
method of Verhasselt and Choquest has several flaws.” The maximum amount of binder that can be
aged is 450 g and the starting thickness of the film on the inner wall is of the order of 2 mm. This
means significant error may be introduced in the sample removal step because the aging extent of the
sample removed is a strong function of the position within the cylinder (film thickness), particularly
at the aging temperature of 343.2 K when the binder is not very fluid. Additionally, the aging time
at 343.2 K is reported to be around 240 days, which likely precludes this test from widespread
industrial implementation. Finally, the theoretical basis of the model is not correct. Equation (1-4),
like other equations such as Equation (1-2), models the data reasonably well. However, the
hyperbolic change in properties with respect to aging time does not result from diffusion, but rather
from the existence of an initial non-linear rapid reaction which is then followed by the long-term
constant rate reaction (Lau et al., 1992; Lunsford 1994). In fact, the carbonyl growth on the surface
of an aged asphalt film where diffusion effect has been eliminated still can be fit by a hyperbolic curve
for limited number of data. It is a common misunderstanding of many researchers (Blokker and
van Hoorn, 1959; Verhasselt and Choquest, 1991) to explain the hyperbolic shape of the aging
extent-aging time curves by diffusion effect. Nevertheless, Verhasselt and Choquest’s study is quite
informative and inventive, particularly in that the activation energy is taken into account to calculate
the kinetic mean temperature.

Harnsberger et al. (1991) aged the eight SHRP core asphalts using the thin film accelerated
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aging test (TFAAT) at three different temperatures, 358.2, 386.2, and 403.2 K. It was observed that
some asphalts had low aging indices that changed very little with increased aging temperature,
whereas other asphalts of both low and high aging indices changed dramatically with increased aging
temperature. A microstructure model was proposed to explain the phenomenon. These observations
are valuable because they indicate (although the authors did not calculate) differences between the
activation energies of the asphalts. The aging temperatures of 386.2 and 403.2 K used by these
researchers may have been too high and no quantitative model was attempted.

The most interesting and fundamentally important work in recent years in terms of developing
an aging model to evaluate long-term aging performance has been accomplished by Lau et al. (1992).
Lau et al. (1992) conducted aging studies in a pressure oxygen vessel (POV) operated at 20
atmospheres of pure oxygen. The aging was monitored by measuring the zero shear rate limiting
viscosity (1),), and the infrared absorbance of the carbonyl groups. At 20 atm oxygen pressure and
at temperatures from 333 to 366 K, the carbonyl formation rate became constant after an initial, more
rapid rate region. For isothermal and isobaric conditions, the carbonyl content (CA) in the constant

rate region can be described as a linear function of time, as shown in Equation (1-5).

CA = CA, + Rg, t (1-5)

R.,, the rate of increase in carbonyl absorbance, was identified as a measure of the oxidation rate of
the asphalt. The carbonyl area (CA) is a measure of the infrared absorbance of various C=0 groups
in the asphalt including ketones, carboxylic acids and anhydrides (Petersen, 1984). Numerically, the
carbonyl area is equal to the integrated area under the infrared absorbance curve between 1650 and
1820 cm™ (Jemison et al., 1992). Lau et al. (1992) also found that the carbonyl formation
dependence on aging temperature could be described by the usual Arrhenius reaction kinetics as

shown in Equation (1-6).

RCA = — - A e—E/RT (1-6)

The parameters in Equation (1-6) are A, the pre-exponential factor and E,, the reaction activation
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energy. Furthermore, they illustrated that the relative ranking of the oxidation rates of different
asphalts may be reversed at different aging temperatures. Finally, they observed excellent linearity
between the logarithm of the viscosity and the carbonyl area which they called the hardening
susceptibility (HS).

Inn*, = Inm + HS CA (1-7a)

Where m is a model parameter. Differentiating Equation (1-7a) with respect to CA resulted in

Equation (1-7b).

dlnm*,

= HS (1-7b)
dCA

The linear relationship between the two properties was first identified by Martin et al. (1990) when
examining asphalt binders extracted from field-aged pavement samples. This relationship has
subsequently been confirmed on laboratory-aged samples, including TFOT and RTFOT-aged samples,
been found to be independent of aging temperature below 113°C and has been shown to be highly
asphalt specific (Lau et al., 1992; Petersen et al., 1993; Peterson et al., 1994; Jemison et al., 1995;
Lin et al. 1996; Huh and Robertson, 1996). The hardening susceptibility is related to the hardening

rate as shown in Equation (1-8).

dlnn* dlnn*
nn 0 - nn 01]. dCA - HS'RCA (1'8)
dt dCA dt

Thus, the hardening rate is determined by both the resistance to oxidation and the resistance to
hardening. Obviously, a low value for the HS will help reduce the rate of increase of log 1’
(dinn"/dt).

Other physical properties may be used in Equation (1-7) to replace viscosity, as long as the
corresponding physico-chemical correlations can be developed. It is commonly accepted that when

the physical properties of an asphalt binder deteriorate to a certain degree, the road in which the
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asphalt is incorporated will fail. Depending on the failure mode, the critical physical property can be
ductility, viscosity and other properties. The strategic highway research program (SHRP, 1992) has
identified G*/sind and G*sind as the properties correlated with rutting and medium temperature
fatigue cracking, where G* is the magnitude of the complex modulus G’and iG”, and tan §, called
the loss tangent is the ratio of the loss modulus to the elastic modulus (tan 6=G"/G’). Results in
terms of low frequency limiting viscosity, may be extended to other properties with parallel
relationships. This is supported by previous observations that different types of physical properties
are uniquely correlated. Ishai et al. (1988) reported that for a given asphalt during oxidative aging,
the aging characteristics, expressed 'by either penetration-viscosity or penetration-softening point
relationships, are independent of aging extent and aging temperature and can be represented by a
single curve specific for each asphalt.

Typically, the dynamic viscosity in Equation (1-7) has been reported as the dynamic viscosity
at a measurement temperature of 60°C (1) g ¢-c). The relationship in Equation (1-7) can easily be
extended to other viscosity temperatures through the use of a viscosity temperature susceptibility
(V.S.) in much the same way as Equation (1-7) can be extended to describe the ductility or some

other property. The V.S. can be conveniently expressed by the Andrade (1930), shown in Equation
(1-9)

Inm’, = A, + .1.{1'1'; (1-9)
In Equation (1-9), A, is a material constant, R is the ideal gas constant, T is the absolute
temperature, and E,, is the viscosity activation energy and describes the sensitivity of the viscosity
to changes in temperature. Jemison (1995) argued that E;, was a superior measure of the viscosity
temperature susceptibility (V.S.) than traditional methods.
Lunsford (1994) performed additional POV aging studies using the same asphalts as Lau et
al. (1992). However, Lunsford also studied the influence of pressure on the oxidation kinetics. The

oxidation rates were found to depend on pressure according to a power relationship.

R, = A/ P* e FRT (1-10)
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Interestingly, the pressure dependence () of the asphalts was found to be between 0.25 and 0.29 for
all of the asphalts investigated, indicating that a universal pressure correction might exist that would
allow aging tests conducted at high pressure to be corrected to ambient conditions. However,
activation energies for the asphalts varied from 67 to 81 kJ/mol providing considerable evidence that
the relative rates between asphalts would be different depending on the aging test temperature. This
was also noted by Lau et al. (1992). Lunsford (1994) also found that CA, from Equation (1-5) is
temperature independent, within experimental scatter, and pressure dependent.

