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T he in frarC'd spect ra of coat ing-grade [l.~ph a l ts to \V h ich moel el or~an ic co m pou nel s 
were add ed wel'(' compa rC'd with sp ectra of th e or ig in a l asph al t~ a ncl with . ph otooxlcll zC' r] 
asphalts. By t his met hod , it I\"3S shown t hat t he pl'l Il Clp a l oxyge n-coll tail ling prociuct s 
form ed in t he asp l19 1t du ring ai r- or ph otoox ldatlOn w(' re a ld ehyd es, ket o nes, a nd aC id s. 
T he pTcsence of cstcrs could 1l 0t be COil fi I'm ed . 

The effects o f air-blO\r in g conditions a nd C' levat ed tC'mpe' m t ure storage' on sC've' ra l as­
p halts wpre eXfl ]11 in ecl by in frarcd spcct roscop.v. ~ l c n1 t(' ci te' lli pcnttu re (~260 °e) storage' 
of ai r'-oxiciizccl ap shalts, unde r n it rogcll , cl C'c rcasecl a bsorbance III t he ca rbony l band at 
1700 c m- I a nd rC'ci liceri d urab ili t y to accC' lcratcd \\·cat ll(' ],]llg. 

Phot oox id at io n rcactions t h~lt occ ur rC'd at t he s urfa ce o f t h ick (625 Il ) asphalt fi lms, as 
detected by infrarccl spec;troscop.v, 11'(']'(' t Il(' SflmC' as those lI'hich too k plaeC' in th e thi n 
(25 Il ) fil ms. Also, t he p lr otooxid ation ratps 1\'(' ]'(' C'o mpa m bl(' . On ly ncp-l lg lb lc a moun t s 
of photoox idat io n occurrcd a t :1 d C' p t h of l Oll bene'at h the su rface . 

1. Introduction 

T he ini tial :tppli cH,t ion o f inf rared spec Lroscopy 
to Lhe analysis o f' :1pballene-Lype 11l<1teri a ls was 
m ade a decade ago by H adzi [1] I who s tudied qunli­
ta ti ,·ely . Lhe in fra red spectra of t h ~ l1g h t-pe ~l'ole~m­
soll'enL-In solu ble, b enzene-soluble Im cLlo ll 01 n 1l'IO US 
materials. F ri edel a nd Ou eiser [2] m ade ,til inl'ntl'ed 

" specLrum of an aps ltal L film in 1956 a nd used iL to 
illu sLrale th e simihtri t ies to Lh e spectr a of coal 
asphl1lLenes . Also, in 1956 , Knotneru s [3] a ppli ed 
infrared analysis to dete rm ine . Lhe oxygen-con­
t~1i ni ng fun ctio nal g ro up fo rm ed durin g Lhe air 
blowing o f asphal t ic biLum ens. 

Stewar t [4] described Lhe i nfrared spec tm of flS­

ph ftl t frac tioll s scpa rated by chromn Log rHp hic 
techniq ues i n 1957 . In this research, ltsph alts 
wer e sepaJ't1ted in Lo fO Llr fnlCLions :wd :111 infmred 
spec trum w:tS made of each fract ion . Sa ntl?les of 
t he original asphal ts were then exrosed lo r 30 
months outdoors, subsequen tly frac tIOn ated , and 
a n infrar ed spectrum was m ade from each fraction 
of the exposed asph al t. Som e of t he struc tural 
changes produced by weathering were elucidated 
by this method . ~tewa~·t ~vorked wi t h sol,Ter: ts, a 
h ea ted cell, po tassIUm IOdIde p ellets, and n11neral 
oil mulls in ob taining the spectra of m rious asph alts 
and asphal t fractions. 

In a study of the absorb an ce of asph altic m ateri als, 
Schweyer [5], in 1958 ,m :tde infrared sp ectra of aspha~ t 
fil ms O.lrnm thiclc F or walrelengt hs b elow 8 }J. , It 
was necessary to use carbon tetrachloride solu tions 
of t he asphal ts . Schweyer attemp ted to explain cer­
tai n differences in t h e properties of asphal tic mate­
r ials on the basis of the ul traviolet and infrared 

1 If' igu rcs in brackets indicate the literatu re rcferences at the end of th is paper. 

spectra. Homberg et a l. [6], used in frared ~ p ectl'Os­
copy in t he ann,lysis of as ph<tl t compo nen ts (1'0 111 gel, 
sol-gel, and sol asp hal ts in 1 959 . ~~ ro ll~ t he resul ts 
t hus obtn,ined , t he p ercentages 01 l't1l'lOUS carbon 
li nk aD'es in each f raction were calculated a nd com­
pal'eel with other prop er ties such as C/H mtio, 
eleill ental analyses, and m olecular w61ght. 

B eitchm an [7], i n 1959, descrI bed a met hod for t he 
p I'Ppn.l'ation , il'mdia tion, and infr ared analYSIS or 
thin fi lms of air-blown asp hal ts of about 25 }J. t lllCk­
ness. B eitchm a n obseI'l·ed t htt t increases in absorb­
a nce at 3435 CI11- 1 (2.91 }J. ), ] 700 cm- l (5 .8 }J. ), and 
] 030 CI11- 1 (9.71 }J. ), [OH, C= O, C- O gr~ ups, 1'e­
specti I'ely], were p roduced by ex:posure of unsup­
por ted films or asphalt to Lhe mdla n t energy or a 
carbon arc. Yen [8], In 1962 , p ublis hed t he res ul ts 
of ~1n extensive ilw es tigation in to t he s tru ct ure or 
p etroleUln asphal tene~ by in frar~d analysis. 

