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. The chemical chan~es that occulTed during t he weath erin g of two coatin g-grade asphalts 
JI1 accelerated wcathenn g m~chJl1 es an d outdoors were studied. Asphaltenes and water­
so lu ble a l.ld volatile degradatIOn p roducts :vere pl:oduced from the oi ls in t he asphalt. The 
In crease In asp.haltenes dUl'lng exposure IS attnbutable to t he formation of oxygenated 
group~ In the OIl components rather t han to polymerization of the oils . Some of t he sulfur 
a nd I1ltrogen compou nds o ri gin ally in t he oil fraction s underwen t chemical changes that 
made them insolubl e in n-penta ne. 
. The ilsphalts lost wei.ght duri ng th.e e xposure. Roughly two-thi rds of t he material lost, 
Jncludlll g s~1fur- and 11.'trogen-contall1lng mol ecule~, became water-soluble degradation 
ploducls. 1he other thll' ~1 became volatI le degradatlOl1 products, probably CO2 and H 20. 
An lI1termedlate degra datIOn product was separated with t he asphaltenes. This ma terial 
could be extracted from t he asphaltene fract ion with ethanol. 

The reported observations were mad e 011 aspha lts exposed in accel eratcd weather in g 
mach In es. Outdoor exposul'es of the sa me aspha lt s were of too short durat ion to produce 
SIgnIfi cant t rends, but th e general res ults were in agreem ent with the accelerated exposures. 

1. Introduction 

In. the refinin g of petroleum, the more volatile 
constItuents are removed by distillation . Because 
the process is co nducted in the absence of oxygen 
and at temperatures at which cracking does not 
occur, few chan&es . in iI.l.divi.dual molecules take 
place . vVhen the lU bncatw o' Olls have been removed 
a ~eavy vi cous res iduum, gr "flux," remains in th~ 
stIll pot,. from which eating-grade asphalt is made 
by bloWJl1 &, all' throu gh it at a high temperature . 
From the t une the flux enters the blowing still to the 
time it finally fail 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 
take !l place. Although almost nothing is known of 
the mdJvJdual 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).1 

Several studies have been reported on the changes 
that occm during the blowing process. Klein­
schmid t 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 in to asphalLenes and establi shed the actual 
formation of carbon-carbon and ester linkages as 
well as other oxidation fl.nd dehydrogenation re­
actions. 

1 Figlllcs in brackets JI1dlCate th e htClatUJ e 1 efel cnecs at the en d 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 a nd 
concluded that oxidation results in both an incl'ea e 
in oxygenated materials in the asphalt and an elimi­
nation of carbon dioxide and water. Thurston and 
Knowles [4] have confirmed thi s statement. Abra­
ham also reported the formation of free carbon by 
the excessive dehydrogenation of asphalt during ex­
posure. However, under normal exposure condition 
no one has ever definitely established the formation 
of free carbon in asphalt. A large number of in­
vestigators have reported the formation of asphal t­
enes [5], material in soluble 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 clements of weather. In 
general, these au thors observed that asphalt lost 
weight and the asphaltene fraction increased durin t : 

exposure, both at the expense of the components of 
the maltenes (the portion of asphalt soluble in 
n-pen tane) . 

"rhis paper carries the worl;;: 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 in the ele­
mental composition, ullsaturation, 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 asphal ts studied have been described as 
asphalts I and II in "The Effects of Mineral Addi­
tives on the Durability of Coating-Gr:tde 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. 

TABLE 1. Characteristics of asphalts 

Characteristic Asphalt I Asphalt II 

Softening point " _________________________________ of __ 
Penetration bat 32° F ____ ______________________ dmm __ 
Penetration at 77° F __________ __________ _______ dmm __ 
Penetration at 115° F ___ _______________________ d mm __ 
Suscepti bili ty 0 _________________________ ______ ________ _ 

Loss on heating d ________________________ __________ % __ 
Pen. after heating at 77° F _____________________ cl mm __ 
Specific gravity at 77° F ______________________________ _ 
DurabilHy 0 [9] -------- _________________________ days __ 
Component analysis [12] : 

Asphaltenes ____________ ____ - - - _ - _ - - - - ____ - - ___ - -%--
Resins __ __ ______________________________________ % __ 
Dark oils _____ __ _________________________________ % __ 
White oils _______________________________________ % __ 

223 
]0 
17 
30 

1.16 
0.22 

17 
1. 015 

43 

41. 8 
10.3 
18.2 
27.4 

R ecovery ________________________________________ %__ 97.7 

• AS1'M D3(}"'26. 
b AS1'M D5-591'. 
o S~(P115-P32)/P". 
d AS1'M D 6-39T. 

224 
11 
17 
26 
0.87 

.03 
17 
0.999 

75 

39.1 
9.9 

23.3 
24.4 

96.7 

e Durability was determined in a 51- 90 exposure cycle. This cycle consisted 
of 22 hr a day exposure to 5t min of li ght followed by 9 min of light a nd cold 
(40 OF ) water spray. The 50% failure level was used. ASTM D 529-591'. 

2 .2 . Panel Preparation and Exposure 

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

Eighteen specimens of each asphalt were exposed 
outdoors at an angle of 45° facing due sou th. 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. rrhe other 
specimens, five of asphalt I and two of asphalt II , 
were used for special tests no t incl uded in this paper, 
but were included in the ~weight-Ioss determinations. 
Because of the periodic removal of specimens for 
analysis, each succeeding set of weighings was made 
on fewer specimens. 

