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I. INTRODUCTION

Asphalt has been used in a variety of ways since ancient times

.

Archaeologists discovered that asphalt had been used as an adhesive

for building stones and paving blocks as early as 38OO B.C. These

early asphalts were obtained from scattered sources formed by

nature's own refining of petroleum deposits through geologic pro-

cesses (10) The llU-acre Trinidad lake and the 1000-acre Bermudez

deposit in Venezuela are impressive examples of these natural

processes. In the United States, a naturally occurring asphalt-like

material called gilsonite is found in the Uinta River basin of Utah.

Today virtually all asphalt used commercially is manufactured

from materials of petroleum origin. In order to obtain satisfactory

asphalts, early refiners of this century required the use of special

crude sources containing residues yielding high quality asphalts

through simple distillation procedures. This limitation has

largely been removed in recent years through more sophisticated

procedures employing selective solvent extraction or precipitation,

etc. The patent literature contains many references to the use of

special chemical treatments in attempts to modify asphalt character-

istics. (l) Large quantities of asphalt are made by air-blowing at

temperatures in the neighborhood of 500 - 700 °F.(48)

The inherent characteristics of asphalt, together with its

relatively low cost, make it ideally suited for such wide-spread
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applications as road building, roofing, waterproofing and a multi-

tude of others. The complex world in which we live today is

constantly demanding new and improved materials to meet the require-

ments of modern applications . Asphalt is receiving a large share

of the research stimulated by these demands

.

A considerable amount of effort has been expended to improve

asphalt properties by blending or reaction in "situ" with other

materials, particularly polymeric substances, both natural and

synthetic, (K, 16, 33, *+2, 67, 68, 88, 93) Since 1930, interest has

been shown in the effect of the addition of small amounts of natural

rubber. Mealorub and Pulvatex were the first special rubber additives

developed principally for this purpose. Today interest in rubber

additives for paving asphalt is very high.(lOl) A number of vinyl

compounds have been reacted with asphalts in attempts to impart

better qualities. (60) Recently developed epoxy resin formulations

in asphalts, having improved solvent and heat resistance, have been

used quite successfully to pave jet aircraft runways and for pro-

tective coatings. (2, 3, 58)

Even though a large amount of effort has gone into the study

of asphalt systems, relatively little is yet known because of the

complexity of its structure . There has been recognition of distinct

constituent groups present such as asphaltous acids and anhydrides,

asphaltenes, asphaltic resins, petroleum resins, petroleum oils,

carbenes, carboids and inorganic material. (69) Many attempts have

been made by previous investigators to characterize these groups as
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completely as possible with the methods available. This research has

been undertaken to establish a better understanding of the fundamental

aspects affecting the manner in which vinyl monomers will behave in

asphalt reaction systems. This study has been approached through an

analysis of factors affecting the kinetics of vinyl polymerization in

asphaltic media. It is by correlation of the knowledge gained by

previous investigators with the results obtained in this study, that

the object of this investigation has been, in part, achieved.



II. THEORY

A. Stabilized and/or Trapped Free Radicals
Are Present In Asphalts

Introduction

With the recent advent of techniques such as electron para-

magnetic resonance and nuclear magnetic resonance spectroscopy, a

considerable amount of effort has been focused on the study of

stabilized free radicals; an area that heretofore has suffered

from neglect. This neglect has stemmed mainly from the inability

to make suitable measurements for proper analysis. Steacie in his

review of free radical mechanisms; which appeared prior to the

ability to apply these new techniques; contributed much to our under-

standing of active free radical processes, but did not present

information of the reactive character of stable free radicals, or

even of their widespread existence
. (90) Since the preparation of

the stable free radicals, pentaphenylcyclopentadienyl and 1,1-diphenyl-

2-picrylhydrazyl, the ability of free radicals to remain dissociated

has been recognized. (52, 102)

Electron paramagnetic resonance absorption probably offers the

most direct means of evaluating free radical concentrations and the

effects of structural configurations. A striking feature of the

paramagnetic resonance spectra of stabilized free radicals is the

sharpness of the absorption exhibited. (28, 59) It is sufficient to

h -
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say at this point that there appears to be little doubt as to the

validity of the conclusions drawn, at least qualitatively from these

measurements. (28, Vf, 51, 52, 59)

Since the early discovery of stabilized free radicals, the

list of compounds which exist as free radicals, per se, which form

free radicals through dissociation in solution (in some cases strong

electrolytes), or which may yield stable free radicals through mild

oxidation with chemical or electrical means, has continued to grow.

Also, the evidence for the existence of trapped and/or stabilized

free radicals in many natural materials has continued to increase.

At cryogenic temperatures, experiments have been devised to trap many

of the more reactive free radicals .( 52

)

Causes of Free Radical Stability

It is obvious that a more thorough understanding of the cause

of free radical stability is needed. Apparently, free radicals can

be trapped through what might appear to be mechanical means . Poly-

merizing systems in which the polymer precipitates have been shown to

occlude or otherwise trap free radicals
. (53) For example, Bamford has

determined that a polymer of acrylonitrile prepared at 25 °C by

photopolyraerization was found to have about 8 x 10"^ gm. mole radicals:

per liter. This represented about 13 percent of all radicals initiated

photochemically during the experiment ( 13 ) In some materials such as

dicarboxylic acids, for example, free radicals appear to be trapped

by maintaining hydrogen bonds with the lattice molecules after

irradiation with x-rays or gamma-rays have produced them. (5)



Most of the free radicals which are obtained in pure form or in

solution appear to be stabilized through what is normally termed

resonance .(52, 102)

It is convenient at this point to introduce the terms singlet,

triplet, and bi -radical to describe concepts which will be discussed

in slightly different context later in this work. An olefin or con-

jugated double bond system is capable of existence in a state such

that all unsaturation electron pairs have the orbital spins paired.

This is termed the singlet state, with only one possible combination

of angular momentum vectors , because the electron spin vectors cancel.

A bi-radical is visualized as the situation arising when a pair of

unsaturation electrons' orbital spins become unpaired, and the

electrons become distributed so that they are predominately at

opposite ends of the previous olefin system. If these electrons are

not physically, widely separated, then the orbital spins which are

no longer paired can interact, giving rise to three possible com-

binations of the angular momentum vectors, with the so-called triplet

state resulting. Hence, the difference between a bi-radical and

triplet is one of degree . Rexroad and Gordy have illustrated these

phenomena with the compound, p,p-biphenylene-bis-diphenylmethyl.(78)

Chichibabin ' s Hydrocarbon

Normal diaraagnetic state Bi-radical state

(singlet state) (triplet state)



- 7

The singlet, bi -radical and triplet states, are but a few of

the possible electronic configurations that can exist for molecules

that have complex systems of conjugated double bonds, such as

condensed ring aromatic hydrocarbon systems. Indeed, most of the

stable free radicals which have been cited in the recent literature

have as a part of their structure multiple phenyl groups. The

possibilities for resonance in these types of compounds is evident.