Th e r esearch descn bed by BeJtchman [7] was th e 
first successful efl'or t to produce infmred s pectra of 
asphalt films without resortin g to sol ven ts, m ulls, 
pell ets , or sal t-crys tal suppor ts. The uns uppor ted 
film was par ticularly adap table to resear ch on asphal t 
photodegradation. T he f\l ms could b.e sca.nned , HT a.­

di ated and rescanned wlthoutmodIficftt lon to the 
asph alt oth er t ha n t hat caused by photod.egr ada t ion. 
IV-right, Campbell, and cowork ers modified t he un­
suppor ted film tech nique [9- 11] a nd used I t exten­
sively to determin e photooxidation rate~ of asphal ts 
[10], the effect of temperatul'e a nd re] atl\~e hUI!lldlty 
on asph al t oxid ation (11 ), a nd t he r elntlO nsJ:llp ? e­
tween carbon-arc in tensIty a nd asphal t oXldatlOn 
[12]. C han ges in absorb a nce at 1700 cm- I , the ?ar­
bonyl in dex, were employed to measure photooxlda­
tion. 

The p resen t pap er is ~tn extension of this l'ese~l'ch 
with t he general obj ecti \re of i~ terpl'~ting more fully 
som e of t he changes o bserve~ III .the lllfrare.d spectra 
of asphal ts due to photooxldatlOn . SpeCIfic areas 
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inves tiga ted include the na ture of the carbonyl com­
pcunds wi th absorbance at 1700 cm- l , spectral 
ohanges produ ced by air oxidation ~nd .by elelTa ted 
tempera ture sto rage of asphalts , oXIdatIOn rates of 
thi ck films, and the depth of the photooxidation 
reaction in asphalt. 

2. Infrared Spectra of Asphalts Containing 
Modei Organic Compounds 

Tnfrared spectroscopy giyes evidence of the 
presence in a material of characteris tic gro ups .suc.h 
as hydroxyl or carbonyl .groups . . If ~h e maten al ~ s 
a pure compound , such ll1formatlOn IS oftef.1 de.nnl­
ti I-e. If, on the other hand , the maten al IS a 
mixture, the interpretation is more complica ted as 
the location of n.ny functional groups, relati ITe to any 
compound in the mix ture, is not normally known. 

The complexity of asphalts limits th e in terpreta­
tion of their infrared spectra. Similarly , the changes 
whi ch occur in the infrared spectrum of an asphalt 
upon photooxidation are subj ect to limi ted in terpret~­
t ion . }i'or example, wi t h respect to absorban ce m 
the carbonyl band at 1700 cm- I , relati ve changes 
in the spectra of asph alt films can be measured 
wi th considerable n.ccuracy [10]; t he s ource of the 
carbon yl group, whether i t be aldehyde, k e.tone, 
acid anhydride, es ter , etc., can not be estabhshed 
easily [13]. 

It is possible, h owe,-er , to gain some insight as to 
the iden tity of th ese compounds by n.n indirect 
appron.ch which consists o[ addin g m odel organic 
compound s to an asphalt , scanning a film of the 
mix ture, and obserrin g the chn.nges produced in the 
infrar ed spectrum. New absorbance peaks . or 
shoulders are produced if the compound type differs 
from those in t he asphalt. Existin g absorb n.nce 
peaks are reinfor ced if th e model-compound additi Ire 
corresponds to compounds of the same types already 
presen t in the asphalt. The model-compound­
additive m ethod was employed in this research to 
elucidate the types of compounds fOllned during 
photooxidation of asphalt wi th special emphasis on 
t he changes which occur in the absorbance at 1700 
cln- I . 

2.1. Experimental Procedure 

a . Methods 

The method for the preparation , irradia tion , and 
infrared analysis of unsupported asp hal t films has 
b een described elsewhere [10]. The model organi c 
compounds were incorporated into the asphalt in 
t he following mann er: a known am oun t of a selected 
asphal t was heated on a hot plate under a blanket 
of nitrogen un til melting occurred. The organic 
compound was added (1 to 2% by weight ) and the 
resul tan t mixture stirred until relatively homo­
geneous. The mixture was then covered and cooled 
to room temperature. The whole opera tion required 
7 min . 

Films (25 !l thick ) of the additive-treated asphalts 
were prepared as described in [10] . Infrared scans 

were m ade of these films. For direct comparison , 
t he spectrum of the additi,-e-containin g asphalt was 
made on the char t paper which contained the 
spectrum of the corresponding untrea ted asphalt 
from a film of similar thickn ess. P erkin-Elmer 
infrared spectrophotom eters (Models 221 and 137) 
were used in making the infrared scans . 

h . Materia ls 

Two air-blown roofin g asph alts were used in t he 
presen t study: On e asphalt (No. 16) was of Mid­
continen t Uni ted States origin and had shown a 
durability to accelerated weathering (ASTM D 529-
59'1' ) of 93 days usin g the 51- 9C cycle (9 min or 
cold water spray in each hour ). The other asph al t 
(N o. 9) was a California Coastal asphalt fluxed wi th 
reclaimed lubricatin g oil ; i ts durabili ty was 32 days. 
Properties of these asphalts have been described 
elsewhere [9]. 