2 AS1'M Dl669- 59T. 

2 .3. Component Analysis 

The specimens removed from the accelen"ted 
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 hI' 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 tht) 
exposure intervals reported in tables 3, 4, and 5, the 
solutions of the accumulated water-soluble degrada­
tion products were removed, filtered , and evaporated 
to dryness in a vacuum evaporator at 120 to 135 OF. 
Because the water-soluble degradation products were 
extremely surface active, small portions of these 
ma,terials were invariabl,\- lost through Joaming in 
the evaporator. Fresh distilled water was uscd to 
refill the glass containers. 

2.5. Chemical Analyses 

The combined component fnl.Ctions 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 solu tion. The addition reaction took 
place in the dark at 70 OF [14]. The original pro­
cedure was designed for rclativel.\T low-molecular­
weight compounds. To accommodate it to asphalt 
system.s, the volume of chloroform was increased 
from 10 to 20 ml, and the volume of '1Vij 's solu tion 
decreased from 25 to 5 m1. The repcatftbility oJ 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. Experi ence has shown that certain 
oxygenated and sulfur compounds can lead to high 
values uncleI' 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 I at various exposure times are 
presented in table 3, those of asphalt II in table 4. 
The chemical analyses of the water-soluble degra­
dation products of both asphal ts 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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T A fiLE 2. P )'operties an d chemical analyses of .fl uxes and asphalts 

As phalt I Aspha lt II 
Propcrty 

Vlux As pha lt F' lux 

Softening pi. ____ _ ________ ____ o F__ ____________________ 223 ___________________ _ 
Viscosity at 210° F F.S ______________ _____ 84 ____________________ 286 
Asphallcnes __________________________ %__ " 13.2 (1850) 04 1. 8 (3700) " 13.2 (2200) 
Hesi ns ___________________ _ ___________ %__ - 16.8 (1000) a 10.3 (930) ' 16.5 (1250) 
Da rkoi ls ___ __________ ______________ %__ ' 29.8 (670) - 18.2 (745) "37.6 (1020) 
White oils ____________________________ "l,-- " 32.4 (470) ' 27.4 (450) - 29. 0 (950) 
Reeovery _____ _______ ---------------- 0;, - 92.2 97.7 96.3 

Chemical ana lyses 

Carbo n ___________________________ %__ 84.64 83.89 86.51 
H ydrogen ______ _ _________________ %__ 10.89 10.29 10.71 
C /lJ (a tomic ratio) __ __ .__________ _____ 0.65 0.69 0.68 
Oxyge n______ _. ______________ . __ "l,-- . 70 
Sul fur __________________________ -"l,-- 2. 18 

1. 79 .26 
2. 27 1. 15 .'\iLrogen ___________________________ %__ 1. 11 1. 23 0.90 

1'otaL _________ ____________ ---0;,-- 99.52 99. 47 99.53 

I I S u mbe l's in parentheses arC' num ber t1v('l'agc molecul ar weights. 

T A HLI, 3. Effects 0/ accelerated weathering on as phalt f 

(22-1 cycle) 

Componen t, percen ta l Mol. \\'L I 
exposure 

lT nsat. Unsat. I Hcfracti ve 
ill dex 

H yd rogen I C/ll I Oxygen I 

fl.r me!! (l.b. b/O 
0 41. 8 3700 1. 65 

200 46.9 3000 1. 55 
400 48.5 2700 1. 61 
600 48.7 3050 l. 66 
900 48.7 l. 65 

1, 200 48. 9 3020 1.(\5 
1, 700 48.7 2300 1. 71 
2.500 47. (; 2250 1. 96 
3,500 47.0 ------------ 1.86 

0 10.3 930 1. 74 
200 11. 4 9(-i5 1. 51 
400 11. 4 990 1. 52 
600 10.(j 965 I 41 
900 9.6 1 44 

1,200 8. 1 920 1. 37 
1, 700 7.3 --- - ---- I. 34 
2,500 5.6 950 1. 43 
3.500 5.6 I. 33 

0 l8. 2 i45 1. 57 
200 13.6 720 1. 58 
400 1 1. 3 7(iQ 1. 50 
600 10.0 750 l. 50 
900 8.9 ------------ l. 51 

1,200 8.1 720 1. 41 
1, 700 7.0 ------------ 1. 34 
2,.100 6.9 730 1. 26 
3,500 5.6 ------- - - --- l.J 8 

0 27.4 450 0.84 
200 24.5 .520 .64 
400 22.9 560 .44 
600 21.6 540 .4(; 
900 20.3 - - ---------- . 45 

1,200 18. 5 520 .39 
1, 700 17.9 ------------ .35 
2, 500 17.8 530 .36 
3,500 ]5.7 ---- ._ ---- -- .26 

a Percent of origi nal as phalt, by weight. 
b D ou ble bo nds. 

<l.b. "/moie­
cute 
6. 11 
4.65 
4.50 
5.06 

4.98 
3.9'1 
4. 41 

1. 02 
I. 4(i 
1. 50 
I. 39 

.1 .26 

I. 36 

l. 17 
1. 14 
I. 14 
1.12 

--.---------
I. 02 

------------
0.92 

-----.------

0. 38 
.33 
.25 
.20 

.20 
-----.-.-.-. 