Liu (1996) studied more asphalts and determined that although the relationship in Equation
(1-10) is valid, the approximately equal pressure reaction orders found by Lunsford were fortuitous.
Furthermore, Liu discovered that the hardening susceptibility is pressure dependent. Liu reported
kinetic pressure reaction orders ranging from 0.33 to 0.58 and activation energies ranging from 83
to 100 kJ/mol. The implications of wide variations in témperature susceptibility and pressure
dependence are that the results of any aging test conducted at elevated temperature and/or elevated
pressure must be viewed with extreme skepticism. In addition, the hyperbolic nature of the changes
in properties cast a negative light on any aging test conducted for a single aging time.

Unfortunately, the “standard” aging test recently developed during the strategic highway
research pfogram (SHRP) combines all three factors. The SHRP pressure air vessel (PAV) aging test
is conducted at a single high temperature of 100°C and a single high pressure of 20 atmospheres of
air for a single period of time of 20 hours (AASHTO PP1, 1994). Recently, Huh and Robertson
(1996) conducted PAV aging tests at additional temperatures to investigate the aging properties of
the SHRP “core” asphalts. They developed a complicated model to describe the change in viscosity
in terms of both the sulfoxide content and the carbonyl content, even though the simple hardening
susceptibility relationship suggests that the sulfoxide content can likely be neglected. They, like Lau
et al. (1992), Lunsford (1994), and Liu et al. (1996), found that the temperature sensitivity to reaction

was different for the different asphalts.

Recycling Studies
The discussion of aging, thus far, has been focused mainly on changes in physical properties

and oxidation as the asphalt ages. Another important consideration is the changes in chemical
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composition with aging which result from the oxidation. The chemical changes which accompany
the physical changes in the binder as it ages are also well known. It has been reported that the
content of saturates remains relatively constant during aging, the naphthene aromatic content
decreases and the asphaltene content increases. (Corbett and Swarbick, 1958; Corbett and Swarbick,
1960; Corbett and Merz 1975; Shiau et al., 1991). Similar trends in composition for the Rostler
fractions have been noted (Rostler and White, 1962; Halstead et al., 1966). This shift in composition
results from the naphthene aromatics being converted to polar aromatics and the polar aromatics
being transformed into asphaltenes as a result of the addition of oxygen to these molecules. Recent
data (Liu, 1996) suggests that the oxidized naphthene aromatics will also eventually form asphaltenes,
but only after a very long aging time. The polar aromatics content can either increase or decrease,
depending on the relative rates of the conversion of naphthene aromatics to polar aromatics and the
conversion of polar aromatics to asphaltenes. The increase in asphaltenes with aging is chiefly
responsible for the increase in viscosity with aging (Corbett and Swarbick, 1960; Dunning and
Mendenhall, 1978; Lin et al., 1995a; Lin et al., 1996). The conversion of the initial polar aromatics
into asphaltenes also results in a loss in ductility. The net result of increased viscosity and decreased
ductility is eventual pavement failure aﬁd the net effect of the composition changes is that the
compatibility, as measured by the Rostler N/P (Corbett P/S) ratio, or the Rostler durability parameter
deteriorates with aging. In short, the amount of dispersing media decreases while the amount of
material needing to be dispersed increases.

Based solely on these observations it can be theorized that an asphalt recycling agent should
have few or no asphaltenes as the aged asphalt already has too many. In addition, because saturates
and asphaltenes are highly incompatible (recall asphaltenes are defined as those components insoluble
in saturated hydrocarbons), the rejuvenating agent should be low in saturates. Thus, to soften and
recompatibilize the asphalt, a rejuvenating agent should be rich in naphthene aromatics. Also, to
improve ductility, a rejuvenating agent should be rich in polar aromatics. Indeed, it has been the
conclusion of several recycling studies (Davidson et al., 1977; Dunning and Mendenhall, 1978; Epps
et al., 1980; Peterson et al., 1994) that a rejuvenating agent should have a controlled composition.
Dunning and Mendenhall (1978) suggested limits based on HPLC column composition analysis

roughly equivalent to a minimum polar aromatic content of 9%, a minimum naphthene aromatic
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content of 60%, and consequently, a maximum saturate content of 31%. Epps et al. (1980)
suggested that the rejuvenating agent paraffin content should be under 30%, the N/P ratio should be
a minimum of 0.5, and the value of the Rostler durability parameter should be between 0.2 and 1.2.
Davidson et al. (1977) have recommended that a reclaiming agent should have an N/P ratio above
1.0 and a value of the Rostler durability parameter preferably between 0.4 and 0.8.

Unfortunately, a wide variety of materials possess N/P ratios and Rostler durability parameters
within the ranges suggested by Davidson et al. (1977) and Epps et al. (1980). Furthermore, neither
of these groups of researchers gave any specification on rejuvenating agent asphaltene content.
Rostler and Rostler (1981), however, did indicate that lower asphaltenes content in specially blended
or recycled asphalts was desired. Davidson et al. (1977) even argued that reclaiming agents “spiked”
with asphaltenes were desirable because they allowed for more reclaiming agent to be added without
compromising overall blend consistency. Furthermore, it was stated that asphaltenes should be used
as a bodying agent precisely because they don’t affect the durability parameter. The results indicated
that increased reclaiming agent content for a given aged asphalt/reclaiming agent blend resulted in
improved aging indexes, sometimes dramatically so. Finally, it was argued that using higher viscosity
reclaiming agents would allow the use of a single reclaiming agent instead of the combination of a
reclaiming agent and a low viscosity asphalt. However, the use of a combination of fresh asphalt and
rejuvenating agent is still the preferred method.

Dunning and Mendenhall (1978) opposed the general idea of using a single modifier, although
all of the recycled blends they studied were produced using a single modifier. They argued that the
use of a single, fixed viscosity modifier does not allow the contractor to compensate for binder
variations. In fact, recycling specifications should require the separate addition of recycling agent and
add-mix asphalt except in cases where binder homogeneity was not a problem. In a related
conclusion, they indicated that the viscosity of a recycling agent should be as low as possible. The
ranges suggested were 0.9 to 3.0 dPa's (poise). The use of a low viscosity agent certainly makes
sense from an economic standpoint, as less rejuvenating agent is required.

Newcomb et al. (1984) studied initial blend physical properties, and the properties after
RTFOT-treatment for single rejuvenating agent recycled asphalts. They studied one aged asphalt and

nine rejuvenating agents ranging in composition from nearly pure saturated oils to what appear to be
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moderately high asphaltene content AC-5 grade asphalts. None of the materials had aromatic
contents above 70%. They found excellent correlation between aging index and the ratio of the polar
aromatics to saturates (P/S) in the modifier. Generally, the agents with higher P/S ratios resulted in
blends with lower aging indexes. Noureldin and Wood (1990) also conducted asphalt recycling
experiments which indicated that through the proper choice of recycling agent, a binder with excellent
hardening properties can be produced. Two of the three recycled blends they investigated had lower
TFOT aging indexes than the original virgin asphalt.

While many of the recycling studies have looked at the aging performance of recycled asphalts
(Davidson et al. 1977, Newcomb et al., 1984; Noureldin and Wood, 1990; Peterson, 1993; Wisneski
et al,, in press), few have investigated the oxidation kinetics of recycled asphalts by aging at multiple
temperatures and multiple time periods, even though the literature (Lau et al. 1992; Lunsford, 1994;
Liu et al., 1996; Liu, 1996) suggests that asphalt aging performance can only be fully understood by
studying aging at multiple temperatures and pressures and for multiple aging time periods.