2.2. Infrared Spectra of Air-Blown Asphalts 

o. Aspho!ts With No Compounds Added 

The infrared spectra of a typical air-bl own asphal t 
before and after photooxidation are shown in figure 
1. Significant changes in absorbance may be 
obsen Ted at 3436 cm- t, 1700 cm- I , and 1600 cm- I . 

Accordin g to Stewar t [4], r espective absorbances at 
these wave numbers are due to: OH stretchin g, 
C = O, aroJ1"latic and co njuga ted alkene and OH 
bonding. Also, absorb ance changes a t other waye 
numbers have been repor ted by Beitchman [7] 
and Stewar t [4]. 

Of the absorbances mentioned abol-e, rela tive 
changes due to photooxidation are best measur~d at 
1700 cm- l since t his, the carbonyl band, is relatll'ely 
free from in terference by absorbances of other 
groups [14] and carbonyl absorbances can be deter­
mined with grea ter accuracy than other groups such 
as OH and C- O. This band was used extensively 
by the authors in pre\'ious investigations on t he 
photodegrada tion of asphalts [9- 12], but t he identifi­
cation of the types of organic molecules responsibl e 
for the absorbance at 1700 cm- I was not made. 

w 
u 
z 
« 
CD 
a: 
o 
'" CD 
« 

WAV ENUMBER, CM- ' 

400 0 300 0 2000 1500 1250 1000 900 800 700 

0.0 

.I "f~ I \ \ p" 
\ \ A ~I~ r~ .2o1-l-+-I---t--l-----':,ttl 1.+.1 \--!---bL8=?:lc::....~q..J---P'=t-__1 

.30W-\-l---l----l--~1 ~4lA'l" p/s..-.. f'= .. ~ ... -.. f--+--+-+----+--j----1 
~O,~4+-+---~~-++#-II +--+---+---ML,O~C~OLNT~I~NE~N~T -U~S~A~ 
.50'H-+l--+---I----+--l+-ll--+--+---I AS PHAL T 

~i1§~~~~~~i~= BEFOR E EXPOSU RE LO~ ._.- AFTE R EXPOSUR E 

6 7 10 12 13 14 15 

WAV ELENGTH , ,u 

FI GU R E 1. Tn/rmwl spectra of a midcontinent U .S.A. asphalt 
before and after cm·bon-m·c i rradiati on. 
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b . Asphalts With Organic Compounds Added 

The in crea ed carbonyl absorban ce obsen -ed in 
asphal t upon photooxidation Jllay be due to any 
carbonyl-conta inin g organi c co mpounds. T o in­
vestigate t his p hen omenon by t he method described 
in section 2a, t he a pbalLs were mixed with es ters, 
aldehydes, ketones, acid , fLlld anhydrides, l'espec­
t i\-ely . A total of 14 difrerent co mpounds was used . 
These compounds are listed in tabl e 1 together with 
their chemical s tructure, characterist ic absorbances, 
alld the absorbances impar ted to asphalts containing 
each compound. 

The effects of various organic compounds on the 
infrared spectra of asphalt N o. 16 2 (with and without 
organic compounds added ) are shown in figures 2 to 
7. The changes produced by phthalic anhydride 
are shown in fi gure 2 . Two carbonyl absorbance 
bands, characterist ic of anhydrides are present at 
about 1845 and 1775 cm - I . Bellamy [1 5] reports 
val ues of ] 845 and 1775 CI11 - 1 for pht halic anhydride. 
In additi on to the carbonyl absorbance, t here is evi­
dence of t he C- O- C stretchin g vibra tion at 1250 
cm- I . Accordin g to Col t hup [16], yib ration in t he 
range of 1310- 1210 cm- I is characteri stic of cyclic 
anhydrides. 

T ABLE 1. j\!Joclel oTgam:c com pounds added to asphalts No.9 and No . 16 cm d theil' con tribu tion to the i nfrared spectra 

Ch arac- C harac- Absorb-
Compound Stru ctu rc teristic A bsorbance (s) Co mpou nd Structu re terisl ie [l noe (s) in 

absorb- in asp ha lt 2 f1bsorh- asphal t 2 
ance(s)1 a nce (s)1 

em- I cm- 1 cm- 1 cm- l 

0 1730- 1717 li30- in O l[ C II , 0 1705-1685 J705 

0 
II 1310- 1250 J275 (oroad ) 

(C lJ ,),c=6 (C 1I ,),6=c-~- 11 1440- IJ25 1320 
II-TIu tyl ph tha l- C O - C d l , 1150-11 00 111 5 (oroao ) C itra!.. ________ 9i5- 825 970 

a te. I I 
II If 

C - O - C , II , 
II I[ 0 
0 0' " 'l'rol1 s-c inn a- I - C = X - C - II 1705- 1685 1700 

0 IIlHldchy(\e. 12J 11 60 1200 (broad) 
II 
[' O - C , II , 1750-17J5 1740 
/ 11 7~ 1185-1175 I n-TIu tyl scba- ( C II ,) , 

ca le. " 0 
(' - 0 C. lt , II 
II n- Ile ptaloe- C II 3(C I1 ,),C - H 1740-1720 1710 
0 h yde. 1440-1325 

0 
0 ' 1717 1720 (shoulder) 0" o " 1300-11 00 1310 (broad ) Ace tophenone . I - C - C il , ' 1686 1690 

Rthyl cinna- I -?-?- C - OC, ll , ]]65 (broao) 
Il1alc. 