. 19 
------------

50 ° C 
1. 554 
1. 554 
1. 548 
1. 537 
1. 535 
l. 533 
1. 527 
I. 523 
l. 516 

25°C 
I. 4982 
1. 4969 
I. 4952 
1. 4940 
1. 4932 
l. 4924 
1. 4912 
I. 4892 
I. 4888 

ASPH AL 'I'Ec{ES 

% 
83.53 

81. 60 

80.72 
81.30 
79.22 

R E S1.\'S 

82.17 

SO. 77 

79. 70 
79.41 
SO. 40 

DAR K OIL S 

84. 40 

85. II 

84.90 
83.72 
83.82 

WHITE OILS 

85.77 

85.90 

86.28 
85. 71 
85.48 
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% 
8.58 

8.35 

8.40 
8.28 
8.34 

9.93 

10.29 

10.63 
10.53 
10.55 

10.77 

10.33 

10.25 
11. 02 
10.93 

12.92 

12.67 

13.30 
12.95 
12.66 

0.818 

.821 

.808 

.826 

.799 

0.695 

.660 

.630 

.633 

. 641 

0.658 

.692 

.69" 

.640 

.642 

0.557 

.570 

.545 

. 557 

.577 

% 
2.98 
4. 17 
4.65 
4.68 

4.71 
4.95 
5.35 

2.72 
3.90 
4. 18 
4.70 

.0. 11 
6. 18 
5.95 

1. 15 
1. 25 
1. 50 
1. 39 

1. 87 
2.58 
2. 42 

0.05 
. 16 
. 05 
. U6 

.00 

.24 

. 10 

Asphalt 

224 

- 39. I (4400) 
a 9. 9 (11 00) 

a 23.3 (900) 
" 2'1. 4 (500) 

96. 7 

85.51 
10.29 
0.70 
1. 27 
1. 24 
0.69 

99.00 

ulful' I Nitrog:p 

% 
2.38 
2.77 
2.88 
3.0 1 
2.93 
2.99 
2. 92 
2. 90 
2.67 

3.32 
3.28 
3.22 
3.22 
2.96 
2.96 
2.88 
2. 71 
2.59 

2.65 
2.45 
1. 99 
1. 80 
1. 67 
1. 76 
l. 40 
1. 43 
l. 05 

0.94 
.58 
.44 
.32 
.34 
.29 
. 14 
.20 
. 13 

% % 
2.39 99.86 

2.3 1 99.79 

1. 97 98. i2 

1. 86 9U4 

1. 34 99.48 

1. 15 99.61 

0.75 99.07 

.61 ]00. 10 

0.57 99.54 

.48 99.41 

.49 98.91 

.20 98. '12 

0.00 99.68 

.42 99. 48 

.33 100. 05 

.26 98.63 



TABLI' 4. Effects of accelemted weathering on asphalt II 

(22- 1 cycle) 

Com po· 
nent, 

exposure 

hr 
0 

200 
400 
600 
900 

l. 200 
1,700 
2.500 
3,500 
4, 100 

0 
200 
400 
600 
900 

1,200 
1, 700 
2,500 
3,500 
4,100 

0 
200 
400 
600 
900 

1, 200 
1, 700 
2,500 
3,500 
4, 100 

o 
200 
400 
600 
900 

1,200 
1,700 
2,500 
3 500 
4: 100 

Percent · I Mol. wt· 1 Unsat. 

39.1 
43. 3 
44.5 
45. 0 
45.3 
46.3 
47.5 
47.4 
47.2 
47.5 

9.9 
10.9 
10.7 
10.6 
10.0 
9.0 
8. 1 
8.1 
8.0 
7.13 

23. 3 
18.3 
16.9 
15.7 
14. 4 
13. 3 
11. 3 
10. 2 

9. 0 
9.4 

24.4 
23.6 
23.0 
23.0 
21. 3 
20.5 
19. 7 
18.7 
16.7 
17.1 

4400 
3600 
3575 
2750 
3250 

------------

2850 
2825 
2550 

--- ---------

]]00 
975 
980 

1060 
------------

1250 
.1260 
1190 
1200 

------------

900 
860 
880 
930 

------------

10lD 
1050 
1030 
1030 

------------

500 
560 
560 
675 
885 
920 
920 
920 
880 

meg d.h. bla 
1. 52 
l. 48 
l. 35 

l. 42 
1. 46 
1. 40 
l. 40 
l. 38 
l. 23 

1. 25 
I. 38 
1. 24 
1. 20 
1. 13 
1. 07 
1. 07 
1. 05 
0.98 

.80 

1.12 
1. 13 
1.10 
1.04 
0.99 
1. 00 
0.83 

. 75 

.59 

.51 

0.41 
.33 
.29 
. 27 
.22 
. 28 
. 23 
. 21 
. 20 
.17 

a Percent of origi nal asphalt, by weight. 
h Double bonds. 
c Fuzzy. 

Un sat. index I 
R efractive 

Carbon I H ydroge n I Cill 

d .h. bl mole· 
cule 
6. 71 
5. 33 
4.83 

4.62 

4.00 
3.96 
3.52 

1. 37 
1. 35 
1. 20 
1. 28 

I. 33 
1. 35 
l. 25 
l.18 

l.01 
0.93 

.97 

.98 

1. 01 
0.87 
.77 
.61 

0.21 
. 18 
.l7 
. 18 
.19 
. 26 
. 20 
. 19 
.18 

A SPHAL'I'E"ES 

50 ° C 
1. 533 
I. 530 
1. 530 
l. 524 
1. 522 
1. 518 
l. 513 
l. 506 

o l. 536 

25 ° 0 
1, 4871 
1. 4870 
l. 4868 
l. 4860 
l. 4858 
1. 4858 
l. 4852 
l. 4834 
l. 4828 
1. 4820 

