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T he m echanism by whi ch aspha lt degrades during wea th ering can be st udi ed p rofi tably 
by observing t he action of m aLeria ls which inhibit t his degradation . 

A number of a nt ioxid a nLs which a re believed to function either by t heir a b ili ty to 
inhibi t cha in reactions or to decompose perox ides were st udied for their effecLiveness in 
retarding weigh t loss a nd promoting durabi lity o f r oofing aspha lts . Inhibi to rs of cha in 
react io ns in some cases inhi bited ,,·eigh t loss with ou t exte nd ing d ura bili ty. Compou nds 
which decompose peroxides \\·e re observed to be capa ble of extend ing t he durabili t,y of an 
asphalt a nd a lso of retarding weigh t loss . Phe nothi az in e, whi ch is beli eved to fun ction 
pri marily as a pe roxide decomposer, proved to be the most ou tstanding of the inhibitors 
tes ted . 

A sLudy made in oll e a spha lt of the dependence of phe nothiazin e activity o n conce n­
t ra ti on ind ica ted tha t a concentrat io n of 2 perce nt was op timum. In se veral othe r aspha lts, 
:2 pe rce nt phenothi az ine reta rded ,,·eigh t loss to varying exte nts wi thou t sign ifi cant ly 
ulLerill 1!; Lhe du rabi liLy of t il e asphalt . 

Sy nergis ti c a cLi\·i t.y was show n by the use of a n inhi b iLin g m ixtu re containing phe no­
Lhi rrz i Il C a nd N- phe n.v 1-2-n a phLhyJa mi nco 

T he resul t.s of t. hi s sLudy suppor t t he h .vpot hesis o f a free rad ical p rocess be ing in volved 
to a co nsidemb le deg ree in asphalt ic deg rada t. io n during weat.he rin g. 

1. Introduction 

Asphal t is the material that is used most widely 
for roofing in thc United Sta tes; however , li ttlc 
information is available concerning t he mechan ism 
of degrada tion of roofing asphalt during exposure 
to the weather. 

This paper reports a s tudy of the effect of two 
classes of antioxidants on t he durability and weight 
loss of asphalts used as roof coatings durin g accele­
rated weathering. Th esc an tioxidants have bcen 
shmvn to be cfrective in inhibi.tin g air oxidation of 
hydrocarbons, a reaction which is considered to be 
a free radical chain process. The mechanism , firs t 
proposed by Criegee and coworkers [1 ]1 and Bolland 
and T en Have [2], and also described by K ennerly 
and Patterson [3] is: 

lROOH-7RO. + HO. 
Initi a tion RO· (HO· ,H02·) + RH 

-7ROH (H 20 ,H 20 2) + R-
AH + 0 2-7A.+ H02• 

(1) 

(2) 
(3) 

(4) 
(5) 

(6) 

{
ROd RO. , f.IO., H02·) + AH-7ROOH 

Inhibition (ROH,H 20 ,H 20 2) + A · (7) 
ROd RO·, HO·, HOz·) + A.-7Y (8) 

The above equations have been explained by 
K ennerly and Patterson [3] essen t ially as follows. 
P eroxides, which are presen t 01' form in the hydro­
carbons, initially cleave into free radicals when 

* Prc~cnt address, Iloudry Process Corp ., Linwood, Pa. 
I Figures in brackets indicate tbe l iterature references at the end of tb is paper. 

supplied with en ergy in th e form of h eat 01' ul tra­
violet light (eq (1» . Alkyl rad icals a rc formed by 
reaction of these radicals with hydrocarbon mole­
cules (eq (2» . These reactions are termed initiation 
steps in the oxidation . A chain reaction then ensues 
in which more molecules of the hydrocarbon react 
(eqs (4) and (5» . The chain process can terminate 
with th e dimerization of two peroxy radicals to 
form an inactive product (eq (6». 