][ 1I 

11 0 
0 1751- 1748 1750 I II 
II 1250 1250 (broao ) lVl es ity l ox ide __ (C 1I ,) ,C = C - C - C 1J, ' 1690 1700 

n ,c - o - c - C"U " 11 63 J 160 1325- 1215 1275 (broad) 

I 
111 0 lI lO (broad) 0 

0 II 
II 11 - C - C 

: : ~~~ 
rr-ris tearil1 ____ ___ 11 - C - O - C - C" II " 

II " 1840 

I 
_M alcic anh y- 0 1790 

0 d r ide. / 1310-1210 1215 (broad ) 
II U - C - C 

][ ,C - O - C - C" II " II 
0 

0 ' 1685 1690 (shou lder) 

0" ' 1290 1305 0 
B enzoic ac id ____ I - c - on 1035 II 

' 714 ()\ ' 1845 J845 
P hth alic an h y- ' 1715 1ii5 

d ride. I 0 1310- 1210 1250 

0 2700-2500 2600 (broad ) "ci II ' 1708 1705 
Stea ric ac id ___ __ c"n ,,- C - O II 1350-)) 80 1250 (broad ) II 

0 
0 

0" Benza ldeh yde __ I - C - II ' 1704 1705 
1300-1260 

1 Source: L . J. Bellam y, The inJrared spectra oj compl" molecules, 2d cd. (J ohn Wiley and Sons, Ncw Y or k, N.Y. , 1958) . Aster isk (') ind icates value is speCific for 
the co mpound . U n marked en tries refer to the c lass of com pounds. 

2 Reference is made to tl1c regions of increased absorbance in the asphalt-add iti ve mi xtu re over that fou nd in the ori ginal asphalt. 

2 Aspha lt 16 was selected for th is stu dy because it h as a high initia l absorbance 
in the carbon y l band and would reflect on ly large contributions du e to additi ves. 
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FIG URE 2. Changes in the infrared spectrum of asphalt lVo. 16 
caused by the addition of phthalic anh ydride. 
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F I G URE 3. Changes in the infrared spectrum of ai> phalt No. 16 
ca11sed by the addi tion of mesityl oxide. 
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FIG URE 4. Changes in the infrared spectrwn of asphalt No. 16 
caused by the addition of citral. 

The addi tion of mesityl oxide, an a-iJ-unsaturated 
ketone, to asphalt 16 produced increased absorbance 
at 1700 cm- 1 and directly reinforced the normal 
absorbance of t he asphalt at this wave number 
(fig. 3) . Thompson and TOl'kington [17] show the 
frequency of the s tretching vibration of the carbonyl 
group in mesityl oxide to be about 1690 cm- 1 . 

Similarly , citral, an a-iJ-unsaturated aldehyde, 
increased carbonyl absorbance at 1705 cm- I (fig. 4). 
a-iJ-Unsaturated aldehydes normally absorb in the 
range of 1705- 1685 cm- 1 [1 8]. 

The addi tion of a fatty acid, stearic acid, to asphalt 
16 resulted in spectral changes typi cal of t his class 
of compounds [19]. Sligh tly increased absorbance 
was obser ved in the 2700- 2500 cm- 1 range (bonded 
OH stretching vibration ), at 1705 cm - 1 (C = O 
vibration ), and in the broad region around 1250 
cm- I (fi g. 5). The increased absorbance in the 1705 
cm- I region enhances that of the original asp halt . 

The addi tion of esters to asphalt 16 produced an 
eft'ect not previously obsel'\'ed with any of the other 
classes of carbonyl compounds in air-blown asphalts 
or in photooxidized asphalts . Two absorbance 
peaks were formed due to C = O vibration . This 
eft'ect is shown graphically in figures 6 and 7 with 
n-butyl sebacate and tristearin, a triglyceride, 
respecti \rely. 

Characteristics C = 0 absorbance for alkyl esters is 
in the range or 1750- 1735 cm- 1 with the n-butyrates 
at the lower end of the range [17]. This absorbance 
range is notably higher than the carbonyl frequency 
for alkyl ketones and aldehydes due to the influence 
of the adjoinin g oxygen [14] . The C = O absorbance 
for n-bu tyl sebacate in asphalt 16 is 1740 cm- 1 

while the absorbance of the asphalt alone in this 
region is at 1700 cm - 1. Similarly , the respective 
absorbances for C = O in tristearin and asphalt 16 
are 1750 cm - 1 an d 1700 cm- 1. The triglycerides 
absorb in the range 1751- 1748 cm- 1 [21]. 