% 
86.61 

84.25 
84.55 

84. 45 

82.53 

RE SI:\S 

84.85 

84. 09 
83.64 

83.38 

82. 10 

DARK OILS 

86. 10 
86.37 
86. 55 
85.97 

85.54 

84.75 

IVIIITE OILS 

86. 29 

86. 15 
85. 94 

85. 78 

85.82 

290 

% 
8. 54 

8.30 
8.67 

8. 54 

8.25 

10.38 

10.60 
10.91 

10.93 

11.15 

0. 853 

.853 

.819 

.831 

.841 

0.687 

.666 

. 644 

.641 

. 619 

11. 36 0.630 
11. 35 . 630 
11. 62 .626 
11. 81 .6ll 

12.04 

12.50 

13.31 

13. 39 
13.80 

13.53 

13.21 

. 597 

.569 

0.544 

. 541 

. 523 

. 532 

.545 

I Oxygen 

% 
1.73 
3.19 
3.23 
3.52 
3.59 

3.61 

4.60 

1. 81 
2.65 
3.00 
3.21 
3. 36 

3.90 

4.64 

0. 54 
.72 
. 76 
.72 
.87 

l. 28 

l.18 

0. 00 
. 03 
. 06 
. 12 
. 18 

. 24 

.08 

Sulfur I ,\itrogen I Total 

% 
1. 90 
1. 70 
1. 78 
1. 76 
1. 72 
1. 71 
1. 56 
1. D(i 
1. 67 
1. 61 

1. 51 
1. 47 
1. 42 
1. 45 
I. 46 
1. 43 
1. 41 
1. 32 
1. 07 

1. 37 
0.95 
.85 
.78 
.72 
.85 
. 76 
.82 
. 67 

0.35 
.37 
. 14 
. 15 
.19 
. 11 
. 08 
. 15 
. 06 
. 09 

% % 
1. 11 99.89 

1. 11 98.67 

I. 10 99.35 

0.99 98. 04 

1. 01 99.56 

0. 78 99.89 

.58 100.20 

. 48 99. 44 

0.35 99. 72 

. 41 100. 19 

. 40 100.02 

.21 99.31 

0.20 100. 15 

.33 100. 07 

. 30 99.93 

.n 99.28 



T ABLE 5. Charaeie1'istics of the water-soluble degradation p1'odllcts formed dW'ing aceelbrated weath ering 

(22- 1 cycle) 

Exposure I A~~~~llt I Carbon I UYdrOgen I 

hT 
200 
400 
600 
900 

1,200 
1,700 
2, 500 
3,500 

200 
400 
600 
900 

1,2CO 
1, 700 
2, 500 
3, 500 
'J, 150 

% 
1.1 
3.1 
5.9 
9.7 

12.9 
17.5 
20.7 
24. 4 

0.7 
2.2 
3.9 
6. 3 
8. <I 

10.6 
13. 2 
16.6 
17. 4 

% 
47.39 
47.60 

------------
51. 49 

------------
50.35 
47.99 
47.30 

52. 26 
55. 9'1 

51. 78 

45.77 

% 
5.32 
5.45 

------------
4.99 

------------
4.88 
4.73 
5.01 

'I. 68 
4.82 

4.73 

4.77 

C /H 

0.748 
.73'1 

----- - ------
.867 

------- - ----

. 868 

. 849 

.792 

0.938 
.975 

.918 

. 806 

Oxygen I 

ASPHALT I 

% 
35.53 
:l3.11 

------------

36.30 
------------

:l3.5 1 
33.87 
33.05 

ASPHALT 

34.97 
33. 6.5 
36.01 

33. 54 

33.84 

II 

Sulfur 

% 
4.4:l 
4.48 
4.30 
4. 02 
:l.67 
3.56 
3.75 
3.25 

1. 91 
2.00 
1. 97 

J. 94 
2. 19 
2. 18 

I ~ i Lrogen I 

% 
J. 79 
J. 79 

2.63 

:l. 40 

1.54 

2.17 

3. 01 

a Assuming two carboxyl groups POl' molecule. 

T ABLE 6. Effects of outdoor exposure on as]Jhait 

I I 

:Mol. 

I I I 
Exposure P ercent wt. Unsat. Unsat. Carbon H ydrogen Cill 

ASPllALTE:\TES 

d.b. 'lmole -
]vfonths mey d.b. 'ly cute % % 

a 41. 8 3700 1.65 6.11 83.53 8. 58 0. 818 
3 4'1.0 ----------- - 1.74 ------------ ------------ - --------- - - ------------
6 45.3 1950 1. 58 3.0 82.79 8. 62 . 808 

12 45.8 ------------ 1. 59 ------------ 81. ] 2 8. 46 . 806 
18 43.0 1------------ 1. 64 ------------ 81. 88 8. 52 . 806 

RESI NS 

0 10.3 930 1. 74 1. 62 82. 17 9.93 0.695 
3 10.9 ------------ J. 62 ------------ ------------ ------------ ------------
6 11. 6 770 1. 42 1.10 81. 40 10.35 .661 

12 11 . 2 --------- - -- 1. 40 ------------ 80.09 10. 79 . 630 
18 9.8 ------------ ---- --- ----- -- ---------- 79.25 10.61 .627 

DARK OILS 

0 18. 2 745 1. 57 1.17 85.40 10.77 0. 658 
3 15.1 - -- - ----- - - - 1. 82 ----- - -- ---- --- --- ---- -- ------------ -- ------ ----
6 12.6 540 1. 61 0.87 85.68 10.69 .674 

12 12. 4 --- -- ------- 1.53 -- -- ------ -- 83.24 10.55 . 662 
18 11. 5 - -------- - -- -- - ----- - --- ------ -- ---- 84. 16 10.66 .663 

WHITE OIL S 

0 27. 4 450 0.84 0.38 85.77 12.92 0.557 
3 24.8 - - - -- ------- .81 - -------- --- - --- -------- --------- -- - --- - -- -- ----
6 22.2 320 . 42 .13 85.92 12.91 . 558 

12 21. 5 - ---------- - . 40 -------- ---- 85.82 12.50 . 576 
18 23.2 - - ---------- _43 --- - ---- -- -- 85.62 12.60 .572 