One type of antioxidan t functions by its abili ty 
to intercept radicals whi ch would propagate the 
chain reaction (eqs (7) and (8». Other m echanisms 
have been suggested by which these inhibi tor may 
in tercep t th e propaga t in g rad icals [4 , 5] . The 
inhibitor can con tribu te to initia tion (eq (3» and 
th e rate of this reac tion is directly dependen t on 
inhibitor concen tration . 

The class of an tioxidan ts , r eferred to as pel'oxide­
decomposers, fun ction by their ability to accelerate 
decomposition of peroxides in to products which 
would be inactive in initia ting or propagating a 
free radical oxidation. Inhibitor of chain reactions 
have been found to be superior for low tempera ture­
low concen tration applications and have b een used 
for protection of gasoline in storage [3]. Compounds 
which decompose peroxides have been found to be 
superior for h igh temperature-high concentration 
applications and have been used in au tomotive 
lubricating oils, where high temperatures are en­
coun tered [3] . 
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Asphalts arc a complex mixture, containing 
hydrocarbons for the most part, and on exposure to 
na tural and accelera ted wea thering yield a variety 
of oxidation products . Ultraviolet light produces 
deteriorating effects during these exposures , and 
thus it appears reasonable to propose tha t a free 
radical process may b e one of the principal means 
by which asphalt degrades. A study of the action 



of inhibitors of chain rea ctions and peroxide-decom­
posers on durability and. weight ~os~ of asphalts 
durinO" accelera ted weatherIng may llldlcate whether 
a £reebradical process is involved in this degradation. 

2. Procedure 

E ach of the asphalts was melted in a seamless 
oin tmen t can on a ho t plate and stirred periodically 
un t il the asphal t was fluid. The inhibitors, which 
are li sted in tabl es 1 to 5, were add ed to the asphalt 
and stilTed for several min utes. Exposure speci­
mens were prepared by t he hydraulic prE'SS method 
[6]. The asphalts u s~d in this stu~y were selected 
on the basis of prevlOusly determmed values 2 for 
durability in order to include asphalts wit.h a ~vide 
range of durability. These asphalts are Iden tlfiE'? 
bv the symbols A to F. Four panels of each speCl­
men wer E' prepared except for sampl es of a sph!~Jt A 
and in this case only three panels for each speClmen 
were prepared. The p~n els of asphalt were exposed 
in accelerated weathenng m achmes to 51 mm of 
Jigh t and 9 min of cold (40 0 F ) water spray and 
liO"h t durinO" eVE'ry hom' of exposure. Panels werc 
w~ighed pe~iodically to determine weight loss. TIl(' 
method for determinin g durabili ties wa s that de­
scribed by GreenfE'ld [6] . This procedure involves 
periodic Inspection of .panels. with a hi.gh voltage 
elec tric probe. The fallLu·es m the coatmg are de­
termined by m aking a spark photograph of the 
surface. A 60-sq uare grid is placed over the pho to­
O"raph and when half of the squares show thE' presence 
~f cracks or holes, the coating is considered to have 
failed . Durabili ty is defiDE'd as the time required 
to reach t his condition. Softening points 3 of unin­
hibited asphal ts in this repor t ran ged from 2080 to 
224 0 F and the penetra tions <I at 77 0 F from 16 to 
20 .5. 

3 . Results 

A number of compound s which are considered to 
function as a.nt ioxidan ts by peroxide decompositiop 
or inhibition of chain reactions were tested for t helt" 
activity in retarding degrad~ ti~n . effects in .asphal t 
caused by weathering. The lllhIbltors of chaUl reac­
tions used in thi s study were classified as such on 
the basis of studies by othpr investiga tors [4 , 7] . 
Compounds identifi ed as peroxide decomposers were 
part of a group discussed by K en!lerly. and Pa t ters~n 
[3]. The effectiven ess of the UlhIbItors of ch~l11 
reaction s in retarding weight loss and pro~~otm.g 
durabili ty is shown in table 1. The durabIlIty IS 
measured in terms of average number of hours to 
fuiJme (col. 4). An arbitrary point has been chosen 
for comparison of weigh t losses in the exposed 
asphalts. The point chosen , 594 hr, is close to the 
£a.ilme poin ts of the least durable ~sphalts. 