Wisneski et al. (in press) recently reported experiments where two aged asphalts were
recycled with three different supercritical fractions. They eliminated one possible source of error by
conducting all of their aging experiments at ambient pressure conditions. They found that the
hardening susceptibilities of the recycled asphalts were generally no worse than the hardening
susceptibilities of the original asphalts. In fact, the hardening susceptibilities for one-half of the
blends they investigated were greatly improved over the original binder hardening susceptibilities.
Finally, they also investigated the use of lime as an additive for recycling applications. Several
researchers (Plancher et al., 1976; Petersen et al., 1987; Wisneski, 1995; Wisneski et al., in press)
have studied the effects of lime treatment on the hardening properties of asphalts. Many of these
researchers have shown conclusively that lime reduces the hardening, as measured by the aging index,
of asphalts (Plancher et al., 1976; Petersen et al., 1987, Wisneski et al., in press) and some have noted
changes in chemical properties for lime-treated asphalts (Plancher et al., 1976; Petersen et al., 1987).
Wisneski et al. (in press) noted that the addition of the lime to the recycled asphalts resulted in
hardening susceptibilities uniformly superior to those of the untreated blends.

The improvement in hardening susceptibility for recycled asphalts reported by Wisneski et al.
(in press) confirm the results reported by Peterson et al. (1994) for recycled asphalts. Unfortunately,
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poor temperature control did not allow Peterson et al. (1994) to determine accurate aging rates and
consequently, accurate kinetics. The conclusions from their study indicated that excessive amounts
of paraffins (saturates) were detrimental to the hardening susceptibility of the recycled asphalts but
were beneficial to the viscosity temperature susceptibility. Later, Peterson (1994) concluded that to
minimize the impact that saturates have on the aging properties of asphalts, a relatively larger
proportion of rejuvenating agent should be utilized. Lin et al. (1995b) arrived at this same conclusion
based on the analysis of the relationship between viscosity and asphaltene content.

The suggestions of Davidson et al. (1977), Peterson (1993), and Lin et al. (1995b) that a
relatively larger portion of softening agent should be utilized raises one final issue that needs to be
addressed for asphalt recycling. That issue is the necessity to accurately predict the quantity of
softening agent required to restore the consistency of an aged asphalt so that time consuming trial and
error blending can be avoided. There are currently two viscosity mixing rules used to predict the
necessary amount of recycling agent, in terms of mass fraction (x,,), in order to obtain a certain target
mixture viscosity (1),,) when the viscosity of the old asphalt (n,,) and the viscosity of the rejuvenating
agent (1),,) are known. The first mixing rule is that proposed by Epps et al. (1980).

logy(log,yn,) = x,log(ogyn,) + x_ log,,(log,,,,) (1-11)

This method leaves much to be desired as small errors in terms of log log n,, can represent large
errors in 1,

Although Epps' rule has received some attention, the rule most commonly used to estimate
the quantity of rejuvenating agent necessary to obtain a certain target viscosity for the recycled binder
is the procedure specified in ASTM D-4887 (1994). This procedure, also suggested by The Asphalt
Institute (1981), uses the graphical representation of the Arrhenius equation (1887) for predicting

mixture viscosity.

Inn, = x, Inn_ +x Inn, (1-12)

Although the Arrhenius equation has been adopted (in nomograph form) as the ASTM standard, the

literature indicates that this mixing rule produces poor results in some cases. In one particular study,
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Noureldin and Wood (1990) recycled one old asphalt with two low viscosity asphalts and one
emulsified recycling agent. They utilized the ASTM mixing rule to determine how much low
viscosity asphalt to use, but determined the quantity of emulsified recycling agent “...on the basis of
previous recycling projects”.

Peterson (1993) used the ASTM mixing rule to obtain initial guesses for the quantity of
recycling agent necessary to soften the aged asphalts he studied to 2000 poise. In every case, the
resulting blend viscosity was lower than the target viscosity. The resulting viscosities ranged from
around 450 poise up to 1230 poise. Peterson rearranged Equation (1-12) to obtain a dimensionless
parameter, the dimensionless log viscosity (DLV), which should be linear with respect to the recycling
agent content. Although there was tremendous scatter, a second-order polynomial modeled the data
more accurately. Dunning and Mendenhall (1978) also reported a viscosity mixing rule of their own.

Irving conducted a survey of equations (Irving, 1977a) that had been proposed to effectively
describe the viscosity of binary liquid mixtures. This survey identified more than fifty equations
proposed to predict either the dynamic or kinematic viscosity of binary liquid mixtures. Irving also
determined the effectiveness of the various mixture equations (Irving, 1977b). Irving concluded that
Equation (1-13), the equation proposed by Grunberg and Nissan (1949), was the best overall mixing

rule in terms of accuracy and simplicity for predicting the viscosity of non-aqueous binary systems.

ln'r]m = xlln'r]1 + x,Inn, + x,x,G,, (1-13)

The interaction parameter G,, is usually considered to be a constant, however, G,, may be a function
of x; where x; may be mole, mass, or volume fraction. Irving determined that the viscosity of a
mixture can be predicted to within 30% of the actual viscosity when an average, constant value of
G,, was used for classes of mixtures (i.e. polar/polar). In addition, Irving's calculations (1977b)
indicate that the choice of units for x; (mole, mass, or volume fraction) make little difference in the
accuracy of the model. Mehrotra has used the Grunberg equation to model bitumen/gas (1992) and
bitumen/solvent (1990) systems. However, very little effort has been focused on using this equation
to predict the viscosity of aged asphalt/softening agent mixtures. The Arrhenius equation (ASTM

mixing rule) is a special case of the Grunberg equation with G,, equal to zero. Irving (1977b)
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concluded that using the Grunberg model with G,, equal to zero resulted in errors larger than those
obtained using an optimized or average value of G,, , if they are available. Large errors may require
actual blending to determine a mixture's viscosity.

The objective of this research was to establish the technical feasibility of determining the
specifications and operating parameters necessary to produce high quality recycling agents which will
allow most, if not all, of old asphalt-based road material to be recycled. Supercritical fractionation
of asphalt was utilized to fractionate refinery produced materials, establish operating parameters, and
to reblend these fractions to produce superior recycling agents, and systematically study the effect
of varying composition on properties. The advanced road aging simulation procedure, developed at
Texas A&M, was used to determine the aging characteristics of old asphalt and recycling agent blends

so as to relate aging to blend composition.

Summary

The objectives of this project were further broken down into several tasks. Chapter 2 contains
a description of the tasks, the objectives of the tasks, and the important results obtained for each task
throughout the entire project.

Chapters 3 thru 7 detail work completed in developing a qualitative and quantitative
knowledge of asphalt oxidation characteristics, compositional dependence of asphalt properties, and
guidelines for producing superior asphalt binders through compositional control. These chapters also
detail the development of a kinetic model for asphalt oxidative aging, and present an understanding
of the compositional dependence of asphalt oxidation properties as well as other performance-related
properties.

Chapters 8 and 9 compare the aging performance of recycled blends produced using
commercial recycling agents and industrial supercritical fractions as the rejuvenating agents. The
oxidative aging of the recycled blends were evaluated along with the performance of the recycled
blends in terms of the strategic highway research program (SHRP) performance grading procedure.

Chapter 10 summarizes the work completed in the areas of processing schemes development,
projection updates, and scale-up and commercialization plans. The appendix contains a synopsis of

topical publications with a brief introduction as a tie to tasks.
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CHAPTER 2
EXECUTIVE SUMMARY OF TASKS

This chapter contains a description of the tasks, the objectives of the tasks, and the important
results obtained for each of the tasks conducted during this DOE sponsored research project. The
summaries in this chapter are based upon results obtained throughout the project. Most of the work
completed during the first two years of this project is described in detail in published topical papers
in the open literature and these are summarized in the appendices. In addition, detailed descriptions
of work performed during the first two years of the project are given in the first- and second-year
project annual reports (refs). Some additional work as well as the experimental procedures, are
presented in appendices in detail. Detailed descriptions of work performed during the third year of

this project is presented in chapters 3 through 10.