• DOll ble bonds_ 
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Ash 

% 
3.59 

2.39 

4.62 
7.92 
5.81 

5.93 

9.28 

Oxygen 

% 
2.98 
3. 44 
4.20 
4.28 
4.61 

2. 72 
3.25 
3. 79 
3.06 
2. 87 

1. 15 
1. 08 
1.06 
1.7l 
2. 16 

0. 05 
. 25 
.29 
. 15 
.02 

Tol al 

% 
98.05 

99.55 

97.82 

100.09 

98.85 

Sulfur 

% 
2.38 
2.54 
2. 54 
2.7J. 
2.54 

2. 65 
2. 94 
2.91 
3.09 
3.20 

3.32 
3.02 
2.23 
1. 96 
2. 08 

0. 94 
.72 
.46 
.36 
.44 

I 

rri ll'a tion 
mol. wt,l' 

340 

382 
382 
108 

388 

356 
390 
410 
430 

Nitrogen 

% 
2.39 

------------
2.19 
2. 08 

- -----------

1. 34 
------------

1. 08 
I. 13 

- - ----- --- - -

0. 57 
--- ------ -- -

. 53 

.69 
------------

0.18 
- - --- - ----- -

.45 

.60 
-- -----.--- -



TABLE 7. Effects of outdooT exposw'e on asphalt II 

I I 

.v[ol. 

I I I I 
Hyclrogen I 

I I I 
Exposure Percent wt. Unsat. Unsat. Ca.rbon e/H Oxygen Su][ur Kitrogen 

ASPIIAL'l'ENES 

d. b. a/ mole-
_~fonths meu d.b. a/g cttle % % % % % 

0 39. I 4400 1. 52 6.71 86.61 8. 54 0.853 1. 73 1. 90 1.11 
3 40.3 4200 1. 55 6.51 -------- ---- - - ------ - --- ---------- - - 2. 26 1. 98 - --- - - - -----
6 40. 9 2850 1. 71 4.88 85.21 8.42 .850 2.80 1. 86 I. 20 

12 42.2 -.--- ------- 1. 28 - ----- ------ 84.48 8. 45 .844 2 .. )2 1. 78 1. 07 
18 41. 8 --- -- -- -- --- I. 38 - ---- - - - ---- 84. 18 8.38 .844 2.87 1. 79 -.----------

RESINS 

0 9.9 noo l. 25 1. 37 84.85 10.38 0.687 1. 81 1. 51 1. 01 
3 11. 8 1180 1. 40 l. 65 ------------ --------._-- --- ---- ----- 2.07 1. 68 .---------- -
6 11. 0 1160 1. 49 1.73 84.00 10.44 . 67.) 2.52 1. 68 1. 13 

12 12.1 ---- ----- --- 1. 22 -_.------ --. 83.60 10. 66 . 658 2. 97 1. 52 0.76 
18 9. 2 ------------ l.l 8 ------------ 82.12 10.28 . 671 4.12 1. 68 - ---- -.-----

DARK OILS 

0 23.3 900 1. 12 1.01 86. 10 11.36 0.630 0.54 1. 37 0.25 
3 21. 4 1030 1. 30 l. 34 ---- ---.-. _- -_.--------- -- -- -------- .59 1. 26 ------------
6 20.5 940 l. 41 1. 32 86.08 11.38 .636 1. 07 1.16 . 40 

12 17. 9 - --------- -- 0.96 -.----- -- --- 86.26 11. 00 .658 0.94 1.01 . 41 
18 14. 6 ------------ 1. 09 -----------. 84.37 11. 34 .625 I. 55 1. 26 --- ---- -----

WHITE OILS 

0 24. 4 500 0.41 0.21 86. 29 J3. 31 0. 544 0.00 0.35 0.20 
3 23.7 940 . 40 .38 ------------ --- --------- ------------ .09 .29 ------------
6 24.3 800 . 39 .32 85.33 13. 3i .536 . 21 .25 .56 

12 20.5 ----------- - . 21 ------------ 84.33 12. 79 . 553 . 50 . 12 . 49 
J8 23.4 ------------ .23 ------------ 84.37 12. II . 584 .64 . J] ----- --- -- --

a Double bon els. 

Figures 1 and 2 are graphical presentations of the 
component changes during exposure. o ASPHALTENES 

11 RESI NS 
v WHITE OILS 

• wt LOSS ASPHALT II 

Graphical presentations of material balances based 
on the elementary analyses of the asphal ts and their 
water-soluble degradation products appear later in 
this paper as figures 3 to 8, inclusive. 

4. Discussion of Results 

4.1 . General 

The origin of petroleum and the changes that occur 
during the ul timate conversion of petroleum and pe­
troleum products to carbon dioxide and water (tre 
understood only vaguely. Some of tIle changes t.hat 

80 

60 

>-
~ 
z 40 
o 
"-

" 8 

20 

a 

o ASPHALTENES v WHITE OILS ASPHALT I - 11 RESINS • wt LOSS 

o DARK OILS 

~ 

~ , ----~ 
a 500 1000 1500 2000 2500 3000 3500 

EXPOSURE 1 hr 

FIGURE ] . Change in components in asphalt I during exposure 
to accelemted weatheTing 22-1 cycle . 
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FIGURE 2. Change in components in asphalt IT during exposure 
to accelemted weathering 22-1 cycle . 

occur during the conversion of the organic so urce 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 constituen ts 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 molec~llar weights yields 
number-average molecular weIghts. These are 
weighte~ in favor of the lower-n.l~lecular-w.eigh~ com­
ponents III the sample. In additIOn, espeClally III the 
asphaltene frfl,ction, it is generally recognized that 
aggregation of molecules exists to varying degrees in 
different envir.onments and that particle, rather than 
molecular, wmghts are determined. In the limiting 
case, the particle fl,nd molecular weigh t ,Lre the same. 
Because the ebullioscopic procedure gives among the 
~owes~ values for ITlolecular wei~bts of aspha.l. tenes, it 
IS beheved that these approacl1 the true molecul fl,[' 
weight values. However, al though the molecular 
weights are of considerable interest, the changes that 
occur during expos ure are of primary concern in this 
study. 