Free Radical Types Expected In Asphalts

The evidence for the existence of highly complicated aromatic

structures; and in addition, structures containing nitrogen, oxygen

and sulfur, is abundant for asphalts . This seems to be particularly

true for the higher molecular weight fractions such as the asphaltenes

(8U, 86, 95, 105)

Perinaphthalene, whose structure is shown below yields free

radicals in a very interesting manner. (89)

LU
H H

Perinaphthalene Perinaphthalene
Radical

In carbon tetrachloride solutions, the central hydrogen atom is

removed leaving an unsatisfied valence at this carbon atom.

These conclusions were reached by examination of the fine line

splitting of the electron paramagnetic resonance spectra. This

solution also becomes highly colored upon standing. This type of

compound is almost certain to exist in asphalt systems,



particularly the high molecular weight portion. (29, 31, 105)

Aromatic free radicals can be produced in solution by the dis-

sociation of structures which are not tightly bound. An example of

this is the dibenzoyl tetrazanes, whose generic structure is as

follows:
R Q Q R

N— N— N-N

R' \ / rf^rT^ < > R'

R" R"

1, 1, h, U -tetra-p-alkylpheny1-2

-

3-alkyldibenzoyl tetrazanes

The dissociation occurs between the central two nitrogen atoms,

yielding a compound of the hydrazyl type. (87) It may be possible

that analogous structures, capable of dissociating into free radicals,

exist in asphalts . This has not been demonstrated to the knowledge

of the author to date . Although no direct reference has been made

to condensed ring aromatic compounds, other than perinaphthalene, a

large number of condensed ring aromatic systems have been demon-

strated to yield stable free radicals .(52)

Natural and Manufactured Materials Having Stable Free Radicals

The spectra of a large group of pyrolytic carbons, as deter-

mined by electron spin resonance (ESR), have been examined by

numerous investigators. With this group of pyrolytic carbons, the

high molecular weight constituents of petroleum, its residues, and

other similar naturally occurring bitumens, including those derived

from coal, shall also be discussed.
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These materials generally exhibit sharp ESR absorption bands.

Estimates of the free radical content of materials representative

of this group of pyrolytic carbons has been collected in Table 1.

From the data collected in Table 1, it may be seen that

stabilized trapped free radicals are, indeed, characteristic of

pyrolytic carbons produced either naturally or artifically. It is

clear from these data that the content of free radicals is a

function of the thermal history and total carbon content. Pyrolytic

carbons formed slightly below 600 °C . give the stronger ESR

absorption. X-ray examination has shown that it is at the point of

pronounced free radical content that the formation of condensed ring

clusters begin; both with regard to the variation in formation

temperature and carbon content. ( 12) Investigations by Austen, Ingram

and Tapley have led them to suggest that:

"The essential mechanism in the trapping and stabilization
of unpaired electrons [in the complex carbons being dis-
cussed] is the existence of ring clusters containing more
than a certain number of carbon atoms. Such ring clusters
will possess a high degree of resonance energy available
for stabilization of the electrons. . . . The decrease in
radical concentration above the 90 percent carbon content
or 550 C. carbonizing temperature is explained by the
gradual formation of graphitic sheets, the individual
carbon clusters joining and thus saturating their broken
edge bonds .

"

In the above hypothesis, it was assumed that the radicals have been

formed by the breakage of bonds around the edge of carbon clusters.

It was also pointed out that some radicals may occur in packing de-

fects producing internal trivalent carbon atoms. The ideas proposed

by Austen, et al., have been generally agreed upon by other workers

in the field.
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TABLE 1, FREE RADICALS STABILIZED IN PYROLmC CARBONS

Radical
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An interpretation of the bond breakage at the edge of the con-

densed carbon rings by Ingram, is that the electron released by the

bond breakage is stabilized by the large amount of resonance

associated with aromatic rings, and as a result, move in highly de-

localized if -orbitals over the system. The presence of such de-

localized radicals has been suggested to be the cause of carbon blacks

actively participating in the reinforcement of rubber. (52)

Petroleum products have been placed in the category with pyro-

lytic carbons because of the analogy that can be drawn between their

probable origins and similar constitutions .(35) In an interesting

paper by Yen, Erdman and Pollack, it was determined that the charac-

teristic X-ray diffraction of the high molecular petroleum fraction

(asphaltenes) from many crudes could be reproduced by blending

samples of polyethylene and carbon blacks. Also the X-ray diffraction

pattern of the aromatic portion of these asphaltenes compares with

that of a blend of condensed aromatic compounds of known structure

.

Figure 1 is a model constructed from the data they obtained .( 105

)

The analogy to pyrolytic carbons from other sources seems very

plausible

.

The paramagnetic resonance of crude oils is apparently con-

centrated in the high molecular weight colloidal portion. This

portion has been labled "asphaltenes" from a comparison of these

materials with the so-called asphaltenes obtained from asphalts by

precipitation with light paraffin hydrocarbon solvents . Gutowsky,

et al., observed that the ESR absorption of a crude oil disappeared
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after extensive centrif nation at 80,000 G's.(25, kh) Some concern

has been expressed as to the possibility of the paramagnetic resonance

of petroleum stemming from other than free radical sources. Vanadium

in the +1; valence state as vanadyl readily forms chelate compounds

which exist frequently in nature as porphyrins. (70) This may be

true for other metals as well, and therefore, the possibility of ESR

absorption from this source should not be overlooked. Eldib, Dunning

and Bolen, in a study of the colloidal materials in petroleum,

obtained by ultracentrifugation, have determined that vanadium and

nickel are present in this colloidal material in concentrations less

than 25 and 8 p. p.m. respectively .(3U) These were the only metals

determined to be present in appreciable concentration. O'Reilly has

compared the ESR spectrum of a solid asphaltene with that of vanadyl

etioporphyrin I (VEPl) dissolved in a high viscosity petroleum oil.

The spectra of both samples showed the same general characteristics.

The ESR absorption demonstrated by the porphyrins present in the

solid asphaltenes however, is quite small compared to the band

attributable to free radicals .(70) Only about 0.1 of the spin con-

centration observed, as determined by elemental analysis for nickel

and vanadium, was attributable to these materials in asphaltenes

investigated by Gutowsky, et al.(UU)

In addition to the evidence cited for the presence of free

radicals in asphalt, that has been essentially based upon measure-

ments made by ESR; Poindexter has observed the Overhauser Effect

in asphalt solutions. The details will not be discussed here.
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However, it can be said that the contribution to proton relaxation

from the asphalt is a linear function of asphalt concentration.

This contribution to proton relaxation arises through the interaction

of the electron spins of the free radicals with the nuclear spin of

the hydrogen atoms present. (75) It was stated that there was no in-

dication of any unusual quality of the asphalt radicals observed.

Saraceno and Coggeshall conclude from their measurements, that

the free radical species in petroleum oils are stable, and are not

created through dissociation of diamagnetic molecules upon dilution

with solvents. (83) This is consistent with the linear contribution

to proton relaxation with change in concentration as mentioned above

.

This however, is in contrast to the results reported for coal hydro-

genation asphaltenes; see Table 1. No effects on the free radical

concentration were observed to be a function of either sunlight,

ultraviolet light or bubbling molecular oxygen into a petroleum oil.