Task 1: Asphalt Fractionation and Source Asphalt Characterization
Description and Objectives of Task
The Contractor shall separate fractions from asphalt to produce candidate fractions for
blending to make superior asphalt recycling agents. It is expected that supercritical fractionation of
asphalt shall be performed in the Contractor's existing Supercritical Extraction Unit. Asphalt fractions
shall be made from several, thoroughly characterized, source asphalts. Also, asphalt fractions shall
be obtained from other sources as appropriate, e.g. ROSE fractions from Kerr-McGee, etc.
Appropriate physical and functional properties of the source asphalts shall be analyzed and
characterized before performing the fractionations. These tests shall likely include Corbett, Fourier
Transform Infrared (FT-IR or simply IR), Gel Permeation Chromatography (GPC), and sufficient

aging data to determine the aging characteristics of these asphalts.

Important Results
Four asphalts were chosen to be supercritically fractionated. All four, one obtained from a
local hot-mix contractor and three obtained from the strategic highway research program, had all been

characterized in detail prior to fractionation. These four asphalts were supercritically fractionated
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into seven distinct (eight total) fractions. The results of these experiments largely confirm trends
reported previously in the literature. In particular, supercritical fractionation of asphalts can be used
to produce materials with predictable chemical and physical properties including group-type
compositions, elemental compositions, viscosities, and molecular weights. Several of the supercritical
fractions produced in this study have low enough saturate and asphaltene contents, and thus, high
enough aromatic contents to restore an aged asphalt to a like-new compositional state. Furthermore,
several of the supercritical fractions produced in this study also have viscosities suitable for blending
with an aged asphalt to restore it to a like-new consistency. Therefore, supercritical fractionation can

be tremendously useful in producing asphalt recycling agents from petroleum residues.

Task 2: Aged Asphalt Production
Description and Objectives of Task

About three asphalts, having significantly different properties, shall be aged in the Pressure
Oxygen Vessel (POV) to produce "road" materials of three different viscosities of about 50,000,
150,000, and 500,000 poise at 60°C. Other physical and functional properties shall be determined.
These tests are expected to include IR, viscosity, and GPC. Additionally, old highway material, as

available and suitable, will be tested.

Important Results

Early in the project, the opportunity to investigate an actual recycling project presented itself.
As such, a large quantity of aged pavement was obtained from the construction site. Several tens of
kilograms of material were extracted to obtain enough material to conduct a handful of recycling
experiments. This highly labor intensive and low yield process was abandoned in favor of laboratory
aging of tank asphalts to produce the aged asphalts necessary for this study.

Although the POV could be utilized to produce aged asphalt, the relatively small sample size
per tray (up to 5g) limits the amount of material that can be produced in a reasonable amount of time.
In addition, to produce large quantities of asphalt in the POV requires combining the material from
several trays in a highly labor intensive process. Thus, a new method was developed for the purpose

of producing a large quantity of asphalt in an efficient manner.
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Initially, an apparatus was constructed consisting of a variable speed motor affixed to a metal
frame. Later, a table top drill press was utilized for the aged asphalt production. The motor drives
a mixing paddle placed in a half-full can (gallon or quart) of asphalt. The can containing the asphalt
is wrapped with a heating tape connected to a variable transformer and a thermocouple actuated
on/off controller. House air passes through a surge tank and moisture filter, and then is introduced
to the asphalt through a sparging ring made from 1/4 inch stainless steel tubing with nearly uniformly
spaced holes. The operating temperature of the air-bubbled (AB) reaction vessel must be high

“enough for the oxidation to proceed at an appreciable rate, but not so high as to drastically alter the
reaction mechanism or reaction products. Additionally, the temperature must be high enough to
soften the asphalt so that the asphalt can be well mixed by the mixing paddle. The operating
temperature finally used was determined through several preliminary experiments. It was determined
that as long as the temperature does not exceed 230°F, the aged asphalt is similar enough to POV-
aged asphalt and pavement aged asphalt to warrant its use in recycling studies. Several aged asphalts

with a variety of 60°C viscosities were produced in this manner.

Task 3: Preliminary Agent Formulation and Blend Testing
Description and Objectives of Task

The Contractor shall analyze and characterize the appropriate physical and functional
properties of the candidate blending fractions obtained from Task 1. Characterization tests shall be
selected from Corbett fractionation, FT-IR, GPC, viscosity measurements, and perhaps others.

A spectrum of recycling agents shall be made from the fractions obtained from several source
asphalts including several recycling agents formulated from ROSE fractions. At least three viscosity
grades of recycling agents (e.g. 5, 25, and 100 poise measured at 60°C) shall be produced by blending
the candidate fractions. They shall be comprised of different amounts of molecular size naphthene
(NA) and polar (PA) aromatics as well as varying quantities of saturate oil.

A brief test plan for the initial recycle agent screening shall be prepared and discussed with
DOE at least two weeks prior to starting the tests. Candidate recycling agents shall be blended with
well-characterized, aged road material (from Task 2), and the product "recycled blends" shall be

tested for initial physical and functional properties. Tests are expected to include FT-IR and viscosity
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from 0-95°C.

After aging the recycled blends using the Pressure Oxygen Vessel (POV) or another method
approved by DOE, their physical and functional properties shall be retested. Generally, the tests are
expected to be the same as those for the initial properties except for the addition of a ductility test
for promising recycle blends.

The effects of the various recycling agents, source materials, and aging on recycle blend
properties shall be evaluated. Recycle agents and aged asphalt to be used in subsequent expanded
tests shall be selected and the systematic test plan for Task 4 shall be prepared. The overall project
status, plans, and market penetration projections shall be reviewed with DOE prior to proceeding

with Task 4.

Important Results

The properties of an asphalt binder change over time and specifications based on the initial
physical properties do not insure satisfactory performance after the pavement has been placed in
service. Therefore, in addition to establishing acceptable initial physical properties, the effect of
chemical composition on the oxidation rate of the asphalt binder must be considered. In an effort to
address these issues, several different experiments were conducted with the goal of studying the
physical properties and aging characteristics of recycled asphalts.

As mentioned in Chapter 1, asphalt composition can best be represented in terms of a few
number of pseudo-components or group-type fractions. These fractions are: asphaltenes (AS) and
maltenes. The maltenes can then be separated into saturates (SA), naphthene aromatics (NA), and
polar aromatics (PA). Several researchers have shown that asphaltenes, both those originally present
in the asphalt and those produced by aging, contribute the most to the changes in physical properties
of asphalts. Several studies were conducted to determine what factors influence the formation of
asphaltenes and the contribution of asphaltenes to an asphalt’s rheological properties.

Asphaltenes are products of oxidative aging. A unique relationship called the asphaltene
formation susceptibility, or AFS, exists between asphaltene formation and carbonyl formation, which
is a measure of the extent of oxidation. The AFS is defined as the partial derivative of asphaltene

formation with respect to carbonyl formation. The AFS was found to be independent of saturate
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content and type of asphaltene. The AFS was also found to continuously decrease with increased
asphaltene content and is a strong function of the composition of aromatics fraction. The
contribution that asphaltenes have to the rheological properties was found to be strongly dependent
on the asphaltene-maltene interactions. Furthermore, the magnitude of the interaction between
asphaltenes and maltenes was found to be a function of temperature and the composition of both
asphaltenes and maltenes.

