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The chemical changes that oceurred during the weathering of two coating-grade asphalts

in accelerated weathering machines and outdoors were studied.
soluble and volatile degradation produects were produced from the oils in the asphalt.

Asphaltenes and water-
The

increase in asphaltenes during exposure is attributable to the formation of oxygenated

groups in the oil components rather than to polymerization of the oils.

Some of the sulfur

and nitrogen compounds originally in the oil fractions underwent chemical changes that

made them insoluble in n-pentane.

The asphalts lost weight during the exposure.

Roughly two-thirds of the material lost,

including sulfur- and nitrogen-containing molecules, became water-soluble degradation

produets.

An intermediate degradation product was separated with the asphaltenes.

The other third became volatile degradation products, probably CO, and 0.

This material

could be extracted from the asphaltene fraction with ethanol.
The reported observations were made on asphalts exposed in accelerated weathering

machines.

Outdoor exposures of the same asphalts were of too short duration to produce

significant trends, but the general results were in agreement with the accelerated exposures.

1. Introduction

In the refining of petroleum, the more volatile
constituents are removed by distillation. Because
the process is conducted in the absence of oxygen
and at temperatures at which cracking does not
oceur, few changes in individual molecules take
place.  When the lubricating oils have been removed,
a heavy viscous residuum, or “flux,” remains in the
still pot, from which coating-grade asphalt is made
by blowing air through it at a high temperature.
From the time the flux enters the blowing still to the
time it finally fails on a roof as an industrial asphalt,
it undergoes a number of physical and chemical
changes. 'The physical changes are primarily out-
ward symptoms of the chemical changes that have
taken place. Although almost nothing is known of
the individual molecules, and very little has been
reported on their chemical nature, these changes
have been described on numerous occasions as
oxidation, dehydrogenation, carbonization, polymer-
ization, and evaporation [1].!

Several studies have been reported on the changes
that occur during the blowing process. Klein-
schmidt and Snoke [2] reported that the asphaltenes
increased at the expense of the dark oils and resins.
Goppel and Knotnerus [3] studied the conversion of
maltenes into asphaltenes and established the actual
formation of carbon-carbon and ester linkages as
well as other oxidation and dehydrogenation re-
actions.

! Figures in brackets indicate the literature references at the end of this paper

Less detailed work has been done on the effects of
weathering than on blowing. Abraham [1] has sum-
marized the work of earlier investigators. He has
stated that there is some volatilization of the lower
molecular weight components of asphalt. He drew
an analogy to the oxidation of lubricating oils and
concluded that oxidation results in both an increase
in oxygenated materials in the asphalt and an elimi-
nation of carbon dioxide and water. Thurston and
Knowles [4] have confirmed this statement. Abra-
ham also reported the formation of free carbon by
the excessive dehydrogenation of asphalt during ex-
posure. However, under normal exposure conditions
no one has ever definitely established the formation
of free carbon in asphalt. A large number of in-
vestigators have reported the formation of asphalt-
enes [5], material insoluble in low molecular weight
aliphatic solvents, during exposure.

Kleinschmidt and Snoke [6], Abraham [5], Gallo-
way [7], and others have described some of the
changes that occurred in asphalt and its components
during exposure to the elements of weather. In
general, these authors observed that asphalt lost
weight and the asphaltene fraction increased during
exposure, both at the expense of the components of
the maltenes (the portion of asphalt soluble in
n-pentane). '

This paper carries the work one step further. In
addition to following the weight losses and com-
ponent changes during the exposure of two coating-
grade asphalts, it describes the changes i the ele-
mental composition, unsaturation, and molecular
weights of the various components. This informa-
tion should prove valuable in developing an explana-
tion of the mechanism of the weathering of asphalt.
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2. Materials and Methods
2.1. Asphalts

The two asphalts studied have been described as
asphalts I and IT in “The Effects of Mineral Addi-
tives on the Durability of Coating-Grade Roofing
Asphalts” [8]. The characteristics of these asphalts
are reported again in table 1 for convenience. They
were commercially produced by blowing the fluxes
described in table 2.

TasrLe 1. Characteristics of asphalts
Characteristic J Asphalt T | Asphalt II

Softening point »_________________________________ T 223 224
Penetration b at 32° F o 10 11
Penetration at 77° F__ 17 17
Penetration at 115° F_ 30 26
Susceptibility e.____ 1.16 0.87
Losson heating d_____________ [ 0.22 .03
Pen. after heating at 77° F______ 17 17
Specific gravity at 77° F________ 1.015 0.999
Durability e [9]_--____ 43 75
Component analysis [12

Asphaltenes__ ... ___ 41.8 39.1

Resins_____ 10.3 9.9
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b ASTM D5-59T.

¢ S=(Pu5— P3g)/ Pr.

4 ASTM D6-39T.

e Durability was determined in a 51-9C exposure cycle. This cycle consisted
of 22 hr a day exposure to 51 min of light followed by 9 min of light and cold
(40 °F) water spray. The 509, failure level was used. ASTM D 529-59T.