B. Principles Underlying Free Radical
Induced Polymerization

That there are polymerization processes which are induced by

the presence of free radicals does not seem to be in dispute. (lU, 20,

26, 39, 77, 99) The strongest evidence for this appears to be that

acceleration of polymerization rates of many vinyl compounds occurs

in the presence of substances which are known to give free radicals

upon thermal decomposition, after exposure to ultraviolet light, or

bombardment from radioactive sources. In some cases, polymerization

has been known to occur in the absence of light or free radical
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forming materials. This has become known as thermal polymeriza-

tion, but can still be explained on the basis of a rrechanism

which proceeds through the action of free radicals, once polymeri-

zation is initiated. These free radicals have generally been

considered to be quite reactive, in that their life time is rela-

tively short.

Attempts to correlate the kinetics of some of the more simple

systems have been reasonably successful. A very good review of

this subject has been given by Bamford and Barb (lU) It appears

that the case of homogeneous solution polymerization, is the

simplest to treat kinetically, particularly at relatively low

concentrations of monomer. Several simplifying assumptions have

usually been introduced by various authors, in the derivation of

correlation equations. The main justification of these assumptions,

of course, lies in the fact that they yield correlations which are

experimentally true

.

The overall polymerization may be described in terms of

three phases which are distinct conceptually

.

(lk, 37) These

phases are initiation, propagation (in some treatments which

chain transfer) and termination. During the initiation phase,

several methods of opening an initial double bond have been dis-

cussed. During thermal polymerization, the assumption has often

been made that a bi-molecular reaction between monomer molecules

yields active free radicals. When an active free radical is

formed through the action of radiation, bombardment by high
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velocity particles or thermal decomposition of an unstable compound,

initiation is usually assumed to occur through a bi-molecular reac-

tion with the radical formed, and a monomer atom. During the propa-

gation phase, the active free radicals previously formed add to the

double bond of the styrene molecules in a chain fashion, with the

rate of each new addition being governed by a bi-molecular reaction

between the previously formed active free radical, and the new mono-

mer molecule. Since each of the steps in this chain reaction

occurs between molecular species which are very much alike chemically,

even though different from one another in the absolute sense, the

rate constant for each of the propagation steps is assumed to be

identical. During the final or termination phase, the assumption

is made that termination occurs through disproportionation and combi-

nation between any two of the existing active free radical species

.

A fairly subtle effect which merits our attention is that of

chain transfer with the solvent, polymer, and monomer molecules.

This occurs when an active polymer radical abstracts a hydrogen atom

or other atom from one of these molecules to satisfy its unsaturated

valence, leaving the molecule which was attacked a free radical.

If this newly formed free radical is sufficiently reactive, the

effect on the overall rate of polymerization will be slight, since

the propagation of the monomer reaction by this radical continues

more or less uninterruptedly. Breitenbach and Maschin, also Mayo,

have effectively shown this to occur when using carbon tetrachloride,

a solvent ideally suited for chain transfer. By assay for chlorine
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in the resulting polymer, it was found that approximately four chlorine

atoms per polymer molecule were incorporated, and that the effect on

the overall polymerization rate was only slight. The major effect

noted for this process is a substantial decrease in the polymer molec-

ular weight. (22, 62)

Some solvents may have a retarding effect on the polymerization

rate through the action of chain transfer. This has been explained

by Price and Durham on the basis of formation of stabilized solvent

free radicals with insufficient reactivity to propagate continued

polymer growth. (76, 98) Of the solvents studied, nitrobenzene,

phenols and 2,U-dinitrochlorobenzene have been shown to have a

pronounced retarding effect. In some instances as high as one dini-

trochlorophenyl group per polymer chain was found when polymerization

was conducted in this solvent. In each of these cases the possibil-

ities for resonance stabilization of the free radicals is apparent.

A concept which is useful in the development of kinetic rela-

tions is the so-called "steady state". (lU, kl, 90) The steady

state condition can be visualized as a condition in which the rate

of formation and removal of certain reactive species are approximately

the same, so that a seeming equilibrium situation is manifest. Even

though this is only an approximation to what is actually occurring

very useful relations have been developed when the magnitude of the

error introduced is small. In polymer kinetics, the assumption of

"steady state" generally implies that the concentrations of the

free radicals, intermediate to the polymerization process, attain
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equilibrium values. From this it follows that the rate of change

of a given free radical specie, with time, is nearly zero.

A Theoretical Equation for Thermal Polymerization

An example use of the principles cited is the treatment of the

thermal polymerization of styrene in solution. (l4) Experimentally,

it has been shown that styrene (when quite pure) has a solution

polymerization rate which is second order in terms of monomer

concentration, if the reaction is not carried on to too great an

extent. (8, Ik, 20, 27, U3, U5, 97) This, however is not the case

when polymerization proceeds in bulk, i.e., pure styrene alone.

When the effect of change in the activity is accounted for, the

polymerization rate is second order in terms of monomer activity.

Walling, Briggs and Mayo measured the vapor pressures above various

solutions of styrene and polystyrene to obtain the data required for

this refinement. (97)

Bamford and Barb, in their review of polymerization processes,

have presented the following mechanism for the thermal polymeriza-

tion of styrene.

The Assumed Kinetic Mechanism for Thermal Polymerization

Associated
Equations Governing Rate Rate Constant

The Initiation Phase

(1) M + M *• 2R<,* kc

(2) I^,* + M * Rx
* kpC

The Propagation Phase

(3) R]* + M * R2* k
pl
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(k) R2* + M ^ R * k
2

(5) R
3
* + M *- R

u
* k

p3

(6) Rn.i* + M - V kp(n _l)

The Termination Phase

With Active Free Radicals

(7) V + V* •" Dead Polymer k^

Where:

M Monomer
R* Free radical
k Rate constants identified by

the proper subscripts
1,2,3> • •

•
>n^n-l denotes the number

of monomer units affixed
c Denotes a radical formed in the

initiation phase
s Denotes a stabilized free radical
a Denotes all active free radicals

If the polymer chain length is relatively great, the overall

rate will be governed by the rate of monomer reacting in the propo-

gation steps to a fair approximation. From the preceding statement

of the assumed mechanism it can be shown that the overall rate of

polymerization may be expressed analytically as:

i=n
-d(M)/dT =k (R *)M + ^>» k .(R,*)M ]" pc x c r=i pi i

Utilizing the assumption that the kp's are identical and noting

that ,
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K* = Rc* + J> R±* . by definition, 2.

i = 1

gives,

-d(M)/dT = kp(Ra*)M 3.

The rate of change of concentration of any free radical species

may be stated in general as

:

Rate of _ Formation Rate _ Propagation Rate Termination Rate
Change ~ of Species Ri*

~ to Species Rj+i*
™ of Species Rj*

For purposes of clarity, it is shown in Table 2 through the use

of material balances derived from the preceding mechanism, how these

relations may be solved to obtain an equation explicit in R *. Com-

bining equation 7 from Table 2 and equation 3 yields the overall rate

in terms of M.

-d(M)/dT =k
p
(2k

c
/k
ta

)2M
2

k.