To reduce the detrimental effects that asphaltenes have on an asphalt binder, the AFS should
be reduced by adjusting the composition of aromatics. The saturate content also needs to be low
because the presence of saturates has been found to magnify the effects that asphaltenes have on the
rheological properties of asphalt.

Another study focused on the oxidative aging of asphalt binders, and was extended to their
generic fractions and their supercritical fractions to investigate the compositional dependence of
asphalt aging properties. The data showed that during oxidative aging PA and NA fractions, as well
as supercritical fractions, undergo carbonyl growth profiles similar to those of the whole asphalts.
That is, a constant rate region is approached after an initial, more rapid rate period.

The results of this study indicated that the kinetic characteristics of an asphalt are determined
by the kinetic characteristics of its fractions as well as the interactions between the fractions. The PA
fraction of an asphalt ages faster than its NA fractions. Saturates have only a dilution effect on
asphalt oxidation. Asphaltenes may increase the oxidation rate. This means that asphaltenes either
oxidize themselves, or they are catalyzing the oxidation of PA and NA fractions. PA and NA
fractions age faster in a separated state than in a mixed state.

For supercritical fractions, reactivity increases with the fraction number. This likely results
from the elevated polar aromatic content present in the heavier supercritical fractions. In addition,
it is theorized that the larger molecular size polar aromatics present in the heavier fractions are more
reactive than the smaller polar aromatics present in the lighter supercritical fractions.

For the fractions from the same asphalt source, the molecular size distribution seems to
correlate with the reactivities of the fractions. This results from the PA fraction being larger in
molecules and aging faster than the NA fraction of the same asphalt. However, for fractions from

different asphalt sources, no correlation exists between the molecular size distribution and the
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reactivity.

The hardening susceptibility (HS) is one of the important aging properties of an asphalt
binder, the HS relationship of the generic fractions and supercritical fractions were examined in detail.
This was accomplished by recognizing the fact that the HS relationship is the combined effect of two
factors: the viscosity-asphaltene content relationship, which indicates a fraction’s solvation power
for asphaltenes, and the asphaltene formation susceptibility AFS. These two factors correspond to

the first and second terms on the right side of Equation (2-1):

dinn’y - ( dlnn’®; ) ( d%AS ) ( dCA

2-1
dt d%AS dCA dt ) @-1)

For each asphalt, the HS of the NA fraction was smaller than that of the PA fraction, with the HS
of the combined aromatics fraction in between. Generally speaking, the generic fractions and
supercritical fractions have significantly lower HS values than that of the parent asphalt. The high
HS values of the asphalts relative to its fractions is attributed to the coexistence of saturates and
asphaltenes in the whole asphalt.

The NA fraction has a bit less solvation power than the PA fraction. However, the effect of
a much smaller AFS overrides the effect of a bit less solvation power. Furthermore, the aromatics
fraction contains enough PA to yield a solvation power as strong as PA. For supercritical fractions,
the AFS increases with fraction number.

Equation (1-9) was used to characterize the viscosity temperature susceptibility of an asphaltic

material,

E.
x vis
Inn’y = Ay + = (1-9)
In terms of viscosity, the PA fractions are much more sensitive to measurement temperature
than the NA fractions. Aromatics fractions are in between. Most supercritical fractions possess E;,
lower than the whole asphalt, even after significant aging.
The aged NA and PA fractions were also used to elucidate the oxidation routes of the

fractions. The data explicitly show that during the oxidative aging of asphalt binders, polar aromatics
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transform to asphaltenes, naphthene aromatics convert to polar aromatics and subsequently oxidize
to become asphaltenes. However, for a limited aging extent, it was observed that negligible
asphaltenes are produced from naphthene aromatics. Depending on the relative rate of the conversion
of polar aromatics to asphaltenes and the rate of the production of polar aromatics from naphthene
aromatics, the content of polar aromatics may increase or decrease during the aging process of a
whole asphalt.

The newly produced asphaltenes and polar aromatics are smaller in molecular size than those
present in the original asphalts. The residual polar aromatics in the aged PA fractions and the residual
naphthene aromatics in the aged NA fractions have smaller molecular sizes than those from the parent
asphalts.

A superior method was developed for determining the saturate content in heavy petroleum
materials such as asphalt, asphalt supercritical fractions, and asphalt recycling agents. Pure saturate
fractions isolated from several asphalts and industrial supercritical fractions were analyzed using High
Performance Liquid Chromatography (HPLC) to determine if the saturates present in heavy
petroleum products are all similar. The refractive index response factor for the saturate fractions
isolated from different materials were similar to each other and to the refractive index response factor
of petroleum jelly to suggest that petroleum jelly is a suitable calibration standard for HPLC saturate
analyses. Furthermore, the automated, unbiased nature of HPLC analysis is superior to the highly

subjective open column techniques currently utilized.

Task 4: Expanded Blend Testing
Description and Objectives of Task

The systematic test plan for Task 4 shall be performed with appropriate modifications as test
results suggest. Overall, about one hundred recycle blends shall be produced and age-tested with
later selections reflecting the results from earlier tests. It is expected that the constituents for the
aging-tests of recycle blends shall be made from about nine aged asphalts (three types hardened to
three viscosities), and recycling agents from three asphalts plus recycling agents from ROSE fractions
of three viscosities with about half a dozen compositions.

Generally, processing considerations shall limit recycle blends to a practical range such as 25%
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to 50% recycling agent. Some process development is expected in order to achieve the target
viscosity range of 2,000 +1500/-1000 poise at 60°C for each of the recycle blends. Initial mixtures,
made using theoretical viscosity calculations, shall be adjusted if the actual viscosity falls outside the
target range. After the target viscosity range is obtained, the viscoelastic properties shall be measured

over a range of temperature and frequencies to obtain rheological master curves.

Important Results

Two separate recycling studies were conducted. The first recycling study was conducted
specifically to compare the performance of commercial recycling agents to the performance of
supercritical fractions based on their effects on the aging properties of recycled blends. The viscosity
mixing rules described in Appendix H were utilized with some success to predict the quantity of
rejuvenating agent required in order to achieve the target viscosities of 2,000 +1500/-1000 poise at
60°C. One aged asphalt was blended with three industrial supercritical fractions, three laboratory
produced supercritical fractions, and three commercial recycling agents. The aging indexes after thin
film oven test (TFOT) treatment, the aging indexes after pressure aging vessel (PAV) aging, and the
extrapolated road conditions hardening rates all indicated that supercritical fractions can be used to
produce recycled blends with properties superior to those of the original asphalt. Furthermore, the
TFOT and PAV aging indexes from the blends using supercriticial fractions were superior to those
of the blends produced by using commercial recycling agents. The hardening susceptibilities of the
supercritical fraction blends were also generally superior to those of the commercial recycling agent
blends. The lower aging indexes for the recycled blends, using supercritical fraction rejuvenating
agents, were correlated strongly with the amount of rejuvenating agent in the blend indicating that
asphaltene dilution is a key factor in asphalt recycling, as suggested in the literature. The lower
hardening susceptibilities, for the recycled blends using supercritical fraction rejuvenating agents, are
correlated strongly with both the rejuvenating agent content and the saturate content in the blends.
Additionally, the laboratory supercritical fractions were shown to be superior to the industrial
supercritical fractions. This can likely be attributed to the narrower cuts produced in the laboratory
compared to industrial operation.