The C- O stretching vibrations due to esters 
(1300- 1100 cm- I ) are found in t he asphalt spectra 
with both n- butyl sebacate and tristearin. With 
the sebacate, an absorbance is found at 1185- 1175 
cm- I . Sebacates absorb at 1172 cm- I [20]. Charac­
teristic C- O stretching modes for triglycerides are 
1250,1163 , and 1110 cm - 1 [21]. With tristearin, broad 
absorbance occurred at 1250, 1160, and 1110 cm- I . 

Photooxidized asphalts also exhibit increased ab­
sorbance in the 1300- 1100 cm- 1 region (see fig. 1). 
H owever, with photo oxidized asphalts, none of the 
characteristic bands for C- O \"ibrations in esters can 
be distinguished. 

2.3. Discussion 

By adding model organic compound s to an asphalt 
and obsenTin g the changes produced in the infrared 
spectra, i t was shown that ketones, aldehydes, and 
acids reinforced the absorbance assigned to the C = O 
frequency at 1700 cm - I , while acid anhydrides and 
esters did not contribu te in t his wave number region . 
The an hydrides exhibi ted two carbonyl absorbance 
bands at 1845 an d 1775 cm- 1• The esters developed 
an absorbance in t he 1750- 1735 cm - I region forming 
a doublet with th e carbonyl absorbance in the 
asphalt . Thus, it appears that the increased absl)rb­
ance found in oxidized asphalts is clue largely to 
ketones , aldehydes, and acids with no contribu tion 
from anhydrides and little or no contribution from 
esters. This generalization is applicable to asphalts 
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oxidized in ail', in oxygen, and in oxidants other than 
oxygen [22] as well ftS specim ens subj ected to photo­
oxidation. 

The insignifican t con tribution of esters as a source 
of oxygen in oxidized asphnJts is worthy of furth er 
commen t. In 1955 , Goppel ft nd Kn otnerus [23] 
published it paper on the fund a mentals of bitumen 
blowin g in whi ch m ore t han 60 percent of t he oxygen 
in the blown bitumen was n,ttributed to ester groups.3 
Furthermore, since esters lin k two dirI'eren t molecules, 
it was postulated that esters contributed to the 
formation of higher molecular weight mftterials. 
Proof of ester forma tion , based on saponification 
values and spectroscopic e\' idence, was described in 
a separate paper by Knotnerus [3]. These two papers 
have been referenced frequently in the subsequent 
literature dealing with asphalt oxidation under a 
variety of experimental conditions [24-27]. 

Since the present work does not support the 
contention that esters are the predominan t oxygen­
containin g molecules in oxidized asphal t, the dis­
crepan cy may be expla ined as follows: Th e spectro­
scopic evid ence offered by Knotnerus [3] is based 
upon the nearly complete disappearan ce of a strong 
carbonyl absorp tion band at 1724 cm- 1 and t he 
formati on of a new band at 1587 cm- l (carboxylic 
acid salts) w hen blown bitumens are sftponifled with 
excess allmli. (Th e remftining absorba,nce at 1724 
cm- 1 was beliel'ed due to 11.ldehyde and k etones.) 
Th e possibili ty of high m oleculftr weight acids was 
ruled ou t becftuse t he hydrogen bridges were not 
observed between t he soll'ent empl oyed in the spec­
tro copic method and the poten t ial acids . This 
evidence, coupled with saponiflcation Yalues, IVftS 

ofl'ered as proof t hat este rs were t he predominant 
m oleculftI' type. It is the authors' con ten t ion thftt 
the presence of " acid-solven t hydrogen bridges" 
would be extrem ely difficult to detect by infrared 
spectroscopy in a solution con tain in g the whole 
asphalt. And furth erm ore, t hl1.t the absence of such 
bridges und er these conditions is rather weak evi­
d ence for selectin g esters rather thftn acids as the 
predominant oxygen-co nta inin g molecule. 

Saponification valu es also may be misleading be­
cause compounds other than esters may produce 
positi ve result. Siggia [28], in discussing the limita­
tions of the saponification eq ui valent methoo, pointed 
out that the presence of reactive compounds would 
give erroneous resul ts to the method used in ester 
determination . According to Shriner et 11,1., [29], 
hot concentrated alkali affects functional groups 
other than esters. For example, aldehydes with 
a-hydrogen atoms undergo aldol condensation, alde­
hydes with no a-hydrogen atoms undergo Canniz­
zaro's reaction, and iJ-diketones undergo cleayage 
under the influence of hot alkali. 

To supply further evidence of this fact , saponifica­
tion equivalents were measured on n -heptaldehyde 
and acetophonone for 4 and 24 hI' alkali tren,trnent. 
The values for tbe aldehyde were 525 and 253, and 
for the ketone were 10,020 and 1,469 , r espectively . 