The correlation thus obtained predicts that the thermal polymer-

ization of styrene should be second order in terms of monomer concen-

tration. To be completely rigorous, this entire analysis should have

been made on the basis of thermodynamic activity, as indicated previous-

ly, when it was stated that a correction for this must be applied in

bulk polymerization. However, in dilute solution, say 10 percent

monomer or less, the concentration expressed in units proportional to

the number of molecules per unit volume should adequately approximate

the activity. If the density does not change appreciably as polymer-

ization proceeds in this dilute solution, a further approximation can

be made; i.e., the concentration expressed in weight percent will very

nearly be proportional to the concentration expressed as above.
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Integration of the rate equation allows it to be shown that a plot

of reciprocal monomer concentration versus time should yield a

straight line whose slope is the overall rate constant. The details

of this are shown on page £o.

C The Influence of Stabilized Free Radicals

Previous discussion has pointed out that stabilized free radicals

and/or trapped free radicals are demonstrably present in the types

of materials being studied. Several investigators have noted catalytic

and inhibiting effects in natural materials which are analogous to

these materials under consideration.

Very recently Wright has made a careful study of the inhibiting

effects of a number of pure synthetic stable free radicals and several

natural materials containing free radicals
.
(left) During the polymeri-

zation of styrene catalyzed by benzoyl peroxide, it was found that the

stable free radicals, l,l-diphenyl-2-picrylhydrazyl and Banfield's

free radical (which is prepared from Banfield's hydroxide (l8) ),

exhibit an inhibiting effect which increased with increasing concen-

tration. The same effect was observed for the asphaltene fraction

of gilsonite and a Wilmington crude oil.(lOi+)

Hexaphenylethane, when in solution, has been shown to dissociate

into the triphenylmethyl radical. {2k, 102) Mayo and Gregg, in a study

of styrene polymerization, used hexaphenylethane over a considerable

concentration range. (6l) From material balance calculations based

on the polymer molecular weight and the extent of reaction, they

estimate that about 77 molecules of hexaphenylethane disappear for
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each molecule of polystyrene that would have been formed in its ab-

sence. This work lead to the following conclusion:

"Any free radical may start or terminate the polymerization

of a styrene chain. Whether a source of free radicals will

behave as a catalyst or an inhibitor depends on the balance

between the rate of addition of these radicals to monomers,

the rate of interaction of radicals and the rate of growth

of the polymer radicals at the chosen temperature. If the

radicals do not add rapidly or if they are supplied too fast,

then a high radical concentration results and chain growth

is restricted. If the radicals add very rapidly, or are

supplied slowly enough, polymerization will result. These

statements mean simply that the dividing line between cata-

lysts and inhibitors is not clear-cut; the differences between

them are quantitative rather than qualitative
.

"

Symons has studied the interaction between acrylonitrile and

amorphous carbons and has found that oxygen-free carbons initiate

polymerization in the dark.(9l) With no carbon present, thermal poly-

merization did not occur at the temperature used, 60°C. Activation of

the carbons at U0O°C . -550°C . over moist air causes the initiation

effect to be destroyed. This was explained on the basis of the forma-

tion of surface quinone groups which act as inhibitors. It was suggest-

ed by this author that two types of free radicals, i.e., trapped free

radicals and resonance stabilized free radicals may be the active

initiator. Also, the possibility of mechanically isolating some of

these free radicals from the polymerization process may occur.

Breitenbach and Preussler apparently confirm the work of Symons re-

garding the inhibiting effect of activated carbons by their study

in styrene polymerization. (23) However, the inhibiting effect on

styrene which does have a definite thermal polymerization rate

lasted for only a limited time after which polymerization occurred at

at least the normal rate. This is consistent with the concept of
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inhibition by surface quinone groups since it is known that the effect

of inhibition by quinones is gradually lessened through free radical

reactions with quinones to give non-reactive by-products .(lU, 6l)

Kraus, Gruver and Rollmann studied the effeci of carbon blacks

on the free radical thermal polymerization of styrene at 50 °C-(55)

These carbon blacks were treated in the following ways: a) reduction

over platinum with hydrogen or by sodium borohydride, b) heat treatment

at 1000 - 2000 °C, c) and outgassing at 300 °C. under vacuum. Each

of these carbons causes a substantial induction period to occur-

(Note: The pure styrene used gave no induction period.) After the

induction period, acceleration of up to five times the normal polymer-

ization rate was obtained. Hydrogenation, presumably of the surface

quinone groups present in carbon blacks, drastically reduced the

length of the induction periods observed, but caused no measurable

change in the acceleration effect. High temperature heat treatment

destroyed both the induction period and acceleration effect. This is

in accord with the known phenomenon that high temperature heat treat-

ment causes graphitization of carbon blacks by allowing structural

rearrangements that destroy stabilized free radicals. (12, 17)

Outgassing of adsorbed oxygen caused no observable changes. Free

radical concentration in these carbon blacks was measured before and

after polymerizatiou. Little, if any, change in concentration

(which was of the order of 10*^ unpaired spins per gram) occurred.

This apparently negative observation prohibits it being stated

conclusively that free radicals are the cause of the acceleration
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observed. The possibility of this effect being produced by surface

peroxide formation, however, must probably be discarded, since the

thermal history vith treatments up to 300 °C. had no effect.

Consideration of the ability of charcoal and other pyrolytic

carbons, as well as paramagnetic substances such as free radicals,

to catalyze the conversion of para-hydrogen to ortho-hydrogen points

out the ability of these stabilized free radicals to interact with

other systems. (82, 90)

Hulbert, et al. have considered a theoretical mechanism of

vinyl polymerization from the view point of the electronic states

of olefins, particularly ethylene. Their calculations indicate that

ten of the twelve valence electrons in ethylene are localized by

pairs taking up positions between the carbon and hydrogen nuclei.

The remaining two electrons which are essentially distributed over

the entire molecule, have been given the name "unsaturation electrons".

(50) In the lowest energy state, these two electrons are in the same

bonding orbital "N" and by the Pauli exclusion principle must then

have antiparallel spins. Since these electron spin vectors cancel,

there is only one possible combination of angular momentum vectors,

and the so-called singlet state is the result. It is pointed out

that promotion of an electron from the bonding orbital to a non-bonding

orbital should be rare in the absence of an external magnetic field,

because of the necessary uncoupling of the spins via exchange of

magnetic energy, even though sufficient energy may be available in

the molecule itself. Whenever an "odd electron molecule", i.e., a

free radical, comes within the kinetic theory radius, this uncoupling
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becomes more probable. The result of this uncoupling is the triplet

state in which the electron spins are parallel. When parallel the

spins are unpaired, in other words, what is commonly termed a

diradical has resulted. This diradical may or may not have bonded

with the free radical which aided in the uncoupling of the electron

spins. Active diradicals once formed have been reported to be

capable of propagating a chain reaction from each free radical site

in the molecule. (l4, 20, 26) It is not known whether cr not the

stabilized free radical will form a bond during the uncoupling

process; however, even if the bond is formed momentarily, subsequent

dissociation of this bond might occur. This possible dissociation

of, or failure to form a bond could possibly account for the failure

by Kraus, et al., as previously mentioned, to observe a change in

the total concentration of unpaired spins before and after polymer-

ization.