Some of the values of percent WeIght loss at 594. hr 
were determined by in terpolation ?r extrapolatlOn 
when weighings wereno t n:tade at thIS exact lllterval. 
R esorcinol and hydroqumone were observed to 

2 Unpublished da ta of s. If. Greenfeld and coworkers. 
3 ASTM M et hod D 36-26. 
• ASTM :Nl eth od TI 5-52. 
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T A BLE 1. 11 nl1:oxidant activity of in hibiloTs of chain 1"eact ions 

Asphalt 

A 
A 
A 
A 
A 

R 
R 
R 
R 

R 
R 
R 
R 
H 

I n hibi tor Softening 
poi nt 

Dura­
bil ity 

(avg hr 
to fa il ure) 

Avg wt 
chan ge 

a t 594 hr 

---·---·-------1--------_ 
0 F % N onc ___ ______________________________ 219 082 - 10. 46 1 % resorci noL ________________________ 218 725 - 9. 76 

1 % h ydroq uinone and I % resorcinol... 214 705 - 9. 75 
1% hyc1 roquinon e. __ ......... 218 682 - 9.39 
1 % c1 iph cn yla mine .. _ ........ _ ...... _. 214 705 - 8. 99 

i\Tonc __ ----- _ ------ -- ---- -- ------ ----- 221 609 -8. 45 1 % resorcinoL ________________________ 219 572 - 9.91 
1% t·butyl phenol.. .. _ .. __ .. __ .. . __ ._. 225 6lf> -8. 92 
1% h ydroqui none_ ._ ... _. __ ... _ .. _. __ . 213 660 -8. 91 

1 % d ipbcn yla mine ____________________ 226 660 -8. 26 
1% N ,N·c1ict b yl·p ·phen yleneci iam ine. 218 616 - 7. 83 
1% a·na pht h yla mine. --------------- 223 639 - 7.57 
1 % N ·phcnyl·2·n ap h th yla minc .... _. __ 216 749 - 6. 13 
5% diphenylaminc._. ___ . __ .. __ .. ____ . 191 901 -5.67 

r educe weigh t loss to a slight exten t in asphal t A 
and on the other hand to promo te weigh t loss in 
asphalt B . N -phenyl-2-naphthylamin e, a -naphthyl­
amin e, and N,N-d iethyl-p-phenylenecliamin e were 
found to b e the bes t of the antioxidants tes t ed wltich 
func tion by free radical inhibition . The use of 5 
percent diphenylamine in comparison to 1 percent 
of this inhibitor resul ted in grea te r weight loss in 
th e early stages of exposure but in significantly less 
weigh t loss in la ter stages . . A slight increase in 
durability as measured by thc crack pattern also 
resul ted when 5 percen t diphenylamine was used. 
These desirable effects, however , were attended by a 
m arked decrease in softening point . The changes in 
softening point produced by the inhibitors can be 
obtained from table 1. Curves of weight change as 
a fmlction of exposure t im e for asphalts to which 
have been added compounds which inhibit chain 
reactions are shown in figures 1, 2, and 3. 

The effectiveness of several antioxidants which 
ftmction as peroxide decomposers is shown in table 
2. In order to compare the relativ e effectiveness of 
these inhibitors, the same number of mol es were 
used in each casco Phenothiazine was found to 
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excel in its ability to retard weight loss and promote 
durability in asphalt B . The use of phenothiazine 
in asphalt to provide nondusting asphalt ic coatings 
has been patented [8] . Other peroxide decomposers 
proved capable of extending the durability of the 
asphalt and retarding weight loss caused by accele­
rated weathering. Curves demonstrating the effect 
of t"IO peroxide decomposers on weight loss as a 
function of time are shown in figure 4 . 