Unsaturation determinations arc occasionally 
higher than the true unsaturation because of the sub­
stitution of the iodine in organic molecules as well fl,S 
its addition to double bonds. High valu es can also 
result I'rorn the presence of cer tain 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 I Wfl,S 880 
and t l1.at ofJlux II was 1150 (tabl ~ 2). In separating 
fl~x I mto ItS components, a relatively large amount 
of matenal could not be removed from the fuller 's 
e~l'~h column (7.8 %). This material probably was 
snmlar to , but more polar than , the resins. Flux II 
had significantly more dark oils and less white oils 
than flux 1. Flux I contained more sulfm' and oxygen 
than flu x II. 

During the blowing process, the fluxes had been 
o~idized at abou.t 475. oF in a commercial blowing 
stIll. At a so ften.lUg pOI~t of approximately 225 0 F, 
the molecular weights of both asphal ts had approxi­
mately doubled to 1970 and 2230, respectively. The 
asphaltenes had increased, primarily at the expense of 
the resins and dark oils, both in quantity and molec­
ular weight. The white-oil fraction of asphal t II 
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 
in creas~ i~ t,he oxygen content of the asphalts, but no 
other slgmficant elemental changes occurred. Thus, 
111 summary, the blm.vJng process oxidized tho 
asphalt and increased it~ ave rag. e molecL.llar \~. eig.11 L. 
It produced n-pentane-1I1solu ble matenal of high 
molecular weIght at the expense of some portions of 
the n-pentane-solublo fraction of the asphalt. 

4.3. ComponQnt Changes During Exposure 

When th~ two asphal ts were exposed to light, heat, 
and water 111 an accelerated weathering machine in 

the labor9 tory, further changes took place. Because 
many of the changes arc complex and tend to coun ter­
?alan~e other changes, the asphalts were cparated 
111 to . sl~pler gro ups, and the chemical changes oc­
curnng ll1 each group were followed . 

As seen in figl!res 1 and 2, ~he asphalts lost weight 
dU~'ll1g the entire course of the exposure.3 This 
wClgh t loss amounted to 24.4 percent for asp halt .l 
a~d 16.6 percent for asphal t IT during the 3, .,)00 hI' 
of exposure reported. The rate of loss was most 
rapid during the period between 400 and 600 hI' a nd 
then slowly tapered ofl'. 

Asphalt I fail ed by the co nventional crack-failure 
cl'it~l'ioll (~O.% fa!lure level) [8] at 1,500 Ill' ; asphalt 
1I dId not fail un tIl 4,150 hI' in the 22- 1 c\' cle. There 
was no indicatioll of a ny sudd en or ullusual changes 
at the failure poin t. 

Changes in components such as those sho wn in 
figures 1 ~nd 2 have been ,reported previously [6] and 
WIll be discussed only brIefly. All the analyses are 
based on the original weight of asphalt. 

The asphal ten es increased rather rapidly at first 
a nd remallled nearly co nstant in quantity during the 
last3 ,000 hI' of exposure. 

The resins increased during thefil'st 400 hI' and 
then slowly decreased . 

The dad>: oils decreased rather rap idl y at fi.rst and 
more slowly during the last 2,000 hr. . 

Til e white oils followed a curve similar to the dark 
oils, but the initial decrease was smalb·. 

In summi!lg up the changes in compon ents, tbe 
:'1sphaltenes ll1cr eased at the expense of the oils dUl'­
Ln g the early part of the expOSUl'e. Tlte asphalt los(. 
weig~t during ~he entire exposure at the expe nse of 
the OIls and resms. 

4.4. Molecular-Weight Changes 

. ~he mol~cular weight. of each of the asphalts, 
wlueh had mereascd durmg the blowing operation, 
began to decrease on exposure to th e forces of de o'­

radation-lig~t, heat, and water. In asphal t I, the 
molecular wClght of the asphal tenes had increased 
dUl'ing blowing from 1850 to 3700 ; it decreased to 
2250 (table 3) d uring 3,500 hI' of exposure to the 
22-:- 1 cycle. Similarly, in asphalt II , the molecular 
wClght of the asphaltenes had increased from 2200 
to 4400 during blowing and decreased to 2550 (table 
4) dunn.g 3,500 hI' of exposure. Al though the molec­
ular weight .decreased appreciably, the quantity of 
asphaltenes mOl'eased during exposure. The newly 
formed asphal tenes are insoluble in n-pentane 
ap~ar~ntly because of their polarity rather tha l~ 
theu' SIze. 

In asphalt I, the molecular weight of each of the 
pen.tane-soluble fl:actions di~ not change appreciably 
dur~ng the blowmg operat ion and changed little 
dUrIng exposure to the 22- 1 cycle. In asphal t II 
the molecular weigh t of the white oils was almost 
Ital :red during blowll1g, bu t in creased progressively 
d UrIng expOSUl'e to the 22- 1 cycle. The average 

3 Recausl:' the firs t weighLngs a re repor ted at 200 h r an initial gain in weight is 
not appareM from t hese data. 
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molecular weights of the reSlllS and dark oils de­
creased slightly during blowing and continued to 
decrease during the early 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
moleculilr-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 II might be in the formation 
of smaller molecules through the fragmentation of 
large molecules during blowing. These low-molecu­
la1~-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 
?lowing and increase these averages during wea ther­
mg. 