The total experience gained by the various investigators cited

tends to indicate the plausibility of an acceleration effect caused

by the interaction of stabilized free radicals with vinyl monomers.

The ability of stabilized free radicals to remain dissociated over

long periods of time does not necessarily imply that they are

completely unreactive. For example, diphenylpicrylhydrazyl is known

to react with more reactive free radicals even though alone it

remains dissociated for long periods of time. From the ability of

styrene to undergo thermal polymerization, it is clear that formation

of active free radicals is possible even in the absence of catalytic
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substances. The assumption of the initiation of styrene polymeriza-

tion through a bi -molecular collision of styrene molecules has

successfully correlated the kinetics of the thermal polymerization

of styrene, it may be recalled.

Realizing that even a slight increase in the probability of

forming the diradlcal state of styrene would increase the overall

polymerization rate, and that a stabilized free radical can poten-

tially increase this probability, leads one to the following specu-

lation: may not the presence of a stabilized free radical, near a

monomer molecule, at the time of interaction with a third molecule

(which possesses a definite probability for reacting), increase this

probability through the mechanism described by Hulbert? An

alternative question is: may there perhaps be insufficient energy

normally available for the stabilized free radicals present in

asphalts to react alone with a monomer or active free radical

molecule?

A Theoretical Equation for Polymerization Influenced by Stabilized
Free Radicals

~ — *—

A mechanism which embodies the assumptions and principles

utilized previously for the derivation of a rate equation correla-

ting the thermal polymerization, has been developed for polymeriza-

tion influenced by the presence of stabilized free radicals. In

addition to the assumptions made previously, it has also been

assumed that (l) during the initiation phase, the formation of active

free radicals may occur through a ter-molecular reaction involving

the stabilized free radical and two monomer molecules and (2) during
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the termination phase, reaction ceases through a ter-molecular

reaction involving an active free radical, a stabilized free radical

and a monomer molecule. The assumed mechanism follows.

The Assumed Kinetic Mechanism for Polymerization Influenced by Stable
Free Radicals

Equations Governing Rate

The Initiation Phase

(1) M + M

(2) R * + M + M

(3) Rc* + M

The Propagation Phase

CO

(5)

(6)

Ri* + M

Rg* + M

- R-i*

*2*

+- Ro*

r * + m ^ R^

Associated
Rate Constant

*PC

hi

*P3

(7) Rn_i* + M

The Termination Phase

V

With active free radicals

(8) Rjj* + Rg* >- Dead Polymer

With stabilized free radicals

(9) Rq* + Rg* + M Dead Polymer

Mn-l)

*ta

*ti

(a) The concentration dependence of the rate in this step is assumed to
be non-linear in Rg*. Therefore, the forward rate equation for this
step is arbitrarily written as: d 2

d(V)/*Tforward = MV*) M
The exponent D has been introduced to represent a simple non-linear
function.
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For purposes of clarity, it is shown in Table 3 through the use of

material balances derived from the preceding mechanism how these rela-

tions may be solved to obtain an equation explicit in Pa*. Combining

equation 7 , Table 3 with equation 3 previously shown in the discussion

of thermal polymerization for the overall rate in terms of Ra* and M

yields:

-a(M)/ai = k^/a^ x 5.

2 4k
ta

D *
((R *) + -T~-(2k + k (R *) )) - R *xv

s ^2
x c ss s

ts

2

M

Setting the term in front of Wr equal to K yields an overall rate

constant that is analogous to that obtained for the thermal polymeriza-

tion process, in that it is a correlation constant for an equation

second order in monomer concentration.

The overall rate constant, K, is therefore, actually a function

of the parameter Rg*. This of course means that K will not be a

constant unless the concentration of R * remains essentially constant

during a given polymerization run. This will be approximately true

for polymerization that represents a small quantity of monomer poly-

merized. As before, the rate equation may then be integrated to show

that a plot of reciprocal concentration versus time yields a straight-

line curve whose slope is the rate constant K. At a concentration

of Rg* 0, the rate constant, K, obviously reduces identically to the

thermal polymerization rate constant.

It is believed that the preceding discussion constitutes a

reasonable justification for the assumptions that have been used. At
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this point, the theoretical development of a rate equation has been

completed which correlates the variation in monomer and stabilized

free radical concentrations

.



III. EXPERIMENTAL

A. Materials Used

Petroleum Residues

The four asphaltic residues used in this investigation were

supplied through the courtesy of the Texas Company. These residues

represent different types of asphalt sources that yield products

having different properties. Of these asphalts, several were

selected for modification by the processes of air-blowing and

selective solvent removal of the asphaltene fraction.

The air-blown asphalt (r60-11) was prepared by bubbling air

through a 5 kilogram batch of the Gulf Coast Naphthenic Residuum

(S119) for a period of Ik hours at 500 ± 5 °F. in a stainless steel

heated and vented vessel.

The asphaltene free asphalts were prepared from the filtrates,

described in the following section discussing asphaltene prepara-

tion, by stripping the solvent (n-pentane) to a final temperature

of about 350 °F. at 1 cm. Hg absolute pressure.

The properties which have been determined for these materials

are presented in Table k.

Petrolatum

Vaseline, a product of Chesebrough-Ponds, Inc., obtained from

a local pharmaceutical supplier was used.

- 32 -
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Petroleum Asphaltenes

The asphaltenes were prepared from the stock indicated by the

following procedure:

a) Shake a mixture of the petroleum residue and n-pentane

(1:1 weight ratio) until the solution is judged to be

homogeneous. This was actually accomplished by allowing

several days mixing in a bottle supported on moving

rollers.

b) Dilute a portion of this mixture to give a final solvent

to asphalt weight ratio of 20:1 in one-gallon batches.

c) Filter the solution on a large dense filter paper, retain-

ing the filtrate and filtered material.

d) Allow the filtered material to dry, free of pentane, by

spreading the filter paper out flat, exposed to the air.

e) Combine the filtrate with previous portions obtained

for future stripping of the solvent under vacuum conditions.

No attempt was made to wash the asphaltenes thus obtained free of

adhering substances, since the purpose here is to obtain a large

quantity of the asphaltene fraction from each material rather than

to obtain a strictly quantitative separation as is possible in one

of the standardized analytical procedures.

Figure 2 shows the results of a series of determinations based

on smaller quantities of material for the asphalt S119- It can be

shown from this figure that at a solvent to asphalt ratio of 20 ml.

n-pentane per gm. asphalt, a definitely large decrease in the yield
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of asphaltenes occurs. For this reason, the ratio of 20:1 on a veight

basis, which is obviously somewhat greater than the above value, was

used in the asphaltene preparative procedure, as a compromise between

the loss of quantitativeness in yield and the necessity of handling

extremely large quantities of solution.

Monomers

The monomers used were obtained from the Borden Chemical Company,

Monomer-Polymer Laboratories at intervals to assure that fresh

materials were being used. Generally, the inhibitor (hydroquinone)

was removed by washing twice with two percent NaOH solution and

rinsing thrice with distilled water to a neutral point indicated by

phenolphthalein indicator. Drying and removal of trace polar mater-

ials (oxygenated impurities, etc.) is accomplished by percolation

through a column containing a section of granulated calcium chloride

and 80-200 mesh activated alumina.