T ABLE 2. Antioxidant activity oJ compounds u hich decompose 
peTox ides 

oftenillg Du ra bility Avg wt 
As phalt Inhibitor point (a vg h I' to change at 

failure) 594 hI' 

o f % 
R 2.0% ph not hiazine. - ---- - - - -- - 212 3. 180 + 0.33 
R 1.79% butyl s u lfon e ___ ____ _____ _ 21 8 945 - 7.30 
R 1.4 7% butyl sulfid c ___ ___ ___ __ ___ 226 1, 142 -7.05 
R 1.87% ph eDy l suIA de __________ __ 2J 8 J, J20 -8. 16 
R N onc. __ _ . _____ ___ ___ --- --- ----- 221 638 -8.45 
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F lGUlm 5. 'l'he concentration depen dence oj phenoth'iazine activ­
i ty in asphalt B_ 

A study was made of the dependence of pheno­
thiazine activity on concentration of inhibitor used . 
The activity of the inhibitor in inhibiting weight 
loss showed an approximately linear dependence up 
to 1 percen t and t hen reached maximum activity 
at 2 percent ( fig. 5 and table 3). The effect of 
inhibitor concentration on durability was slight up 
to 1 percent , but an abrupt increase in durability 
was observed when a concentration of 2 percent 
inhibitor was used (fig. 5) . The use of 1 p ercent or 
more inhibitor produced a decrease in softening 
point. A concentration of 10 p ercent inhibitor 
produced a poor coating material with a low softening 
point although weight loss inhibition was still quite 
excellen t. 

Four other asphalts of varying dm'abilities were 
studied to determine the ability of phenothiazine to 
improve t heir weatherin g characteristics (table 4)_ 



TABLE 3. Concentratinn dependence of phenothiazine as an 
antioxidant in asphalt B 

Concentra· Softening Dw-abili ty Avg wt 
tion of poin t of (avg br to chan ge at 
phcno. inhibited failure) 594 hr 
tbiazine asphalt 

% o f % 

0.000 221 639 -8.45 
.002 227 616 -i.88 
.OJ5 225 682 -i.96 
. 100 226 770 -7. 12 
. 250 223 692 - 7. 10 

.500 221 f)92 -5.45 
1. 000 218 880 - 2.23 
2. 000 212 3, 180 +0.323 
3.000 210 2, i80 + 0.221 

10.000 181 528 +0.49· 

• V alue of weigh t loss at 52R hr. 

T A BLE 4. Antioxidant activity of phenothiazine in other 
asphalts 

Conccll tra· D urability Avgwt 
Asphalt lion of (avg hr to chan ge at 

phcno· failure) 594 hl' 
thiazille 

% % 

C 0.0 1,210 - 3.31 
C 1. 0 1,361 -3.28 
C 2.0 1,340 -0.90 
D 0.0 1, 608 - 6.32 
D 1.0 1,718 -4. 02 

E 0.0 8J.\ -6.43 
E 1.0 859 -4.29 
E 2.0 880 -0.83 
F 0. 0 1, 450 -4. 69 
F 1. 0 1. 540 -3. 45 

The durabilities of these four asphalts were increased 
only slightly by the use of phenothiazine in con­
centrations of 1 or 2 percent. Weight-loss inhibition , 
however , was quite significant when a concentration 
of 2 percent phenothiazine was used (figs. 6 and 7). 
A concentration of 1 percent phenothiazine produced 
some weight loss inhibition in asphalts D , E, and 
F, but no significant effect in asphalt C. 

In table 5 the synergist ic action of a combination 
of peroxide decomposer and an inhibitor of chain 
reactions is shown. The combination of pheno­
thiazine and N-phenyl-2-naphthylamine produces a 
greater increase in durability than would be obtained 
if the effects of each inhibitor in combination were 
merely additive. The combination also reduces 
weight loss to a greater extent than the individual 
inhibitors during later hours of exposure (fig . 8) . 