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 deCI'ease in UIJ­

saturation was equivalent to the oxygen reacted 
with and retained in asphal t I , but only equivalen t 

to one-half that in asphalt II. Apparently either 
unsaturatlOn is being created during weathering in 
some of the molecules that remain in the asphalt, or 
some oxygen reacts at other positions t.han at the 
unsaturatlOn. Bo th types of reactions probably 
occur because many oxidized molecules leave the 
asphal t as water-soluble and volatile degradation 
products. The formation of these products resulted 
in weight losses, which amounted to 24.4 and 16.6 
percent for asphalts 1 and II, respectively, and will 
be discussed later. If oxygenated molecules inter­
fered with the determination, then increased oxygen 
content of asphalt II may account for these high 
unsaturation values at 3,500 hI' of exposure. 

In asphalt I , the carbon-hydrogen ratios of the 
components remained relatively un changed during 
exposure as did their molecular weights. In com­
bination with the relatively small melting range 
observed dUTing 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 I , because the 
materials remaining in each compon ent of the asphalt 
as degradation progressed were of increasingly higher 
molecular weight [16]. 

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

Com ponent Exposure Percent u 

Percent I 

hr 
Asphaltenes __ _______________ ._ r 0 41. 8 2.98 

\ 3,500 47.0 5. 35 
Resi ns ____ ________ ____ ___ ______ { 0 10.3 2.72 

3, 500 5.6 5. 95 
D ark oils ______________________ { 0 18.2 1. 15 

3, 500 5.6 2.42 
White oils __ _______________ ____ { 0 27.4 0.016 

3,500 15.7 . 016 

22-1 cycle 

Oxygen 

Weight b I Change 

ASPHALT 1 

9 
1. 25 }+ 1.26_. ___________________ r 
2.51 \ 
0.28 }+0.05 ____ . ________ . ___ . { 

.33 

. 21 }-007 ___________ _______ ___ { 

. 14 
--------- --- } 0 ____ . ________________ _ { 
--------- -- -

Unsaturation 

illeq d.b. '/g i meq-d.b. b ., I Change, d.h. ' 

I. 65 
I. 86 
1. 74 
1. 33 
1. 57 
1.18 
0.8'1 
.26 

69.0 
87. 5 
17.9 
7.4 

28.6 
6.6 

23.0 
4. 1 

}+l8.5. 

}- 105 

}-22.0. 

}- 18.9. 

TotaL _____________________________________________ . _________ __ ________ __ __ _ + 1.24 (0.039 moles 0 ,) ________________ __ _________ ______ -33.0 (0.033 moles). 

Asphaltenes __ __ _______________ { 0 39. 1 1.73 
3,500 47.2 4. 60 

Resins __________ __ ____ _________ { 0 9.9 1. 81 
3,500 8.0 4. 64 

D ark oils ____ __________________ { 0 23.3 0.54 
3, 500 9.0 1.18 

White oils ____________________ . { 0 24.4 0.00 
3,500 16. 7 . 08 

ASPHALT II 

0.68 }+1.4L __ ____ _ . ___________ { 
2.17 
0.18 }+O!9 ____________________ { 
.37 
. 13 }- 002 ___ __________________ { 
. 11 
. 00 }+OOl ___________________ { 
. 013 

I. 52 
1. 38 
1. 25 
0.98 
1.12 
0. 59 

.41 

.20 

59.5 
65.2 
12. 4 
7.9 

26.1 
5.3 

10.0 
3.3 

}H.7. 
}- 4.5. 

}- 20.8. 

}- 6.7 . 

TotaL ________________________________________________________ ----------- + 1.67 (0.053 moles 0 ,) ___ . _ _______ _____ ___ __ ___ __ _____ _ -26.3 (0.0263 moles). 

a Percent o[ ori ginal as phalt, by weight. 
b Based on 100 g of asphalt. 
' Milliequivaleuts of double bonds. 
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The sulfur and nitrogen contents of both asphalts 
decreased pr ogressively during exposure; both nitro­
gen and sulfur were present in some of th e 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 ch emical tests in the degradation products.4 

Some of t he sulfur-containing compounds r eacted 
to form asphaltenes during the early stages of ex­
posure. In asphalt I this reaction actually increased 
th e concentration of sulfur in the asphaltenes, while 
in asphalt II the concentration remain ed the same. 
In both cases, a greater proportion of th e sulfur in 
the asphalt appeared in the asphaltenes after ex­
posure. 

In asphal t 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 remain ed almost constant during 
the fu-st 400 Or of exposure. 

Water-soluble and volatile degradation prodll cts 
were formed during the exposure of the asphalts. 
Only the former were collected for aJlalysis. The 
magnitud e and probable composition of the la tter 
will be discussed Jater. The wa ter solubJes (table 5) 
were highly oxidized, acidic materials containing 
appreciable uitrogen and su lfur (17). Although, 
superficia lly, these products were similar during the 
entire exposlll'e period , there were many differences 
present in th e products collected during the various 
exposure ill tervals. The nitrogen con ten t of the 
degradation products of asphalt I increased and the 
sulfllr con tent deCl'eased progr essively as degradation 
proceeded. In the products of asphalt II , both 
nitrogen and sulfur increased . 

The ash conten t of the wa ter-soluble degradation 
products reported in table 6 was composed primarily 
of contaminating materials introduced by th e reac­
tion of the degrada tion 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 parti ally oxidized com­
ponents of th e asphalt. It was insoluble in n­
pentane and remained with the asphal tenes during 
the separation process. While the amount of 
material in this film varied somewhat during expo­
sure, it averaged about 4 p ercent of the weight of 
the original asphalt in asphalt 1, and 2 percent in 
asphalt II. It was extracted with hot ethanol from 
some of the asphaltenes of both asphalts. Some 
typical analyses of this material from asphalt I are 
presented in table 9. 