To determine if additional purification of the monomer by

distillation would change the thermal polymerization rates, simple

vacuum distillations at 120 °F. and 1 cm. Hg absolute pressure, using

a modified vigreaux column, were twice performed on a styrene sample.

No change was observable

.

The monomers used have been styrene, vinyl-2-ethylhexanoate and

<*- vinylnaphthalene

.

By precipitation of polymer from the styrene used, with anhydrous

methanol, it was judged that less than 0.5 percent polymer was present.
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Laboratory Reagents

In all cases, commercially obtainable reagent grade chemicals have

been used. It is considered that the following materials warrant

special consideration:

a) Xylene (mixed o, p, and m isomers) was found to be only

suitable in the best grade (Baker's White Label Analyzed

Reagent) obtainable, because of the presence of trace

quantities of materials which are slowly hydrogenatable

in the inferior grades.

b) The palladium hydrogenation catalyst, Grade 937* was

furnished by the Davison Chemical Company, Baltimore,

Maryland. This catalyst comprises 5 percent palladium

on a carbon support.

c) The methyl alcohol used in determination of polystyrene

was supplied anhydrous in one -pint, sealed bottles to

assure that the presence of water was minimized.

d) Adsorption alumina, 80-200 mesh, was purchased from

Fisher Scientific Company.

B. Apparatus Description and Operation

Polymerization Equipment Description

Reactions of asphaltic and monomeric materials are conducted

in a sealed autoclave which rocks to agitate the reactants. This

type of apparatus provides a means of reaction in the dark, i.e.,

the effect of the catalytic action of light is eliminated. This

reactor is equipped with a temperature controller (±2 °F.) and
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recorder which allows reactions to be conducted over long periods

of time with a mini,mum of personal attention necessary from the

operator; however, this should not to construed to Indicate that

neglect nay be permitted. The apparatus is shown in Figure 3« It

may be noted that a nitrogen cylinder equipped with pressure

reducer is used to maintain pressure on the system. A list of the

principal equipment follows:

1) American Instrument Company super atmospheric

pressure rocking autoclave, U-3/8 inch series,

equipped with 3 liter and 1.5 liter bombs.

2) Brown Pulse Pyrovane temperature controller,

0-800 °F. range, Model Ho. 105C4PS-25, Serial

No. 700196.

3) Bristol Company temperature recorder* l

0-1000 °F. range, Model No. 12PG560-21, Serial

No. 561908.

Auxiliary equipment is provided which allows introduction of monomer

and removal of reaction samples whenever desired. Measurement and

control of temperature is obtained by means of two thermocouples

inserted into a well provided in the center of the autoclave. A

small water-cooled heat exchanger is provided on the outlet line

to cool samples immediately as they are withdrawn from the reactor.

Polymerization Equipment Operating Procedure

To charge the bomb, it is removed from the rocker, opened and

stood on end with the opening upward. The desired amount of asphalt
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Figure 3, Polymerization Equipment

Thermocouple

Inlet &
Outlet

Bomb Compression Ring

Figure k, Bomb Assembly
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and solvent is placed in the bomb, the bomb is then closed and the

compression bolts tightened. Particular care must be exercised in

seating the cylinder gasket to avoid scoring or otherwise riftTnag-ipg

it. The compression ring should always be turned with the same

side facing the bolts so that the opposite side will remain smooth.

This may be accomplished by noting which side of this ring has

been previously scarred by the bolts. The bolts should be tightened

evenly by pulling them down in a "criss-cross" fashion to a torque of

about 20 ft. -lbs. which is ample to seal 6000 p.s.i., as stated by

the manufacturer. The bomb assembly should be put together as

shown in Figure k. It is necessary that the retaining bolt be

fastened securely after placing the bomb in the rocker.

After completely assembling the apparatus and all auxiliary

equipment, nitrogen is allowed to flow through for about five minutes

to completely purge air from within. Then the heater, controller,

shaking mechanism, etc. are turned on to bring the apparatus to

the desired temperature and allowed to reach theimal equilibrium.

During the run, occasional adjustment of the controller set point

may be necessary. After the reactor has reached equilibrium temper-

ature, the monomer is added via the sample outlet by forcing it

into the reactor with slight pressure from the nitrogen tank.

Finally, the pressure is adjusted to 100 p.s.i.g. by the reducing

valve at the nitrogen tank. Samples are taken at intervals during

the run and stored in a refrigerator to prevent further polymeriza-

tion. It is necessary to lower the outlet end of the shaking

mechanism when removing samples

.
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C. Analytical Methods

Determination of Monomer by Hydrogenation

A considerable amount of effort was expended to establish a

suitable means of determining the concentration of the reactants,

i.e., vinyl-monomers in the complex asphalt systems encountered.

Quantitative selective hydrogenation has been found to be a reliable

method of analysis. Because of the nature of asphalts the more

common methods of olefin analysis were discarded for at least one or

more reasons.

The following is a list of possible methods of analysis which

might appear to be feasible, but which were discarded by at least the

reasons indicated:

a) Spectroscopy - Asphalts are essentially opaque to the

regions of the spectrum which are applicable to these

methods with the materials used. (15, 20, 31, 36, 65, 86, 9U)

b) Halogenations - Either interfering reactions with high

molecular weight aromatics, sulfur, oxygen and nitrogen

containing compounds; or subsequent splitting out of the

hydro-halogens occur. Difficulty is encountered because

of the necessity of using polar solvents to dissolve the

redox reagents used, which are incompatible with asphalts,

thereby causing precipitation to occur. (11, 21, 38, 63,

6k, 66, 81)
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c) Aqueous phase addition reactions - Apparently all aqueous

systems must be discarded b3 cause of the occurrence of

the problem of mass transfer in the heterogeneous system

resulting from the precipitation of the asphalts into a

separate phase. (5*0

d) Dilatometer techniques - The expense of manufacturing

high-pressure 4ilatometers capable of operation at a precise

temperature over the wide range of temperature desired is

prohibitive and the ability to obtain precise results

with systems containing only 1-10 percent monomer is

questionable. (20, 79, 10U)

e) Viscosity methods - These methods would not be applicable

because no direct comparison could be made between the

various asphalts encountered, which is part of the object

of this research. (20, 32)

f

)

Removal of polymer by precipitation - It has not been

possible to discover a solvent which will precipitate the

polymer from solution without precipitating the asphalts

also. (20)

The above list is included principally to justify use of the

procedure of analysis adopted. This procedure, namely a selective

micro-hydrogenation, is actually quite reliable but very time

consuming and tedious to perform.

Selective hydrogenation of olefins over palladium has been used

by several investigators. (19, 6k, 100) However, materials containing
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aromatic carbonyl, nitrile and nitro groups may exhibit interference.

(6, 6k) The procedure described here is essentially a modification

of that described by Mitchell. (64) Low blank values have been found

when hydrogenating the various asphalts in the absence of vinyl-mono-

mers, indicating that the procedure followed is quite selective for

olefins in the systems encountered. Tables 5 and 6 indicate that of all

materials studied, only the asphaltenes may be expected to interfere

in this analysis. In all cases, the asphaltenes have been present

(when removed from the asphalt) in less than 20 percent concentration.