3 Similar efTeeis were postulated for aged bitumen s. 
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The present work does not, of course, rule out ester 
formation en til'ely. It is well known that a-iJ-un­
saturated esters exhibit carbonyl absorbance in the 
region of 1720 cm- 1. The addition of ethyl cinna­
mate (C = O frequency of 1717 cm- 1) to asphalts 
16 and 9 broadened the carbonyl absorbance but 
gave no doublet as was the case with normal satu­
rated esters. Also, in photooxidation of asphalts, 
poorly defined shoulders are sometimes observed on 
the main carbonyl absorbance region; these might be 
attributed to ester formation since asphalts contain 
both acids and alcohols. It should be noted that 
esters containing one or more iJ-hydrogen atoms in the 
alkyl group may decompose photochemically by an 
intramolecular rearrangement into an olefin and the 
corresponding acid [30]. In general, it is concluded 
that the oxygen in oxidized asphalts is principally in 
the form of aldehydes, ketones, or acids (the present 
results do not distinguish among these classes) with a 
relatively minor part as esters. 

3 . Spectral Changes Caused By Air-Oxida­
tion and Elevated-Temperature Storage 

The changes in the infrared spectra of the asphalts 
described in section 2 were produced by the addition 
of model organic compounds to the asphalts. Most 
hard asphalts, however, are manufactured by ail' 
oxidation at temperatures in the order of 260°C 
(500 OF ). Therefore, it was of interest to elucidate 
the spectral changes produced in asphalt under these 
conditions as well as those produced by storage of 
the asphalt at the elevated temperatures used in the 
air-oxidation process. 

Three asphalt fluxes, of Midcontinent United 
States, Venezuelan, and Southeast United States 
origin, were used. The designations of these fluxes , 
some physical properties, the conditions of air 
oxidation, and the softening points (S.P.) (ASTM 
D36- 26 ) of the oxidized asphalts are given in table 2. 
(For more details on these materials, see Greenfeld 
[3 1] . ) 
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(Film supported on NaCI Plates.) 

The infrared spectrum of the Kansas L- 22 asphalt 
flux, before air oxidation, is shown in figure 8. 4 The 
area around 1700 cm- 1 shows practically no absorb­
ance indicating little or no oxygen in the C= O form. 
Upon ail' oxidation to a softening point of 104 °c 
(2 19 OF), considerable absorbance was observed in 
the 1700 cm- 1 region indicating the formation of 
C= O oxygen (see fig. 9). 

Absorbance around 1700 cm- 1 may be attributed 
to C= O in the form. of aldehyde; ketone, and/or 
acid. The change in absorbance at 1300 cm -1 may 
well represent alkyl ketones and aromatic aldehydes . 

Another change appeared in the region 5 of 760 -
720 cm- 1 . Well-defined absorbances occurred at 
750 cm- 1 and 725 cm- 1 in the asphalt flux. In the 
air-oxidized asphalt, these absorbances were less 
intense and poorly defined. 

The infrared spectrum (not shown) of the air­
oxidized but softer asphalt (S.P. = 80 °C) was similar 
to that of the more highly oxidized asphalt (S.P. = 
104 °C) . The main difference was one of absorb­
ance intensity in the 1700 cm- 1 region ; the softer 
product showed less absorbance and, consequently, 
less carbonyl formation. 

Storage of the In-grade 6 Kansas L- 22 asphalt 
(S.P. = 104 °C) at 243 °C (470 OF) for 19 hI'S under 
a nitrogen atmosphere caused a decrease in S.P. to 
95 °C. Correspondingly, the absorbance intensity 
in the 1700 cm- 1 region decreased , but no shift in the 
absorbance region was observed. Apparently some 
thermal degradation of the oxygen-con taining mole­
cules took place. The storage temperature of 
243°C was severe enough to cause decarboxylation 
of organic acids. 
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(Made from Kan sas L-22 flu x.) 

4 Tbc softening point of tbe L-22 flux w.s 38 °C (101 OF) ; too low for an nnsnp­
ported film . For this reason, tbo asphal t film was prepared between sodiu m 
cb loride plates. 

s Bellamy [32] interprets strong absorbances in this region as clue to aromatic 
s'lbstitu t ion . Yen ancl Erdman [8] assign absorbances for aspbaltenes in tbe 
865-760 cm-1 range as clue to aromatic out·of-plane bending frequen cies. 

6 The designation " In-grade" refers to an asphalt which meets the industry's 
specifications with respect to softening point and penetration. 
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The relationship between asphalts modified by 
air-oxidation or elevated-temperature storage and 
their photooxidation rates was determined. The 
physical properties of the asphalt fluxes before and 
after asphal t oxidation are shown in table 2. The 

T ABLE 2. Physical properties oj asphalt fluxes beJoTe and 
after aiT oxidation 

Be fore a ir After a ir oxidation A if -oxidat ion 
oxidation conditions 1 

Designation 
Soft- Pelle- n e low l lll - I After ~rc m- Ai r 

cning Lration grade grade S LOrag~ peraLure Time rate 
poin t aL 25 °0 

--------
1/10 Softening poin t mm 

mil 
°C °C °C °C °C 1\l i11 mi,~ 

Kansas L- 22 ________ 38 249 SO 104 , 95 243 73 9500 
'ria .Juana 612 _______ 40 152 99 104 39i 246 64 4750 
T a lco l G-H F -2 ______ 40 190 98 102 ' 94 243 SI 4750 

I Conditions given are those used to produce asphalt designated lI [ n grade" [3]]. 
2 Stored for 19 hr at 24.3 0 0, under ni trogen. 
3 Stored for 21 hr at 246 00, under nitrogen. 
'S tored for 21.5 hr at 243 ° C, under lI itrogen. 

experimental method was that employed by Wrigh t 
and Campbell [10] in which 25 f-l. filius of each asphal t 
were exposed to the radiant energy o[ the carbon 
arc. Oxidation ,vas measured as a fun ction o[ 
exposure by t he changes occurring in C= O ab­
sorban ce at 1700 cm- 1. The asphal ts exposed and 
the resul tan t carbonyl indices are shown in table 3. 