2.2. Panel Preparation and Exposure

The asphalt specimens were prepared by the
hydraulic press method ? [9]. Twenty-nine speci-
mens of asphalt I and 26 of asphalt I1 were exposed
in an accelerated weathering machine [10] to a cycle
consisting of 22 hr of light from an enclosed carbon
arc, followed by 1 hr of soaking in distilled water and
1 hr at ambient conditions daily, five days a week.
The specimens were weighed approximately every
100 hr, just prior to a soaking period, for the first
1,200 hr. They were also weighed at approximately
1,500, 1,700, 2,200, 2,500, and 3,500 hr.

Kighteen specimens of each asphalt were exposed
outdoors at an angle of 45° facing due south. These
specimens were weighed at 3-month intervals during
the first year and at 6-month intervals thereafter.
After each weighing, a specimen of each asphalt was
removed for analysis.

Three specimens of each asphalt were removed
after the 200-, 400-, 600-, 900-, 1,200-, 1,700-, 2,500-,
and 3,500-hr weighings for analysis. The other
specimens, five of asphalt T and two of asphalt IT,
were used for special tests not included in this paper,
but were included in the weight-loss determinations.
Because of the periodic removal of specimens for
analysis, each succeeding set of weighings was made
on fewer specimens.

2ASTM D1669-59T.

2.3. Component Analysis

The specimens removed from the accelerated
weathering machines were each separated into com-
ponents by the chromatographic method of Klein-
schmidt [11] and the corresponding fractions com-
bined to provide sufficient quantities of each com-
ponent for chemical analysis. The reported com-
ponent analyses are the averages of the three
separations.

2.4. Degradation Products

The specimens were all soaked in distilled water
for 1 hr each cycle. All of the specimens of each
asphalt were soaked in one glass container for 45
min and then for 15 min in a second one. At the
exposure intervals reported in tables 3, 4, and 5, the
solutions of the accumulated water-soluble degr: ada-
tion products were removed, filtered, and evaporated
to dryness in a vacuum evaporator at 120 to 135 °F.
Because the water-soluble degradation products were
extremely surface active, small portions of these
materials were invariably lost through foaming in
the evaporator. Fresh distilled water was used to
refill the glass containers.

2.5. Chemical Analyses

The combined component fractions and the water-
soluble degradation products were analyzed for mo-
lecular weight, unsaturation, carbon, hydrogen, sul-
fur, oxygen, and nitrogen. Because of the complex
nature of the asphaltenes, some of the existing pro-
cedures had to be modified. The modifications to
the chemical procedures have been reported [12]
previously.

The molecular weights were determined by an
ebullioscopic method developed by Matteson [13].

The unsaturation was determined in chloroform
with Wij’s solution. The addition reaction took
place in the dark at 70 °F [14]. The original pro-
cedure was designed for relatively low-molecular-
weight compounds.  To ace ommodato it to asphalt
systems, the volume of chloroform was increased
from 10 to 20 ml, and the volume of Wij’s solution
decreased from 25 to 5 ml. The repeatability of this
procedure was of the order of +0.2 double bond per
gram of sample. The procedure ignores unsatura-
tion in aromatic rings; it is primarily for olefinic
unsaturation. KExperience has shown that certain
oxygenated and sulfur compounds can lead to high

values under some conditions.

3. Results

Table 2 contains the results of the component and
chemical analyses of the coating-grade asphalts used
in this study and of the fluxes from which they were
blown. The results of the component and chemical
analyses of asphalt 1 at various exposure times are
presented in table 3, those of asphalt IT in table 4.
The chemical dnalvses of the water-soluble degra-
dation ploducts of both asphalts are presented in