Therefore, approximately 3 x 10~" gm. moles hydrogen per gm. sample

will be used by the asphaltenes in the maximum situation.

Refer to Figure 5> & photograph and Figure 6, a schematic diagram

of the equipment used to obtain details of the equipment construction.

The analytical procedure used is as follows:

a) Weigh accurately a quantity of sample which will take up

from 75 to 100 ml. of hydrogen into the appropriate con-

tainer. This is the sample boat shown in Figure 6 in the

case of asphalt samples and the Victor-Meyer type bulb

in the case where calibration with pure olefin is desired.

The use of the open boat allows some evaporation and loss

of the volatile constituents of the sample. This can be

minimized by diluting fluid samples with 5 to 6 ml. of the

solvent xylene after they have been weighed.

b) Place 50 ml. of xylene, approximately 0.05 gm. of the

palladium hydrogenation catalyst, the magnetic stirring
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TABLE 5, HYDROGENATION BLANK VALUES FOR SEVERAL ASPHALTS

Test Conditions : Hydrogenation over palladium catalyst at room

temperature and pressure for at least eight hours

.

Gm. Moles Equivalence
Hydrogen Per in Weight

Designation
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Figure 5> Selective catalytic micro-
hydrogenation assembly.

bar, and the sample container into the reaction vessel

as shown in Figure 6 and assemble the apparatus,

c) Purge the burette of air and fill it with hydrogen. Turn

on the stirrer and water, and adjust the valves so that

hydrogen will flow through the reaction vessel to purge

it of air. About 30 minutes has been found sufficient to

reduce any oxide on the catalyst and saturate the solution

with hydrogen so that no further up-take of hydrogen
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occurs. A longer time should be avoided because of sample

evaporation

.

d) Vent the ballast tube to the atmosphere, fill the burette

vith hydrogen, adjust the valves to connect the burette

with the reaction vessel and obtain an initial burette

reading; checking to make sure that the pressure in the

ballast tube is balanced by the pressure in the burette

via the manometer. Close both vents and empty the sample

containers into the solvent by rotating the ground-glass

joint which supports the sample boat. The Victor-Meyer

bulb, when used, may be broken against the open sample

boat by gently shaking the reaction vessel which is

connected to the burette by a flexible coupling. Obtain

the atmospheric pressure and water temperature.

e) Occasional adjustment of the level of the mercury in the

burette is necessary to avoid large pressure differentials

which would otherwise cause leaks to develop. After com-

pletion of the hydrogenation (this is judged by the end

of hydrogen up-take), obtain the final burette reading

after adjusting the pressure to that in the ballast tube

by means of the leveling bulb. Usually about two to three

hours is required for completion of the analysis after

complete solution of the sample is achieved. Because of

the shape of the sample boat, the hydrogenation catalyst

tends to gradually accumulate in it. It is therefore
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necessary to occasionally shake the reaction vessel to

remove this accumulation (ahout each one-half hour)

.

Other tfethods of Olefin Analysis

Several other test methods were devised for analysis of olefins,

particularly styrene, and used to check the accuracy of the hydro-

genation procedure. A monomer volatility test, a test employing

quantitative precipitation of the polymer formed and a hromination

test will be discussed.

The Volatility Test

The purpose of this test is to evaluate the amount of unreacted

monomer remaining in the samples of monomer-polymer-asphalt mixtures

resulting from reactions occurring in monomer-asphalt systems. It

is generally to be assumed that only the unreacted portion of the

monomer is determined. However, this is necessarily only an approxi-

mation because of inherent test limitations. The principle involved

is that of the removal by vacuum distillation of the volatile portion

(monomer) from a suitably arranged sample at an appropriate tempera-

ture and pressure.

A constant temperature oven large enough to contain a large

sized vacuum dessicator provided with shelves or a high vacuum oven

is required for heating the samples. The samples themselves are con-

tained in the bottom half of 10 cm. diameter petri dishes covered

with watch glasses turned with the concavity downward. This allows

any sample spattering to flow back into the petri dish rather than

down the outside as would otherwise be the case.
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Using reagent grade chemicals, a solution of the concentration

of 1.00 gram per liter of p-t-butylcatechol dissolved in benzene is

prepared to serve as an inhibitor during the test to prevent further

unwarranted polymerization of the monomer.

Weigh accurately (±0.001 gm.) an approximate 5 gm. sample

into a petri dish and record the total gross weight of sample, petri

dish and watch glass used for the sample. Insaediately add 10 ml.

of the solution of p-t-butylcatechol and allow the sample to dissolve,

After solution of the sample, gently tilt the dish several times to

mix the inhibitor. Place the samples in the oven at atmospheric

pressure, adjusting the watch glass so as to only cover about two-

thirds of the petri dish. This allows more rapid removal of the

solvent

.

When the samples appear nearly dry, remove them from the oven

and allow them to cool to room temperature (overnight is permissible

since further polymerization will be inhibited). Cover completely

and again place the samples in the oven, but this time under vacuum

for a period of eight hours before removing and reweighing the

samples. The oven must be cold at the start to avoid sample spat-

tering. It may be necessary to vary the temperature and pressure

when removing various monomers. However, it has been found that

successful removal of styrene monomer can be accomplished at

5-6 mm. Hg pressure and 200 °F.
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The weight percent styrene is determined as follows:

(a)
rf Styrene - 100(Gross vt« loss + Blank sample wt. gain )

v

Sample wt

.

The Quantitative Precipitation of Polymer (20)

To 100 milliliters of anhydrous methanol in a 250 milliliter

beaker add 25 gm. of sample. Stir well and place on a steam bath for

five minutes to coagulate the sample. Allow the solution to cool

and filter on a tared Gooch crucible. Dry under an infrared lamp

for five minutes, then allow the polymer to dry to constant weight in

an oven at 70 °C. Cool in a dessicator and weigh.

The weight percent styrene is determined as follows:

$ Styrene = $ Styrene Charged - (Wt. poymer)(l00)
Wt. Sampls

It must be noted that this procedure will work only when asphalt

is not present since methanol will also precipitate a portion of the

asphalt

.

The Brown* nation Procedure

Refer to the American Society of Testing Materials standard test

D 1158 - 57T. (11) It must be noted that this method will work only

when the asphalt is present in a small amount since it precipitates

and otherwise interferes in samples which contain an appreciable amount.

A comparison of the results obtained by these methods with

those obtained by hydrogenation is given in Table 7. The hydrogenation

(a) The blank is determined on an asphalt sample adding only the

p-t-butylcatechol solution. A value of 0.017 gm. appears to be satis-

factory as a result of the average value obtained using several

samples for blank determination. Further attempt at increased

accuracy is not felt justified in view of the overall accuracy

of the method.
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procedure consistently gives results which are slightly low. This

can be attributed to a slight evaporation of the monomer from

samples during the purging phase of the hydrogenation procedure.