Small percentages of asphaltic fractions from a 
good weathering asphalt, C, were added to a less 
durable asphalt, B, to determine whether good 
weathering characteristics might be imparted to the 
latter. Th e fractions used were the asphaltenes and 
maltenes which are the pentane-insoluble and 
pentane-soluble fractions of asphalt, respectively . 
No significant improvements were observed in weight 
loss inhibition or durability. 
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TABLE 5. Additional antioxidant studies 

Softening DUl'ahility Avgwt 
Asphalt I nhibitor point (avg hI' to change at 

failure) 594 hI' 

OF % 
R Nonc ___________________________ 221 638 -8. 45 
H 1% phenothiaz ine ____ ______ __ ___ 218 880 - 2.23 
F 1% N.phenyl·2·n aphthylamine 216 748 -6. J3 
R 1% phenoLhiazin e pillS 1% 

N·phenyl·2·naphthy lamine ... 2]2 1,300 - 1. 89 

R 1.34% C m altcnes .......... • .... 225 705 -7.59 
R 3.00% C illaltcnes_ ......... • .... 221 660 -7. 40 
R 1.34% Casph alten es ._._ ..... . .. 229 63~ -7.86 
R 3.00% C asphaltencs_ ._ ........ _ 222 550 - 7.80 
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FI GURE 8. 'The e.fIect of a combinatirm oj an inhibitor of chain 
reactions and a pero.ride decomposer en weight loss oj asphalt B. 

4. Discussion of Results and Conclusions 

T h e results of this study strongly support the 
hypothesis that asphaltic degradation during accel­
erated weath ering involves a free radi cal oxidation. 
'rhe similarity in effects produced by natural and 
accelerated weathering suggests that Lhis process 
also occurs in natural weathering . An tioxidan ts 
which function by peroxide decomposition have been 
shown capable of extending the du rability of asphalts 
and inhibiting weight loss to varying exten ts. Th e 
antioxidant properties of peroxid e decomposers show 
a marked concen tration dependence in mineral oils [1 ]. 
This dependence was established in asphalt also in a 
study made of the dependence of ph enothiazine ac­
t ivity on concentration. Phenothiazine, a peroxide 
decomposer , in concentrations of 2 percenL by weight, 
produced excellent inhibition of weigh t loss in th e 
several asphal ts Lested . 

Phenothiaz ine, in concentrations of 2 percen t , also 
extended the durability of one aspllalt more than 
fivefold , but had no great effect on the durabilities 
of two other asphalts. Inhibitors of cha in reactions 
were shown to be capable of retarding weigh t loss to 
varying extents but did not produce significant in­
creases in durability in the asphalts tested . The in­
dividual characteristics of the asphalts determine the 
effectiveness of a particular inhibitor. A similar de­
pend ence of additive effectiveness was also observed 
by Greenfeld [9] in studies of the drects of mineral 
additives on the durability of coating-grade roofing 
asphalts. 
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Th e reactions producing weight losses in asphalts 
involve formation of gaseous decomposition produ cts 
[10] and water-soluble products [11 ] . If the unin hibi ted 
asphalts are examined for weight loss in the cad y 
stages of exposure, a slight gain in weigh t during all 
induction period may b e observed rather than a los 
in weight (asphalt G in fig. 6). This induction p eriod 
which is commonly observed in free radical processes 
can b e extended by the usc of phenothiazine, con­
sidered to be a peroxide decomposer (figs. 6, 7, and 8) 
and also by the usc of 1 percent N-phenyl-2-n a.phth­
ylamine, an inhibitor of chain reactions . 

A synergistic effect has b een observed when a com­
bination of a peroxide decomposer and an inhibi tor 
of chain reactions was used . This produced a greater 
increase in durability than would result if the effects 
of each inhibitor were merely additive. Synergistic 
effects have also been observed wh en inhibitors of 
chain reactions and p eroxid e decomposers arc used 
in combina tion for pro tection of min eral oil [3]. 

Addition of small percenta ges of asphaltenes and 
ma.lLenes of a more durable asphal t to a less clmable 
asphalL produced no increase in durability or inhibi­
tion of weigh t loss. These tests were conducted to 
deLermine wh eth er natural antioxidants exist in more 
durable asphalts . On the basis of lh ese tests alone, 
one cannot conclud e that 11a tural an tioxidan ts are 
either prese nt 01' ab enL since such inhibi tors may b e 
present in low co ncentrations in the original asphalt. 
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