table 5. Tables 6 and 7 contain the results of the
analyses of the asphalts after outdoor exposures.
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TaBrLe 2. Properties and chemical analyses of fluxes and asphalts
Asphalt T Asphalt 1T
Property
Flux Asphalt Flux Asphalt
LA ety e e S S0 L P e e 223 e 224
Viscosityat210° F F.S_______.__________.| 84 (. _______.. 286 |-
Asphaltenes 2 13.2 (1850) a41.8 (3700) a13.2 (2200) @ 39.1 (4400)
Resins_____ o 16.8 (1000) 210.3  (930) 216.5 (1250) a9.9 (1100)
Dark oils. 229.8 (670) 218.2 (745) a37.6 (1020) @ 23.3  (900)
‘W hite oils- 2 32.4 (470) a27.4 (450) 229.0 (950) a24.4 (500)
Recovery.___ 92.2 97.7 96.3 96.7
Chemical analyses
Carbon____ 84. 64 83.89 86. 51 85. 51
Hydrogen___ 10. 89 10.29 10. 71 10. 29
C/H (atomic re 0. 65 0. 69 0. 68 0.70
270! 1.79 .26 1.27
2.18 2.27 1.15 1.24
1.11 1.23 0.90 0.69
99. 52 99. 47 99. 53 99. 00
»« Numbers in parentheses are number average molecular weights.
Tasre 3. Effects of accelerated weathering on asphalt 1
(22-1 cycle)
Component, | Percent = | Mol. wt. Unsat. Unsat. Refractive | Carbon | Hydrogen C/H Oxygen Sulfur Nitrogen Total
exposure index
ASPHALTENES
d.b.b/mole-
hr meg d.b.b/g cule % % % %
0 41.8 3700 1.65 6.11 83.53 8. 58 0. 818 2. 98 2.38
200 46.9 3000 1.55 5[ | SISOV | Ny | YRS | M 2.77
400 48.5 2700 1.61 2.88
600 48.7 3050 1.66 | 506 |- |- 3.01
900 o S e L B e e e 2.93
1, 200 48. 9 3020 1.65 2. 99
1,700 48.7 2300 1.71 80.72 2 g 4. 2.92
2. 500 47.6 2250 1.96 81.30 8.28 . 826 4.95 2.90
3, 500 4750 | S 1.86 79.22 8.34 . 799 5.35 2. 67
RESINS
0 10.3 930 1.74 0. 695 72 3.32
200 11.4 965 2 b e o e e e e 3.
400 11.4 990 1.52
600 10.6 965 AT S | ] 3 O B | S | T V| [ |
900 L s 1.44
1, 200 8.1 920 1.37
1,700 TI3 | SEEEE 1.34
2, 500 5.6 950 1.43
3.500 NS | 1.33
50°C
0 18.2 745 1.57 skalyg 1. 554 1.15 2. 65
200 13.6 720 1.58 1.14 1. 554 1.25 2. 45
400 11.3 760 1. 50 1.14 1. 548 1. 50 1.99
600 10.0 750 1. 50 1.12 1.537 1.39 1. 80
900 SN0 | S — LD L SRR 1.535 1.67
1, 200 8.1 720 1.41 1.02 1. 533 = 1.76 o
1, 700 401 SR S S 3 e SO (Y SR S hS 1. 527 84. 90 10. 25 . 696 1.87 1. 40 .49 98.91
2, 500 6.9 730 1.26 0.92 1. 523 83.72 11. 02 . 640 2.58 b
3, 500 526 TN | S [1YE1 S S [ T 1. 516 83. 82 10. 93 . 642 2.42 1.056 .20 98. 42
WHITE OILS
2% °C
0 27.4 450 0. 84 0.38 1. 4982 0.94 0.00 99. 68
200 24.5 520 .64 .33 1. 4969 88 |-
400 22.9 560 .44 .25 1. 4952 .44
600 21.6 540 .46 .25 1. 4940 .32
900 2018 TR | S STA5 | SO 1. 4932 .34
1, 200 18.5 520 .39 .20 1. 4924 .29 I
1, 700 g A I S D e 200 M| RN 1. 4912 .14 .33 100. 05
2, 500 17.8 530 .36 .19 1. 4892 . I | (e S
3, 500 1 T | Pl e 1. 4888 .13 26 98. 63

a Percent of original asphalt, by weight.

b Double bonds.
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TasLr 4. Effecls of acceleraled weathering on asphalt 11
(22-1 cycle)

Compo- Refractive
nent, Percent = | Mol. wt. Unsat. Unsat. index Carbon Hydrogen C/H Oxygen Sulfur Nitrogen Total
exposure
ASPHALTENES
d.b.b/ mole-
hr meg d.b.b/g cule v
0 39.1 4400 1.52 6.71 1.90
200 43.3 3600 1.48 5.33 1.70
400 44.5 3575 1.35 4.83 1.78
600 45.0 12,7 ) S | S | S ——————— 1.76
900 45.3 3250 1.42 4.62 T,
1, 200 4653 BN [EeT— ICI s 1.71
1, 700 47.5 2850 1.40 4.00 1. 66
2, 500 47.4 2825 1.40 3.96 1. 66
3, 500 47.2 2550 1.38 3.52 1.67
4,100 4785 N IS F150 S S —— 1.61
RESINS
0 9.9 1100 1.25
200 10.9 975 1.38
400 10.7 980 1.24
600 10. 6 1060 1.20
900 10.0 |- 1.13
1,200 9.0 1250 1.07
1, 700 8.1 1260 1.07
2, 500 8.1 1190 1.05
3, 500 8.0 1200 0. 98
4,100 713 |ooe - .80
0 23.3 900 1.12
200 18.3 860 1.13
400 16.9 880 S10,
600 15.7 930 1.04
900 144 | 0. 99
1, 200 13.3 1010 1. 00
1, 700 11.3 1050 0.83
2, 500 10.2 1030 .75
3, 500 9.0 1030 .59
4,100 9.4 | .51
WHITE OILS
25°C
0 24.4 500 0.41 0.21 1,4871
200 23.6 560 .33 18 1. 4870
400 23.0 560 .29 17 1. 4868
600 23.0 675 .27 18 1. 4860
900 21.3 885 .22 19 1. 4858
1, 200 20.5 920 .28 26 1. 4858
1,700 19.7 920 .23 20 1. 4852
2, 500 18.7 920 .21 19 1. 4834
3, 500 16.7 880 .20 18 1.4828
4,100 Wedl e 17 | SO, 1. 4820