The second recycling study investigated more aged asphalts, more rejuvenating agents, more
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blend properties, and road condition aging rates. In addition, the recycled asphalts in the second
recycling study were graded according to the SHRP performance grading criteria. The data in the
second recycling study generally support the conclusions of the first recycling study in regard to the
aging properties of recycled asphalts. In particular, the choice of rejuvenating agent can affect both
the kinetics and the hardening susceptibility, but the effects were largely as a result of dilution of the
aged asphalt. Furthermore, the relative rankings based on PAV aging indexes, and road condition
hardening rates for the blends of a given asphalt were usually consistent.

The effect of recycling on the viscosity temperature susceptibility and low temperature
rheological properties were also found to be strongly correlated to rejuvenating content. However,
dilution was shown to be detrimental to these properties. Even though dilution detrimentally
impacted the low temperature rheological properties, the choice of rejuvenating agent rarely changed
the low temperature performance grade of the recycled blend. In addition, the performance grades
of the recycled asphalts were all superior to the performance grades of the original asphalt. The high
temperature specification grades were largely unchanged (except due to too high of an initial
viscosity) but in the case of one particular asphalt, recycling improved the low temperature grade by

12°C.

Task S: Rejuvenated Material Aging and Testing

Description and Objectives of Task
| Recycle blends from Task 4 shall be aged in the POV at three temperatures and for three
durations. Rheological data shall be obtained as before over a range of temperatures and frequencies.

Other characterization tests, such as FT-IR, GPC, etc. will also be conducted.

Important Results

Oxidative aging is one of the major causes of road pavement failure. Through contact with
the oxygen in the ambient environment, asphalt binder in the pavement oxidizes. This oxidation
process results in an increase in asphaltene content, carbonyl content, and viscosity of the binder.
Eventually, the binder becomes too brittle to sustain the damage from traffic load and thermal cycling.

A study on the kinetics of carbonyl formation and physico-chemical correlation was
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conducted. Ten asphalts, including seven SHRP asphalts, and three Texas asphalts were aged at a
total of 13 aging conditions. The temperature aging conditions ranged from 333.2 K (140°F) to
372.0 K (210°F), and the pressure aging conditions ranged from an oxygen pressure of 0.2 atm to
20 atm.

With an understanding of oxidation kinetics and the physico-chemical correlation, an aging
model was proposed. The correlations between the kinetic parameters were investigated. Models
were developed to describe the pressure dependencies of the physico-chemical correlation
coefficients.

Carbonyl area, as measured by the FTIR, was used as a measure of the oxidation extent for
asphalt binders. By measuring the carbonyl growth of the asphalts aged at a combination of
temperatures and oxygen pressures, the oxidation rates at the specific conditions and the average
value of the initial jump CA,-CA,,, at different aging pressures were obtained for each of the asphalts.
Generally speaking, the initial jump increased with aging pressure, with the extent being asphalt
dependent. Kinetic parameters including activation energy E and pressure reaction order o were
estimated through linear regression for the asphalts. The kinétic parameters have been found to be
asphalt dependent.

The hardening susceptibility relationship was measured at both high pressure (20 atm) and
low pressure (0.2 atm) for the ten asphalts. Data show that the hardening susceptibility is larger for
a lower aging pressure, with the extent being asphalt dependent.

A model for the oxidative aging of asphalt binders was proposed. It is based on the
understanding that age hardening is the combined effect of the carbonyl growth due to oxidation, and
the hardening in physical properties due to the chemical compositional change. A theoretically sound
aging test to evaluate low temperature, low pressure aging resistance was described. In the described
scheme, the kinetic parameters of a given asphalt were measured to calculate the oxidation rate at the
road temperature. The method also requires the measurement of other characteristic parameters for
the given asphalt, including the initial jump CA,-CA,,, and the HS value at road conditions.

Models were developed to describe the pressure dependencies of the initial jump CA-CA_
and the HS value. Because the kinetic parameters are asphalt dependent, and because the initial jump

CA,-CA,,, and the HS value are pressure dependent, any aging test run at a single elevated
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temperature and/or pressure, including the PAV test, are not theoretically sound.
Data also show that the RTFOT treatment has a negligible effect on the kinetic behavior of
asphalt binders.

Task 6: Mixing Rules Development
Description and Objectives of Task

Current mixing rules predicting the viscosity after combining asphalt in the new and aged
conditions is not consistent with observed aging properties. The contractor shall investigate the
relationships for mixing new and aged asphalt to improve mixing rules predictions. Based on
viscosity, the Contractor shall develop improved mixing rules.

A considerable body of existing data and data obtained in formulating blends in Task 3 and
4 will be used to obtain a correlation of blend viscosity in terms of old asphalt and blending agent
viscosities and the weight fraction of each. If possible, this will be refined in terms of other analyses

such as Corbett or high pressure liquid chromatography (HPLC).

Important Results

Several aged asphalt/softening agent pairs were blended at multiple levels of aged material
content with the sole intent of producing viscosity mixing rules for aged asphalt/softening agent
binary systems. Blends were also constructed by “spiking” rejuvenating agents with asphaltenes to
determine the effect of asphaltenes on the relationship between blend viscosity and aged asphalt
content. Blend viscosity data were also analyzed for specific recycled asphalts produced using
asphaltene and saturate free rejuvenating agents in an effort to elucidate the influence of saturates.
Finally, a new viscosity mixing rule was developed based on the controlled blending experiments.
The new mixing rule shows excellent agreement with data published in the literature.

The relationship between mixture viscosity and aged material mass fraction for nearly all of
the asphalt/agent pairs can be described using the Grunberg model for the viscosity of a binary liquid

mixture.

Inn, = x/Inm; + x,Inn, + x,x,G, (1-13)
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The Grunberg model has only one adjustable parameter G;, which describes the interaction between
blend components. Blends using low viscosity asphalts as the softening agent exhibit significantly
different behavior from blends using commercial recycling agents and supercritical fraction recycling
agents. The low viscosity asphalt softening agents have viscous interaction parameters near or
greater than zero, implying that a blend of aged asphalt and low viscosity asphalt may be more
viscous than would be predicted by currently used mixing rules. All of the blends using supercritical
fraction and commercial recycling agents had interaction parameters less than zero. Negative
interaction parameters are manifested in viscosities below those predicted by the current standard
mixing rules.

The value of the interaction parameter G,, is a strong function of the viscosity difference
between the aged asphalt and recycling agent for either a supercritical fraction or a commercial
recycling agent. Normalizing the viscosity in terms of the dimensionless log viscosity (DLV) reduces

the difference between recycling agents.

1 / -G
V = n(n,/n,) P Gy, x, + 12 x22 2-2)
In(n,/n,) In (n, /) In (n, /n,)

In fact, DLV data for all of the recycling agent blends show strikingly little variation between
recycling agents regardless of recycling agent composition or aged asphalt used. Surprisingly, even
the asphaltene “spiking” experiments indicated no correlation between the group-type composition
of the recycling and the interaction parameter. However, the data points from the asphaltene and
saturate free rejuvenating agent blends showed more negative deviation than the other blends,
indicating that saturates are likely undesirable, but the effect of saturates could not be quantified.
An average normalized interaction parameter was obtained for the aged asphalt/recycling
agent mixtures by fitting all of the aged asphalt/recycling agent data. The prediction capability of the
DLV mixing rule was verified through comparison to blend viscosity data published in the literature.
The data from the literature are remarkably consistent with the mixing rule developed in this study.
The DLV mixing rule was then used for the recycled asphalt aging experiments performed in this
study. For one set of the recycled asphalt aging studies, the DLV mixing rule was successfully used

to obtain the target viscosity for almost half of the recycled asphalts. Although the results were not
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as good for the second recycling study, the errors were usually on the side of caution.