• Stewart [18) suggested that an absorpt ion band at abo ut 97 i' in as phalt compo­
nents an d their degradat ion products might represent a sul fo xide linkage; Beitch­
man suggests it coul d also represent a 0 -0 linkage [19] . 

T ABLE 9. E thanol extract of as phallenes f rom asphalt I at 
various ex posu re periods 

Exposure Percent of U ydro- Nitro-
t ime ori gi nal Oar bon gcn O/II Oxygen gcn Sulfur . 

as phalt 

Itr 
o 

1, 700 
3.500 

2. 80 
'1. 87 
3. 52 

% 
79. 49 
73. 95 
73. 20 

% a;, % 
9.68 0.69 4.80 I. 45 
9. 32 . 67 l l. 15 O. 77 
9. 26 . 66 b l l. 6r, . 78 

• By di fference because of illsu fTi cicnt sam ple. 
b Single determi nation. 

% 
4. 58 
4.8 1 
~. II 

Ins ufficient maLerial was ob tained from asphalt II 
for any complete an alyses, but the oxygen content 
was determined at 400, 1,200, and 3,500 hI' to be 
10.7, 13.0, and 14.2 percent, respectively_ The 
nitrogen content was determined to be 0.60 percent 
a t 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-pen tane, but not enough 
to make it water soluble. 

4.6. Quantitative Considerations 

The above q utdita ti ve discussion of the ch anges 
that OCCUlTed in the two itsphalts h as heel some light 
on what tr anspires during exposure, but for a betLer 
understanding, the dit ta must be examined quitnti ­
tntively. 

All of the complete eleJll elltaltLlhLiyses ,wcoun Led 
for- betwee n 98 and 100 percent of Lhe material being 
ana1.vzed , in trodu cing a maximum of 2 p erconL 
uncer tainty in any par t icular analysis. This differ­
ence was apportioned 1.0 f'<Lcil clement in proportion 
to its concentra tion. fn th e componen t analyses 
t here was usually a bol! t 2 to 3 per cen t of mate ria l 
tll at remained on the fu ller 's ear th and was no t in­
cluded in the ma terial tha t was collected for analysi . 
S ubsequen t work showed that this normally unre­
covered material was of the same molecular weight 
as tho resins and was similar to the resins in many 
other respects . As an approxima tion , it will be 
inclnded in the following disc ussion as additional 
r esins. 

Thurston and Knowles (4) reported that for each 
mole of oxygen absorbed by an asphalt during ex­
posure to ultraviolet ligh t, an addi tional mole of 
oxygen went into CO2 and H 20 formation. These 
authors reported no other volatile products. There­
fore, all losses of vola tile materials in the followiug 
discussion will be considered as CO 2 a nd H 20. 
Logically, then , all of the sulfur losses must have gone 
into thil nonvolatile, water-soluble degradation 
products, offerin g a convenient tracer for determinin g 
the amount of these products that has been formed . 
All of the carbon and hydrogen not in the water­
soluble degradation products or the r emaining 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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FIGU RE 5. Oxygen distribution in asphalt I during exposure 
to accelemted weathering. 
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FIGU RE 6. Oxygen distribution in asphalt II dliring expOSlire 
to accelerated weathering. 

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 in to 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 ox:ygen 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 welght. At 
3,500 hI', 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 asphal t 
and not present in the nonvolatile degradation prod­
ucts was assumed to have gone int,o the volatile 
products as CO 2 and H 20. Each 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 2 and 
H 20 were formed, as indicated in figures 5 and 6. 
While the data during the early part of the expos ure 
are in agreement with the previously mentioned 
results reported by Thurston and Knowles [4], as 
degradation progressed the proportions of CO 2 and 
water formed became significantly larger. 

In both asphalts the nitrogen content increased 
slightly and then leveled off 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 t he 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 n itrogen 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 5 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 trend s t.h an Lh e more closely COIl­

trolled laboratory exposures. However , th ere 
seemed to be a Lendency for the molecular weights of 
the components of asphalt I to deCl'ease. In asphalt 
Il , the a verage molecular weigh t of asphaltenes 
decreased and that of th e whiLe oils increased (as in 
the labora tory exposures). Except for th e resins in 
asphalt I , the carbon-hydrogen ra tios of all of th e 
componen ts remained fairly constant. All of the 
componen ts increased in oxygen content. No dafi­
nite trends were observed in the changes of th e 
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, hea t, and 
water , numerous and complex chemical chan ges 
take place. Oxidation occurs and r esul ts 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 CO2 and H 20 . About two­
thirds of the losses go into a water-soluble material 

that is highly acidic. A fourth product tha t is 
insoluble in water and n-pentan e r emains on the 
surface of the coa tings. 

Sulfur and nitrogen arc in thc molecules thaL 
become asphal tenes during tb e early pcriods of 
exposure and arc also presen t in the water-soluble 
degrada tion products. The water-soluble degrada­
Lion products that are formed are almost cqual in 
weight to the measured weight losses. Th e volat,ile 
products represent about two and one-half timrs the 
weight losses. A small increase in to tal nitrogen in 
the sys tem during the early stages of degradation 
may indicate reaction of th e asphalt with the oxides 
of nitrogen always presen t in the atmospher e. 

Differences existed between the two coating-grade 
asphalts s tudied and in the manner in which they 
degraded. The principal differ ences were in the rate 
of degradation and in the molecular-weight changes. 
Secondary differ ences wer e obvious in the way the 
sulfur- and nitrogen-con taining molccules reacted to 
form higher molecular-weight components and degra­
da tion products. 

Although the outdoor exposures wer e followed for 
only 18 months, tb e changes taking place in both 
asphalts tended to confirm those changes tha t took 
place in the accelerated wea thcring machin es , 
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