a Percent of original asphalt, by weight.
b Double bonds.
¢ Fuzzy.
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TasrLe 5. Characteristics of the water-soluble degradation products formed during accelerated weathering
(22-1 cycle)
| Exposure Asphalt Carbon Hydrogen C/H Oxygen Sulfur Nitrogen Ash Total Titration
‘ loss mol, wt.»
i ASPHALT I
|
hr % % % % %
200 11 47.39 5.32 0. 748 35. 53 4.43
400 gl 47.60 5.45 . 734 33.11 4.48
600 530 | NN TIG | ENNVPS | NV | . 4.30
900 9.7 51.49 4.99 . 867 36. 30 4.02
| 1, 200 10 C) | SN | ENU SN | SRS | S ———— 3.67
1, 700 17.5 50. 35 4. 88 . 868 33.51 3. 56
I 2, 500 20.7 47.99 4.73 . 849 33.87 3.75
3, 500 24.4 47. 30 5.01 792 33.05 3.25
ASPHALT II
200 0.7
400 2.2
‘ 600 3.9
| 900 6.3
| 1,200 8.4
1,700 10. 6
2, 500 13.2
3, 500 16.6
| 4,150 17.4

s Assuming two carboxyl groups per molecule.

Tasre 6. Effects of outdoor exposure on asphalt [
Mol.
Exposure Percent wt. Unsat. Unsat. Carbon Hydrogen C/H Oxygen Sulfur Nitrogen
ASPHALTENES
|
| d.b.a/mole-
Months meg d.b.e/g cule % % % % %
0 41.8 3700 1.65 6.11 83. 53 8.58 0.818 2.98 2.38 2.39
3 44.0 1.74 3.44 s B R D R
6 45.3 1.58 4.20 2. 54 2.19
12 45.8 1. 59 4.28 2.71 2.08
18 43.0 1.64 4.61 2,040
|
RESINS
0 2.72 2.65 1.34
3 3.25 29
6 3.79 2.91 1.08
12 3.06 3.09 1.13
18 2.87 3820 SR | I —
0 1.15 3.32
3 1.08 3.02
6 1.06 2.23
12 1Al 1.96
18 2.16 2.08
0 0.05 0.94
3 .25 .72
6 .29 .46
12 .15 .36
18 .02 .44

a Double bonds.
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TaBLE 7. Effects of outdoor exposure on asphalt I1
‘ ‘ ‘ |
Mol. i \
Exposure Percent wt. Unsat. | Unsat. Carbon 1 Hydrogen C/H Oxygen Sulfur | Nitrogen
| ; '
ASPHALTENES
- d. b. a[mole- [ I
Months meq d.b.e/g cule % % % % | %
0 39.1 4400 1.52 6. 71 86. 61 8. 54 0.853 1.73 1.90 | 101
3 40.3 4200 1.55 . 2.26 1.98 ..
6 40.9 2850 17l 2.80 1.86 1.20
12 422 | 128 2,52 178 1.07
18 VI S 138 2.87 179 |l
RESINS
0 9.9 1100 1.25 .37 1.81 1.51 1.01
3 118 1180 1,40 6 207 168 |l
6 110 1160 1,49 .73 2.52 168 113
12 121 oo 122 |eeeoli 2.97 152 0.76
18 e | O S e 4.12 TS OSI S Ses
0 23.3 900 112 101 0.54 1.37 0.25
3 21.4 1030 1.30 1.34 .59 12 N S
6 20.5 940 1.41 1.32 1.07 1.16 .40
12 17.9 0.96 - 0.94 1.01 .41
18 14.6 1oy |- 1.55 126 |l
WHITE OILS
0 2.4 500 0.00 0.35 0.20
3 23.7 940 .09 Grst I (R
6 213 800 .21 25 756
12 2005 | 250 12 L1
18 PR e e e .64 51 0 SR e
= Double bonds.
Figures 1 and 2 are graphical presentations of the B0 R T T T
> . . O ASPHALTENES v  WHITE OILS
component changes during exposure. 2T, iyl s ASPHALT IT J
Graphical presentations of material balances based o DARK OILS
on the elementary analyses of the asphalts and their e .
water-soluble degradation products appear later in | = | i
this paper as figures 3 to 8, inclusive. z W;ﬂ o— —
w
z 40 =
c c e
4. Discussion of Results £
o A

4.1. General

The origin of petroleum and the changes that occur
during the ultimate conversion of petroleum and pe-
troleum products to carbon dioxide and water are
understood only vaguely. Some of the changes that

80 o o B
O ASPHALTENES v WHITE OILS ASPHALT I
- & RESINS = wt LOSS
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Freure 2. Change in components in asphalt I'l during exposure

to accelerated weathering 22—1 cycle.

occur during the conversion of the organic source ma-
terials to crude petroleum have been studied by nu-
merous investigators [16], and several hypotheses of
the conversion exist. Considerably more work has
been done on the combustion of petroleum fuels and
oxidation of lubricating oils.