Oxid ation-rate curves are plotted for K ansas 
L- 22 asph alts in figure 10. Th e asphal t t hat Wf1.S 
least susceptibl e to p hotooxidation was t he 1n­
grade asphalt (S .P.= 104 °C) . Film failure oc­
curred after 16-hr exposure. Th e Below-grade 
asp hal t (S.P .= 80 °C ) exhibited a slightly higher 
photooxid ation r ate, but fiJm fai lure did not occur 
until after 18.5 hr. T he least durable asphalt, 
with a much higher photooxidation rate and a 
film lire of only 12 hr , Wf1.S t he asphalt subj ected 
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FIGURE 10. Effect of ca,·bon-a,·c exposure (49 DC., 40 percent 
R . 11 .) on the change in inj1"ured abso"bance of vaTious Kansas 
L-22 asphalts at 1700 curl. 

to elevated temperature stomge. It appears that 
de~mcl ati o n reactions initiated thermally might 
well have continued under conditions for photo­
degmdation . 

4 . Spectral Changes in the Surface of Thick 
Asphalt Films Upon Photooxidation 

4 .1. Spectral Changes 

Tbe spectral changes in the asphalt described in 
sections 2 f1.nd 3 were determin ed with thin films of 
25 f-l. (1 mil) thi ckness. H owe\'er , the usual m ethods 
for the exposure of asphalts to solar or carbon-arc 

TABLE 3. Changes pToduced in em'bonyl indices oj various asphalts by i"radiation I 

Ca rbonyl incl ex (.6A at 1700 em-I) 

Asphalt __________________________________________ _ Km1sas L-22 'l' ia Juana 612 T a lco 1G-RF-2 

Soften ing point, ° C _______________________________ _ 80 104 95 99 104 9S 102 94 

Exposu re time, br : 
2__ __ __________________________________________ 0.007 ____________ ___ _________ 0. 014 0.018 0.015 0.013 0.014 0.019 
4__________________________ ____________________ .009 0.014 0.021 .030 .027 .034 .028 .034 .022 
6______________________ ________________________ .033 . 027 .034 . 050 . 040 .056 .040 .054 . 051 
8______________________________________________ .044 . 031 . 059 . 071 .069 .080 '. 067 ".076 . 072 
10___ _________ ________ _ _ ____________ ___________ ____________ _____ ____ ___ ____________ . 114 . 11 5 . 135 . 098 . 1 I 0 . 126 
12__ __ _______ ________________________________ __ ____________ '. 072 . 112 . 159 . 156 ____________ . 133 . 143 . 147 
13_____________________________________________ __ __________ ____________ ____________ '. 162 _________________________________________________ __________ _ 
IL ____________________________________________ ____________ ____________ ____________ ______ ______ ____________ ____________ .165 . 157 . ISO 
15_ _______________ _____ _ ________________ _______ _________ ___ ___ _________ ____________ ____________ _______ _____ ____ _ _______ ____________ ________ ___ _ . 192 
16_____________________________________________ . 135 . 123 __________ __ ____________ ____________ ____________ . 171 . 186 . l S4 
17________________ ____ _________________________ ____________ ____________ ___ _________ ____________ ____________ ____________ . 179 . l S6 '. 201r 
18_____________________ ________________________ '. 165 ___ ________________ ____ ________ ____ __________________________ _________ _________________________ _ 

1 Irrad iated in Atlas SMC-R Weath er Ometer a t 49° 0 and 40 percent R.n. for time periods in d icated. 
2 Irradiated for 12.5 h I". 
' Irrad iated for 18.5 hr . 
4 One sample on ly. 
' Irradiated for 7.75 hr . 
, Irradiate(1 for 17.25 hr. 
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radiant energy employ asphalt films of 625 fJ. (25 mils ) 
thickness [33]. In order to compare by infrared 
methods the changes observed in the thin films with 
those whi ch occurred on and near the surface of the 
thick films upon photooxidation, slices of 25 fJ. 
thickness were removed from the surface of irradiated 
thick film s and their infrared spectra determined. 

A Sou theast U.S.A. asphalt, No.6, was used in 
this study. An asphalt specimen was prepared by 
pouring the molten asphalt into a small aluminum 
weighing dish to a depth of about 625 fJ.. A 3.8-cm 
diam microtome specimen holder was then embedded 
into the soft asphalt. Upon cooling, the asphalt 
was cut to the diameter of the specimen holder and 
the surface was shaved smooth with a microtome 
(Spencer , Model 860). 