Task 7: Lime Additive Testing
Description and Objectives of Task

The Contractor shall investigate the effect of adding lime to the recycle blends to slow
oxidation of the asphalt and extend its service life. This may be particularly useful with asphalts that
do not otherwise recycle well. Gradient amounts of lime, together with recycle agent, will be used
primarily with (but not limited to) asphalts that prove difficult to recycle in Task 4. These recycle

blends will be characterized, aged, and evaluated as described in Task 4.

Important Results |

Two different studies were conducted to determine the effects of lime treatment on asphalt
aging. Because the composition of aged asphalts is different than the composition of virgin asphalts,
it was hypothesized that lime treatment might affect the properties of virgin asphalts differently than
it would affect the properties of recycled asphalts. As such, lime blending experiments were
conducted on both virgin asphalts and recycled asphalts primarily so that the effects of lime treatment
might be separated from the effects of recycling.

The first study consisted of two sets of lime-treated tank asphalt experiments. The first set
of experiments was conducted on two strategic highway research program (SHRP) asphalts using
both calcium oxide, Ca0O, and calcium hydroxide, Ca(OH),, at 0, 1, 2, 5, 10, and 20 percent lime by
weight. Although kinetic information could not be obtained from these initial experiments, the
experiments did indicate that lime reduced the hardening susceptibilities and selected aging indexes
of the asphalts. However, no further conclusions could be made.

The second set of lime-treated tank asphalt experiments involved four SHRP asphalts blended
with multiple levels of calcium hydroxide, Ca(OH),. Without exception, the addition of lime
increased the viscosity of the unaged asphalt. Furthermore, the viscosity increase was directly related
to the amount of lime added, as would be predicted by particle suspension models. Lime treatment
had little or no effect on the viscosity temperature susceptibility of the unaged asphalt.

The aging data collected in the experiments on lime-treated tank asphalts indicate that the
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addition of lime does not affect the “initial jump” of the asphalt. In addition, the data indicate that
lime only slightly reduces the oxidation rates of an asphalt, but only as the result of dilution. The
reductions in oxidation rates were fairly constant with aging temperature and as such, the addition
of lime has no effect on the activation energies of the tank asphalts examined in this study. On the
other hand, addition of lime reduced the hardening susceptibilities of the tank asphalts by more than
10%, on éverage, irrespective of lime content. In other words, the hardening susceptibility was
improved by the mere presence of lime and the concentration of lime was not an important factor.
Extrapolations indicated that lime-treatment of tank asphalts will probably reduce the hardening rate
at road conditions.

The second study consisted of two sets of lime-treated recycling experiments. The
preliminary set of experiments were conducted using calcium oxide, CaQ, at nominal lime contents
of 0, 2, 5, and 10 percent lime. These preliminary experiments indicated that lime treatment was
uniformly beneficial to the hardening susceptibility of the recycled asphalts, but only affected the
oxidation in a dilutory manner. These preliminary experiments also indicated that the hardening
susceptibility was improved by the mere presence of lime and the concentration of lime was not an
important factor. As such, a nominal 5 percent lime content was chosen for the second set of
experiments. Additionally, re-analysis of the data from the preliminary lime-treated tank asphalt
studies and analysis of the costs indicated that calcium hydroxide should be used instead of calcium
oxide.

The second set of experiments indicated that lime treatment at a 5 percent level had a
profound impact on the properties of recycled asphalts. In particular, the addition of lime caused an
almost uniform decrease in the viscosity of the unaged recycled asphalt, which is in stark contrast to
the results from the lime treated-tank asphalt studies. This was hypothesized to result from lime
effectively interfering with the association of the asphaltenes present in the aged asphalt. Lime also
generally improved the reaction activation energy. In agreement with the lime-treated tank asphalt
experiments, lime treatment of recycled asphalts was shown to have little or no effect on the viscosity
temperature susceptibility of unaged recycled asphalts, and the hardening susceptibilities and road
condition hardening rates were lower for the lime-treated samples compared to the untreated samples;

The PAV aging indexes of the lime-treated recycled asphalts were also lower than the respective
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untreated blends, and the aging index rankings were strongly correlated with the road condition
hardening rates. Summarizing, lime was shown to have an almost uniformly beneficial effect on the
aging properties of recycled asphalts. Unfortunately, the low temperature creep stiffness and m-
values of the recycled mixtures were detrimentally impacted by the presence of lime. Furthermore,
because lime treatment reduced the high temperature viscosity and negatively influenced the low
temperature rheological properties, it was shown that lime treatment may possibly result in a two

grade, or 12°C, decrease in the SHRP performance grade temperature span.

Task 8: Other Additives (Amines) Testing
Description and Objectives of Task

The Contractor shall investigate the effect of adding other components such as amines and
other nitrogen-containing additives to the recycled asphalt mixtures to slow oxidation of the asphalt
and extend its service life. Small amounts of the test materials, amines, or nitrogen-containing

mixtures such as shale oil will be treated by the same procedures as in Task 7.

Important Results

Three amines with dramatically different functionality were blended with two different
recycled asphalts at an amine content of 2 percent. Analysis of these experiments eliminated further
examination of amine treatment. It was determined that the unpleasant fumes given off during
blending may, however unlikely, pose a health hazard. In addition, only a very small amount of
amines could be used in recycling applications as the low viscosities of the amines would result in
excessive softening of a recycled asphalt. The aging experiments indicated that few, if any, benefits
would be realized by the addition of amines to the recycled asphalts. The carbonyl formation rates,
activation energies, and hardening susceptibilities were not affected greatly by any of the amine
additives. In fact, the data indicate that the kinetics may have been adversely affected by the amines
in several cases. If these reasons were not already sufficient to eliminate amines as a recycling
addition, the cost of amine treatment was determined to be prohibitively high. Thus, it is clear that

lime should be the additive of choice to improve the properties of recycled asphalts.
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Task 9: Processing Schemes Development
Description and Objectives of Task

The Contractor shall present the optimum recycling agent compositions to Kerr-McGee, the
licensor of the ROSE process, for the purpose of devising practical process alternatives for making
superior recycling agents using existing ROSE installations. This information will include crude
sources, operating temperatures and pressures, fraction properties and composition. Kerr-McGee
in consultation with the Contractor will devise practical and economical operating conditions for

obtaining improved agents.

Important Results

The performance of this task was complicated by the sale of the ROSE process to Kellogg,
after which we were no longer able to get help from Kerr-McGee. However, from data in the
literature and from runs on our supercritical unit, we believe that our cost estimates are accurate.
Very good recycling agents can be produced from some crudes as the resin or center cut of a
supercritical unit.

Further work has indicated that an even better process would be to recover the aromatics
from deasphalted oil (DAO) produced by many refineries using a variety of methods, including
supercritical extraction or precipitation by propane or other hydrocarbons. This material is generally
about half aromatics and the rest saturates. The aromatics are high in napthene aromatics and lighter
polar aromatics. As such, the aromatic portion is of ideal composition for recycling.

The technology exists for recovering these materials and large plants are operating, primarily

to produce lube stocks. The charges to produce recycling agents would be minor.

Task 10: Projection Update and Commercialization Plan
Description and Objectives of Task

Data from the project shall be analyzed and used to predict full-scale commercial operations
and economics.