The chemical constituents of the lighter fractions of
petroleum have been studied more zealously than
those in asphalt, and considerable information has
been accumulated on their compositions and prop-
erties. Less is known of the molecular species in the
higher-boiling fractions; almost nothing is known of
the individual molecules in asphalt and very little
has been reported on their chemical nature.
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Limitations of Analyses

Except where indicated, the chemical analyses are
averages of duplicate determinations. Two of these
determinations, molecular weight and unsaturation,
are somewhat controversial.  The ebullioscopic
method for determining molecular weights yields
number-average molecular weights.  These are
weighted in favor of the lower-molecular-weight com-
ponents in the sample. In addition, especially in the
asphaltene fraction, it is generally recognized that
aggregation of molecules exists to varying degrees in
different environments and that particle, rather than
molecular, weights are determined. In the limiting
sase, the particle and molecular weight are the same.
Because the ebullioscopic procedure gives among the
lowest values for molecular weights ol asphaltenes, it
is believed that these approach the true molecular
weight values. However, although the molecular
weights are of considerable interest, the changes that
occur during exposure are of primary concern in this
study.

Unsaturation determinations are ocecasionally
higher than the true unsaturation because of the sub-
stitution of the iodine in organic molecules as well as
its addition to double bonds. High values can also
result from the presence of certain types of oxygen
and sulfur linkages. However, while the true values
are of importance, the changes in unsaturation are of
primary interest in this study.

4.2. Asphalt Flux

The average molecular weight of flux 1T was 880,
and that of flux IT was 1150 (table 2). In separating
flux T into its components, a relatively large amount
of material could not be removed from the fuller’s
earth column (7.89). This material probably was
similar to, but more polar than, the resins. Flux 11
had significantly more dark oils and less white oils
than flux I. Flux I contained more sulfur and oxygen
than flux IT.

During the blowing process, the fluxes had been
oxidized at about 475 °F in a commercial blowing
still. At a soltening point of approximately 225 ° F,
the molecular weights of both asphalts had approxi-
mately doubled to 1970 and 2230, respectively. The
asphaltenes had inereased, primarily at the expense of
the resins and dark oils, both in quantity and molec-
ular weight. The white-oil fraction of asphalt 1I
was the only other portion that had changed signifi-
cantly in molecular weight, having decreased almost
50 percent.

During the blowing process there was a 1 percent
increase in the oxygen content of the asphalts, but no
other significant elemental changes occurred. Thus,
in  summary, the blowing process oxidized the
asphalt and increased its average molecular weight.
It produced n-pentane-insoluble material of high
molecular weight at the expense of some portions of
the n-pentane-soluble fraction of the asphalt.

4.3. Component Changes During Exposure

When the two asphalts were exposed to light, heat,
and water in an accelerated weathering machine in

560239—60——3

the laboratory, further changes took place. Because
many of the changes are complex and tend to counter-
balance other changes, the asphalts were separated
into simpler groups, and the chemical changes oc-
curring in each group were followed.

As seen in figures 1 and 2, the asphalts lost weight
during the entire course of the exposure.® This
weight loss amounted to 24.4 percent for asphalt I
and 16.6 percent for asphalt Il during the 3,500 hr
of exposure reported. The rate of loss was most
rapid during the period between 400 and 600 hr and
then slowly tapered off.

Asphalt 1 failed by the conventional crack-failure
criterion (509, failure level) [8] at 1,500 hr; asphalt
[T did not fail until 4,150 hr in the 22—1 cycle. There
was no indication of any sudden or unusual changes
at the failure point.

Changes in components such as those shown in
figures 1 and 2 have been reported previously [6] and
will be discussed only briefly. All the analyses are
based on the original weight of asphalt.

The asphaltenes increased rather rapidly at first
and remained nearly constant in quantity during the
last 3,000 hr of exposure.

The resins increased during the first 400 hr and
then slowly decreased.

The dark oils decreased rather rapidly at first and
more slowly during the last 2,000 hr.

The white oils followed a curve similar to the dark
oils, but the initial decrease was smallar.

In summing up the changes in components, the
asphaltenes increased at the expense of the oils dur-
ing the early part of the exposure. The asphalt lost
weight during the entire exposure at the expense of
the oils and resins.