The asphalt samples were exposed to the radiant 
energy of a carbon arc at 49 °C and 40 percent R.R 
for the desired time period. The samples were 
mounted in the same respective positions in the ac­
celerated weathering machine as were previous sam­
ples of thin films. After exposure, a 25 fJ. slice was 
remO\Ted from the surface, weighed to check thick­
ness , and then pressed between sheets of unlacquered 
cellophane in a heated press to prepare a specimen 
suitable for infrared analysis. 

The infrared spectrum of a 25 fJ. film of asphalt 6, 
prepared from the irradiated surface of a 625 fJ. film 
is shown with the spectrum of an unexposed thin 
film asphal t 6 in figure 11. The changes in the 
infrared spectrum of the asphalt obtained front the 
surface of the thick film are the same as those pro­
duced in the thin films , [lamely those at 3435 cm- 1 

(OR) , 1700 cm- 1 (C = O), and 1030 cm- 1 (C- O). 
The carbonyl absorbance at 1700 cm- 1 and the 
absence of absorbance at 1740 cm- l indicates that 
the oxygen is in the form of acids , aldehydes, and 
ketones. The slight increase in absorbance at 2750 
cm- l suggests the presence of carboxylic acids and 
tha t around 1300 cm- l the presence of alkyl ketones 
and aromatic aldehydes. 

Figure 12 shows the changes which occurred in 
the infrared spectrum of a thin film of asphalt 6 
under the same exposure conditions as those used 
with the thick films . Significant changes in absorb­
ance occurred at 3435 cm- t, and 1700 cm-I, and 
increases in general absorbance at 1030 cm- l , as was 
the case with the thick films. Even the absorbance 
in tensities in these regions were about the same. 
These results indicate that the photooxidation re­
actions occurring in the thin films , as determined by 
infrared spectroscopy, are essentially the same as 
those which take place at the surface of thicker 
asphalt films und er the exposure conditions used in 
the presen t work. 

4.2. Photooxidation Rates 

A comparison was made of the photooxidation 
rates of thin film s of asphalt 6 and that which 
occurred on the surface of thick films of the same 
asphalt. T o do this , a series of 625 fJ. films were 
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prepared on microtome holders and exposed for 
varying durations to carbon-arc radiant energy at 
49 °C and 40 percent R,R, After selected exposure 
periods, 25 fJ. slices were removed from each film and 
specimens prepared for infrared analysis as described 
in 4.1.7 

A SUl'\Tey of the exposure data (table 4) shows that 
no significant difference exists in the photooxidation 
rates of the two films based on carbonyl index for at 
least the first 10-hr exposure. For greater durations, 
the surface became hardened, brittle, and uneven. 
As a result, films of uniform thickness could not 
be sliced from the asphalt specimen, This was 
manifested by the large variance of ~A values 
obtained beyond the 10-hr exposure period. For 
this reason, photooxidation rates of 25 fJ. and 625 fJ. 

films could not be compared for an exposure period 
of more than 12 hI'. 

; In order to calculate the carbonyl index (Ll.-'l at 1700 cm- ') [10], t he initia l car­
bOllyl absorbance of t hese films was estimated from a graph (prev iously prepared 
on thin films of as phalt 6) of film thickness versus initial carbon yl a bsorbance. 
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TAB LE 4. Changes p j'oduced in caJ'bonyl indices of 25 I-' .films 
a.nd in 625 I-' films of a.sphalt No . 6 by irradiation 1 

E xposu re 
Lime 

itT 
2 
4 
6 
8 
10 
12 

Carbon yl ind ex 

25 J.L film 

o. all 
.024 
.04.\ 
.064 
. 101 
. 116 

sl' rface of 
625 ~ fill1l 2 

0.015 
.012 
. 048 
' . 059 
.096 

4. 125 

I Irrad iated in ALias SiVl C- R Wca t her·Ollleter at 49 °0 and 40 perce nt H. H . 
lor time periods indicated, 

2 Based on a 25 ,.,. microtome slice from su rface of 625 JJ. asphalt. fi lm . 
3 I rmd iated for i. 5 hr. 
4 A vcrage of three valu es, 0.148, 0.085, and 0. 132. 

4.3. Depth of Photooxidation in Asphalt 

Tn a sepftntte experim ent employin g the micro­
to me, asphalt specim ens were exposed to cftl'bon-arc 
radi ation Jor 10 hI' at 49 °C and 40 percent R.H . 
A 10 Jl slice was r emoved from the surface cLnd t hen 
H second sli ce of 25 Jl t hi ckn ess rel1l o l'ed . The 
ini t ial carbo nyl cL bso rbance (1700 cm- I ) of Lhis 
secon dfilm , i, C., 10 to 35 Jl below t he ex posed surface, 
was not significn,n tly dif1'crcn t 1'1'0 111 film s of un ex­
posed asp halt 6 prepared in the usual m anner [10] . 
Th e impli cation presen ted is t hctt photooxidat ion 
of asphalt is apparently negligible at depths of 
> 10 Jl from t he sUl'face. Th is is in agreement wi th 
the conclusions of Dickinson ct ft1. , [34] . 

The au thors express their apprecifttion to S. H . 
Greenfeld , R esearch Associate, Asp bftl t R oofin g 
I ndustry Bureau , who kindly furn ished the asphalt 
samples ft nd phys icftl proper ty data on t he asphalt 
fluxes. 
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