Projection Updates - Data from this research shall be collected and analyzed to confirm or

modify proposal estimates of overall market penetration (to the year 2010), process performance,
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plant and national energy savings, plant and national emissions reductions, and economic viability.
The evaluation of long-term industry trends and the extent of market penetration shall be updated if
needed. Differences from economic, energy, and environmental benefits previously predicted shall
be noted. The Updates shall be performed annually or more often if new data causes significant
changes from those used earlier. DOE shall be notified promptly if test results indicate a significant
change in performance projections.

Scale-Up and Commercialization Plan - The Contractor shall prepare a detailed plan for
scaling up and commercializing this technology. Assumptions shall be stated and specific roles and

commitments from the project industrial participants shall be documented.

Important Results

The most significant factor to affect market penetration is the introduction of SHRP
specifications which radically change the measures of asphalt performance. Furthermore, it is
intended to extend these specification to recycling. This is likely to have a major negative impact on
development of processes to produce recycling agents until this uncertainty is removed.

Cost estimates of large scale production of agents using both supercritical extraction and lube

oil extraction technology is presented.

Task 11: Reports
Description and Objectives of Task

The purpose of this task is to provide the management necessary to meet technical objectives
within planned schedule and cost, and to fulfill reporting requirements to DOE.

Technology Transfer - The contractor shall take advantage of opportunities for technology
transfer, including presentation of papers at technical meetings and publication of journal articles.
Prior DOE concurrence shall be obtained on all information prepared for public release. Three weeks
lead-time is normally required to obtain DOE patent clearance of material for public release.

Reports - Reports shall be prepared as detailed in the Reporting Requirements Checklist and
the Report Distribution List.
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CHAPTER 3
OXIDATION KINETICS AND AN AGING MODEL
FOR ASPHALT BINDERS

Oxidative aging is one of the major causes of road pavement failure. Through contact with
the oxygen in the ambient environment, asphalt binder in the pavement oxidizes. This oxidation
process results in an increase in asphaltene content, carbonyl content, and viscosity of the binder.
Eventually, the binder becomes too brittle to sustain the damage from traffic load and thermal cycling.

The concept that asphalt oxidative aging depends on temperature and oxygen pressure is well
accepted by most engineers. Some researchers have offered qualitative discussions on this
phenomenon (Ishai, 1987; Petersen, 1993). However, a quantitative model for oxidative aging using
temperature and oxygen pressure as independent variables, and possessing the ability of predicting
the aging extent in terms of aging time is much more desirable. An aging model would be a powerful
tool to compare the aging characteristics of different asphalts. An aging model would also provide
a theoretical background from which the asphalt community can evaluate current aging tests that are
run at conditions of certain specified temperatures and pressures.

Some interesting and fundamentally important progress in pursuing this objective has been
made in recent years (Martin et al., 1990; Lau at al., 1992; Lunsford, 1994). In those studies, the
effect of oxidative aging was accounted for by two separate factors: the change in chemical
composition due to oxidation, and the effect of the chemical composition change on the physical
properties of the binder. More specifically, these studies provided a basic understanding of the
kinetics of carbonyl formation in asphalt binders during oxidative aging, and the correlation between
the carbonyl content and viscosity of a given asphalt. The relations between the aging time, viscosity
and carbonyl content are explicitly shown by Equation (1-8) for a measurement temperature of 333.2
K (60°C).

In this chapter, a definitive study on the kinetics of carbonyl formation and physico-chemical
correlation is presented. Ten asphalts, including seven SHRP asphalts, AAA-1, AAD-1, AAF-1,
AAG-1, AAM-1, AAB-1, and AAS-1, and three Texas asphalts, TX1, Lau4, and TX2 were aged at
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a total of 13 aging conditions. The aging conditions are designated as C1 to C13 as listed in
Table 3-1 with aging temperature ranging from 333.2 K (140°F) to 372.0 K (210°F), and oxygen
pressure from 0.2 atm to 20 atm. Aging condition C9, which is at 0.2 atm and 333.2 K (140°F), is
regarded as being comparable to road aging conditions.

In the PAYV aging procedure proposed by the Strategic Highway Research Program (SHRP),
asphalts are first aged in the Thin Film Oven Test (TFOT, ASTM D-1754) to simulate hot mix aging.
To see if this treatment made any difference on the aging characteristics of asphalts, many of the
samples which were aged using conditions C1 to C7 were run following the equivalent and quicker
Rolling Thin Film Oven Test (RTFOT, ASTM D-2872) (Jemison et al., 1991). Many, but not all,
were run with and without oven treatment for comparison ( i.e. the virgin asphalt and the oven-aged
asphalt were run at the same condition).

With an understanding of oxidation kinetics and the physico-chemical correlation, an aging
model is proposed in this chapter. The correlations between the kinetic parameters are presented.
Models are given to describe the pressure dependencies of the physico-chemical correlation

coefficients. These models are then used in a study of the PAV test.

Measurement of Oxidation

Oxidation alters the chemical composition of asphalt binders. Figure 3-1 is the FT-IR spectra
of SHRP AAA-1 before and after oxidative aging. As the aging progresses, the bands representing
oxygen-containing functionalities are intensified, with those of the carbonyl group and the sulfoxide
group increasing the most.

Carbonyl content or carbonyl area (CA) as measured by FT-IR was used as a measurement
of oxidation. As seen from Figure 3-1, the sulfoxide band (near wavenumber 1000 cm ™) increases
very sharply during the early period of oxidation and then grows much more slowly. This is because
sulfoxide is the product of sulfur oxidation which happens rapidly at the beginning of oxidative aging
and then reaches a “pseudo-steady state” (Petersen, 1984; Petersen et al., 1993). This means that the
sulfoxide band may not be used to measure long-term aging. On the other hand, the carbonyl band
(near wavenumber 1700 cm™) grows persistently during the whole aging process. More importantly,

numerous data have shown the linear relationship between carbonyl area and aging time for
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Table 3-1. The Tested Aging Conditions

Condition Temperature Oxvygen Pressure

Cl 170°F (349.8 K) 20 atm

C2 180°F (355.4K) 20 atm

C3 180°F (355.4K) 10 atm

C4 190°F (360.9 K) 20 atm

C5 190°F (360.9 K) 0.2 atm

Cé6 200°F (366.5 K) 0.2 atm

C7 210°F (372.0K) 0.2 atm

C8 140°F (333.2K) 20 atm

Co 140°F (333.2K) 0.2 atm

C10 150°F (338.7K) 0.2 atm

Cl11 160°F (344.3 K) 0.2 atm

C12 170°F (349.8 K) 0.2 atm

C13 180°F (355.4 K) 02 atm
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Figure 3-1. FTIR spectra of unaged and aged SHRP AAA-1.
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long-term aging, as well as the linear relationship between log viscosity and the carbonyl area (Lee
and Huang, 1973; Martin, et al., 1990; Lau et al., 1992; Petersen et al., 1993; Lunsford, 1994;
Lin,1995). For these reasons, carbonyl content has been used as a good measurement of the extent

of oxidation.

Asphalt Oxidation Kinetics
Lau et al. (1992) showed that at 20 atm oxygen pressure and at temperatures from 333.2 to
366.5 K (140-200°F) the carbonyl formation rate becomes constant after an initial more rapid rate.

These constant rates varied linearly with reciprocal absolute temperature in the usual Arrhenius form:

Roa =~ =A™ (1-6)

For the five asphalts studied, there appeared to be some variation in the slopes of In R, vs 1/T.

Lunsford (1994) extended Equation (1-6) to

R, = A'P*e™T - (1-10)

to include the effect of oxygen pressure. In the constant rate region, carbonyl area CA is

CA =CA, + R, t (1-5)

However, from the data obtained by Lunsford (1994), no firm conclusion could be drawn 