4.4. Molecular-Weight Changes

The molecular weight of each of the asphalts,
which had inereased during the blowing operation,
began to decrease on exposure to the forces of deg-
radation—light, heat, and water. In asphalt I, the
molecular weight of the asphaltenes had increased
during blowing from 1850 to 3700; it decreased to
2250 (table 3) during 3,500 hr of exposure to the
22-1 cycle. Similarly, in asphalt 11, the molecular
weight of the asphaltenes had increased from 2200
to 4400 during blowing and decreased to 2550 (table
4) durmmg 3,500 hr of exposure. Although the molec-
ular weight decreased appreciably, the quantity of
asphaltenes increased during exposure. The newly
formed asphaltenes are insoluble in n-pentane,
apparently because of their polarity rather than
their size.

In asphalt I, the molecular weight of each of the
pentane-soluble fractions did not change appreciably
during the blowing operation and changed little
during exposure to the 22-1 cycle. In asphalt 11
the molecular weight of the white oils was almost
halved during blowing, but increased progressively
during exposure to the 22-1 cycle. The average

3 Because the first weighings are reported at 200 hr an initial gain in weight is
not apparent from these data.

293



molecular weights of the resins and dark oils de-
creased slightly during blowing and continued to
decrease during the ecarly periods of exposure, but
soon increased to their values in the flux. Thus,
during exposure, the molecules in both asphalts
seemed to have returned to the size they were before
the high-temperature oxidation process. The higher-
molecular-weight molecules possibly were the most
reactive during blowing and the early stages of
weathering. In the later stages of weathering the
lower-molecular-weight molecules reacted. The net
effect was to leave the middle-range-molecular-
weight molecules in the oils. Another possible ex-
planation of these molecular-weight changes in the
components of asphalt 11 might be in the formation
of smaller molecules through the fragmentation of
large molecules during blowing. These low-molecu-
lar-weight molecules could readily diffuse to the
surface and be oxidized and removed during weather-
ing. The net effect would be to lower the average
molecular weights of the maltene fractions during
blowing and increase these averages during weather-
ing.
4.5. Chemical Changes

The chemical changes that took place during
exposure may be stated as follows:

The unsaturation decreased during exposure as
the asphalts were oxidized (table 8). Under the as-
sumption that one oxygen molecule reacted at each
double bond, it was found that the decrease in un-
saturation was equivalent to the oxygen reacted
with and retained in asphalt I, but only equivalent

to one-half that in asphalt 1I. Apparently either
unsaturation is being created during weathering in
some of the molecules that remain in the asphalt, or
some oxygen reacts at other positions than at the
unsaturation. Both types of reactions probably
occur because many oxidized molecules leave the
asphalt as water-soluble and volatile degradation
products. The formation of these products resulted
i weight losses, which amounted to 24.4 and 16.6
percent for asphalts I and 11, respectively, and will
be discussed later. If oxygenated molecules inter-
fered with the determination, then increased oxygen
content of asphalt Il may account for these high
unsaturation values at 3,500 hr of exposure.

In asphalt I, the carbon-hydrogen ratios of the
components remained relatively unchanged during
exposure as did their molecular weights. In com-
bination with the relatively small melting range
observed during specimen preparation, these facts
tend to indicate a uniformity of molecular species.
The decrease in refractive indices of the oil fractions
of asphalt I during exposure (table 3) may then be
attributed to a decrease in branching and a loss of
double bonds [16]. In asphalt II, however, the
carbon-hydrogen ratios tended to decrease (table 4)
for all but the white oils (which are already very
close to paraffinic in nature), indicating that the
material remaining behind was more paraffinic than
that being removed. The refractive-index decrease
was somewhat less than in asphalt 1, because the
materials remaining in each component of the asphalt
as degradation progressed were of increasingly higher

molecular weight [16].

TasLE 8. Changes in oxygen and unsaturation of asphalts during 3,500 hr of exposure

22-1 cycle
Component Exposure | Percent = .1 _ Orveen S o l — _— 7l_'llsituratio;nii*7 —
“ Percent Weight b Change l meq d.b.¢/g i meq d.b.b. ¢ Change, d.b.c
— = L -
ASPHALT I
hr [ ] 2
VS [and | &2 | 28 | 1% haa (orm | B0 s
Rt [ gt | 03 | 22 | 0= N { fmo e b
N I N U S { | omp
Whiteoils...————————\ 350 | 157 Rt 7 e | SR SO %% PR
(120 i3] SO | A | SISIR243(01030i01eS10) ) NSS! ARSI e e —33.0 (0.033 moles).
ASPHALT II
O (ot | 23 | 4B | 2% Pow (12| B |hen
Reins. oo fl amd | 38| EH | O Mo {3 | 2
Dark ofls._ .- ooooooo- = 3, 500 X T3 g }’0'"2 """"""""" { 0.5 23 }‘20-&
R owad | 28 0% [ 00 Moo 04| % e
Total. S e SR1E6TR(0I053 ol eS10) BER e e aememememm-| —26.3 (0.0263 moles).

a Percent of original asphalt, by weight.
b Based on 100 g of asphalt.
¢ Milliequivalents of double honds.
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The sulfur and nitrogen contents of both asphalts
decreased progressively during exposure; both nitro-
gen and sulfur were present in some of the molecules
that became water soluble. Apparently, however,
the reaction that made the molecules water soluble
did not take place at the sulfur or nitrogen bonds
[17], for no oxidized forms of sulfur or nitrogen were
found by chemical tests in the degradation produects.*

Some of the sulfur-containing compounds reacted
to form asphaltenes during the early stages of ex-
posure. In asphalt I this reaction actually increased
the concentration of sulfur in the asphaltenes, while
in asphalt 1T the concentration remained the same.
In both cases, a greater proportion of the sulfur in
the asphalt appeared in the asphaltenes after ex-
posure.

In asphalt I the nitrogen compounds seemed to be
removed from the resins and dark oils, while in
asphalt II only the resins lost nitrogen compounds.
The materials that reacted to produce asphaltenes
must have had about the same nitrogen content as
the original asphaltenes because the nitrogen content
of the asphaltenes remained almost constant during
the first 400 hr of exposure.

Water-soluble and volatile degradation products
were formed during the exposure of the asphalts.
Only the former were collected for analysis.  The
magnitude and probable composition of the latter
will be discussed later. The water solubles (table 5)
were highly oxidized, acidic materials containing
appreciable nitrogen and sulfur [17]. Although,
superficially, these products were similar during the
entire exposure period, there were many differences
present, in the products collected during the various
exposure intervals. The nitrogen content of the
degradation products of asphalt I increased and the
sulfur content decreased progressively as degradation
proceeded. In the produects of asphalt II, both
nitrogen and sulfur increased.

The ash content of the water-soluble degradation
products reported in table 6 was composed primarily
of contaminating materials introduced by the reac-
tion of the degradation products with the aluminum-
alloy specimen backings and supports and atmos-
pheric contamination.

During the exposure period it was observed that a
colored film formed on the surface of the asphalts.
This film was composed of partially oxidized com-
ponents of the asphalt. It was insoluble in n-
pentane and remained with the asphaltenes during
the separation process. While the amount of
material in this film varied somewhat during expo-
sure, it averaged about 4 percent of the weight of
the original asphalt in asphalt T, and 2 percent in
asphalt IT. It was extracted with hot ethanol from
some of the asphaltenes of both asphalts. Some
typical analyses of this material from asphalt 1 are
presented in table 9.

4 Stewart [18] suggested that an absorption band at about 97 x in asphalt compo-
nents and their degradation products might represent a sulfoxide linkage; Beitch-
man suggests it could also represent a C-O linkage [19].

TaBLE 9. Ethanol extract of asphaltenes from asphalt I at

various exposure periods

Exposure | Percent of Hydro- Nitro-

time original | Carbon | gen C/H Oxygen gen Sulfur =
asphalt | 1 ‘
| |
| (I ; (_— , .
hr | | % % | % % %

0 2.80 | 79.49 9. 68 0.69 | 4.80 1.45 | 1. 58
1,700 4.87 } 73.95 9.32 .67 ’ 11.15 | 0.77 ‘ 4.81
3, 500 3.52 | 73.20 9. 26 . 66 | | 5.11

|

b11. 65 i .78

a By difference because of insufficient sample.
b Single determination.

Insufficient material was obtained from asphalt 11
for any complete analyses, but the oxygen content
was determined at 400, 1,200, and 3,500 hr to be
10.7, 13.0, and 14.2 percent, respectively. The
nitrogen content was determined to be 0.60 percent
at both 1,200 and 3,500 hr.

The ethanol extract is apparently an intermediate
degradation product. It has been oxidized sufficient-
ly to make it insoluble in n-pentane, but not enough
to make it water soluble.

4.6. Quantitative Considerations

The above qualitative discussion of the changes
that occurred in the two asphalts has shed some light
on what transpires during exposure, but for a better
understanding, the data must be examined quanti-
tatively.

All of the complete elemental analyses accounted
for between 98 and 100 percent of the material being
analyzed, introducing a maximum of 2 percent
uncertainty in any particular analysis. This differ-
ence was apportioned to each element in proportion
to its concentration. In the component analyses
there was usually about 2 to 3 percent of material
that remained on the fuller’s earth and was not in-
cluded in the material that was collected for analysis.
Subsequent work showed that this normally unre-
covered material was of the same molecular weight
as the resins and was similar to the resins in many
other respects. As an approximation, it will be
included in the following discussion as additional
resins.

Thurston and Knowles [4] reported that for each
mole of oxygen absorbed by an asphalt during ex-
posure to ultraviolet light, an additional mole of
oxygen went into CO, and H,O formation. These
authors reported no other volatile products. There-
fore, all losses of volatile materials in the following
discussion will be considered as CO, and H,O.
Logically, then, all of the sulfur losses must have gone
into tha nonvolatile, water-soluble degradation
products, offering a convenient tracer for determining
the amount of these products that has been formed.
All of the carbon and hydrogen not in the water-
soluble degradation products or the remaining asphalt
must have gone into volatile degradation products.
Because nitrogen can be introduced into the exposed
asphalt by direct reaction of some of its oxides always
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present in the atmosphere at the unsaturation in the
asphalt [19], it will be considered separately.

The sulfur distributions in the asphalts and water-
soluble degradation products are shown in figures 3
and 4. These curves closely parallel those of the
changes in the components themselves. The con-
version of compounds containing sulfur into as-
phaltenes during the period in which the asphaltenes
were increasing is readily apparent as is the gradual
progressive transfer of sulfur-containing materials
from the maltene fractions to the water-soluble
degradation products.

Figures 5 and 6 show the oxygen distributions for
the two exposed asphalts and their degradation
products. All of the data are expressed as percent-
ages of the original asphalt in order to have a common
basis for comparison. A number of very interesting
observations may be made from these curves. Both
asphalts increased continuously in oxygen content
despite the tact that they were losing weight. At
3,500 hr, each had picked up just under 2 percent of
oxygen. This oxygen ‘“absorption” must be added
to the actual weight loss to determine the net loss
of each asphalt. The curves representing these
figures are shown in figures 5 and 6, also.

The curves labeled “water-soluble degradation
products’ were calculated from the quantity of sulfur
lost from the asphalt and the percentage of sulfur
found in the water-soluble degradation products.
These curves are always lower than the weight-loss
curves.

The carbon and hydrogen lost from the asphalt
and not present in the nonvolatile degradation prod-
ucts was assumed to have gone into the volatile
products as CO, and H,O. KEach hydrogen molecule
picked up roughly eight times its weight of oxygen;
and each carbon atom, two and two-thirds times its
weight. Thus, very large quantities of CO, and
H,0 were formed, as indicated in figures 5 and 6.
While the data during the early part of the exposure
are in agreement with the previously mentioned
results reported by Thurston and Knowles [4], as
degradation progressed the proportions of CO, and
water formed became significantly larger.

In both asphalts the nitrogen content increased
slightly and then leveled oftf as degradation pro-
gressed as seen in figures 7 and 8. The nitrogen
increase may have come from the oxides of nitrogen
in the atmosphere reacting with the unsaturated
portions of the asphalt [18]. However, the effect is
small and of about the same order of magnitude as
the errors involved in the nitrogen determination.
The relative constancy of the total nitrogen in both
asphalts after the early periods of exposure serves
to confirm the validity of the assumptions used in
making these calculations.

4.7. Outdoor Exposures

The results of the first 18 months of exposure to
the weather are reported in tables 6 and 7. The
data ® are incomplete, primarily in molecular-weight

5 These results are based on the analyses of individual specimens.
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and nitrogen measurements, and show less tendency
toward specific trends than the more closely con-
trolled  laboratory  exposures. However, there
seemed to be a tendency for the molecular weights of
the components of asphalt I to decrease. In asphalt
II, the average molecular weight of asphaltenes
decreased and that of the white oils increased (as in
the laboratory exposures). Ixcept for the resins in
asphalt I, the carbon-hydrogen ratios of all of the
components remained fairly constant. All of the
components increased in oxygen content. No defi-
nite trends were observed in the changes of the
sulfur and nitrogen compounds. In general, possibly
because only single specimens were involved, the
results of the outdoor exposures did not show
significant trends.

5. Summary and Conclusions

When asphalts are exposed to light, heat, and
water, numerous and complex chemical changes
take place. Oxidation occurs and results in the
formation of volatile and water-soluble degradation
products, which are removed from the asphalt.
More than one-third of these weight losses occur
from the formation of CO, and H,O. About two-
thirds of the losses go into a water-soluble material

that is highly acidic. A fourth product that is
insoluble in water and n-pentane remains on the
surface of the coatings.

Sulfur and nitrogen are in the molecules that
become asphaltenes during the early periods of
exposure and are also present in the water-soluble
degradation products. The water-soluble degrada-
tion products that are formed are almost equal in
weight to the measured weight losses. The volatile
products represent about two and one-half times the
weight losses. A small increase in total nitrogen in
the system during the early stages of degradation
may mdicate reaction of the asphalt with the oxides
of nitrogen always present in the atmosphere.

Differences existed between the two coating-grade
asphalts studied and in the manner in which they
degraded. The principal differences were in the rate
of degradation and in the molecular-weight changes.
Secondary differences were obvious in the way the
sulfur- and nitrogen-containing molecules reacted to
form higher molecular-weight components and degra-
dation products.

Although the outdoor exposures were followed for
only 18 months, the changes taking place in both
asphalts tended to confirm those changes that took
place in the accelerated weathering machines.

The help of L. R. Kleinschmidt, S. Ishihara, and
J. P. Falzone in collecti he data for this er is
J. P. Falzone m collecting the data for this paper 1s
gratefully acknowledged. 'The author thanks H. R.
Snoke, A. Schriesheim, and R. Paulson of NBS for
their advice and encouragement.
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