This has also been found to be true for hydrogenation of samples

which have been blended to give a known composition. The error

from this source appears to be less than 5-0 percent of the total

quantity of monomer present. The results obtained by hydrogenation

and bromi nation are plotted in Figure 7 iu the manner employed for

the use that these data are intended. It can be seen that very

reasonable agreement is obtained, even though the hydrogenation

values are somewhat low.
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IV. CALCULATIONS

A. Msthod of Calculating Monomer Concentration

Derivation of an Equation for Calculating Monomer Concentration From

Hydrogenations

Data obtained,

Initially Finally

Burette reading Burette reading

Jacket temperature
System pressure (by reference to

the atmospheric pressure)
Sample weight

From the ideal gas law,

PV = nRT 6 -

Where: n Gm. moles of gas

P Pressure
V Volume
R Ideal gas law constant

T Absolute temperature

Rearranging gives,

P/T= nR/V 7-

(p/T)ballast = (^AWlast = a constant 8.

tube tube

(This is true for a given determination since

n and V are constant.)

Therefore

,

(p/t) = (p/t) =(p/t)
ballast hydrogenaticm hydrogenation

tube system initial system final

barometer reading
jacket temperature initial = *W

- 5^
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Where: b Denotes burette

j Denotes the jacket

i Denotes initial conditions

Note: Under the conditions in which this test is

performed, use of the ideal gas law is adequately

justified. (92)

Since the ballast tube provides a means of reference to a

constant (p/t) ratio, minor fluctuations in the temperature of

the water jacket are admissible as long as the entire apparatus is

all at the same temperature. Continuously flowing laboratory tap

water through the apparatus accomplishes this with no more than a

2°F. variation in temperature from beginning to end of the deter-

mination. The amount of gas disappearing may then be calculated

as follows.

\ = V
r + \ »•

\ =
V
r
+

\ 11-

Where: r Denotes reaction flask

b Denotes burette
h Denotes hydrogenation system

f Denotes final conditions

From the ideal gas law and substituting from the preceding

equations,

n
±
=Vh Pi/RTi = (Vr * Vb )Pi/RTi 12.

i i

Subtracting equation 13 from equation 12 and substituting the

constant ratio of (p/t) from equation 9, gives,

Uq = H - nf = (Vb - Vb JPb/KTj Ik.

Where: o Denotes the change from initial to

final conditions
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However, since the gas is saturated with solvent vapor, a

correction for this error must be applied. The proper correction

factor may be determined as follows,

nH /^S - % /^S ( i,e *> Partial pressure law for jc

2 2 ideal gases)

Where: ILj Denotes molecular hydrogen
S Denotes solvent vapor
p Partial pressure

The partial pressure of hydrogen is the total pressure less

the solvent vapor pressure: this gives,

% = P
b " PS 16.

Rearranging equation 15 and substituting from equation 15, yields,

ns= V x
2 R_

From a material balance on the gas disappearing,

17-

no= br + °s 18.
2

Note: The above is approximately true if the small
fluctuation in temperature does not change the

solvent vapor pressure materially.

Substituting equation 17 in equation 18 gives,

n = n^ x
o &2

P
S +1

19-

Equating equations 19 and lU, and solving for n_ gives,

*H = (
Vb " Vb >UV> " *S>/mj 20.

2 i f

The monomer concentration may then be calculated as follows,

£ Monomer = 100 n* m/w = 100 m(Vb - Vb )(Pb
- ps )/RT,W 21.

2
i f

Where: m Monomer molecular weight
W Weight of sample hydrogenated
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Determination of Solvent Vapor Pressure

in order to use the preceding equation, it is necessary to

estimate the solvent vapor pressure. Several factors which will

affect the exactness with which it is practical to determine this

value are

:

a) The presence of sample as solute in the system. (72)

b) The xylene used is a mixture of the o, p and m isomers

which tend to vary in concentration from batch to batsh.

c) There is a slight variation in temperature over the

extent of the determination.

The last two isomers of xylene noted above predominate in the mixed

system. (80) For this work it has been considered adequate to use the

data presented in Figure 8, which is the vapor pressure of m-xylene.

(57)

Xylene was picked as a solvent because of its ability to

dissolve both the asphalts used and the polymers formed, its low

vapor pressure and ready availability in a grade which has no

observable hydrogenation blank value. (Xylene supplier mentioned

earlier •

)

B . Overall Polymerization Rate Constant Calculations

Empirical Determination of the Polymerization Rate Constant

By integration of the equation developed for the polymeriza-

tion process under study, an equation results which may be rearranged

to give a linear plot when reciprocal concentration is the ordinate

and time the abscissa.



- 58 -

100

80

60

1*0

to

I 20

!

6 10

° 8

1 -
-10

_ ,..-,



59 -

This equation is,

-d(M)/dT = K(M)
2 22 '

Where K has been set equal to: (See page 29)

K = (kk /2k )

p ts ta

2 Uk D \
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The Arrhenius equation for correlation of the overall polymeri-

zation rate constant K is given below,

K = A exp (-H/RT) 25.

Where: A Arrhenius frequency factor

H Energy of activation

Taking logarithms of the Arrhenius equation and rearranging

yields,

log10 K = log10 A - (O.U3U3H/R)(l/T) 26.

Therefore, the slope of a plot of log10 K as ordinate versus

(l/T) as abscissa yields a plot whose slope N is,

N = - (O.U3U3H/R) 27

«

If R, the ideal gas constant, is taken to equal 1.104 cal.

per gm. mole x °R. and T is in °R., the energy of activation, H, may

determined by,

H = - 1.104 N/0.4343 = - 2.542 N, cal. per gm. mole 28.

The numerical value of the slope, N, is determined graphically

in a manner analogous to that employed to estimate the value of the

overall polymerization rate constant as illustrated in Figure 9«

Since the details of this calculation would be repetitious, they are

omitted here

.

An Absolute Basis for The Overall Polymerization Rate Constant

Theoretically to be used properly, the K of the Arrhenius equa-

tion must be expressed in some set of units which is directly

proportional to the number of atoms or molecules reacting per unit

volume of reaction system. From an empirical standpoint, however,
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this may not be necessary and may even be misleading. Conversion

of the data as obtained experimentally may involve making assumptions

of quantities such as densities, etc., which introduce unnecessary

error into a correlation that might be satisfactory for many purposes

without applying the corrections.

The overall polymerization rate constant, K (#
_1 x min.

-1
), may

be converted to K' in units with an absolute basis (liters per gm.

mole-min.) as follows,

K' = cf K 29.

Where: c =0.1 monoiner molecular weight
* solution density in gm./cc.

This may be demonstrated in the following manner,

100 gm. solution gm. monomer T cc - solution liter _
gm. monomer-min. gm. mole monomer gm. solution cc.

liter per gm. mole-min. 30.

The order of magnitude of the error introduced in the energy of

activation calculation as a result of neglecting the correction for

density variation with temperature may be estimated. By the method

previously described, N may be determined for a given system in the

following manner,

N =
1OS

3Q
KU00V "

1OS
10
K
200°F. 31 .

(VT)lf00°F. " (VT^OOOF.

Letting, ', denote a corrected value of N and K, the following

is obtained,

N , -?
lo6

10Kto0 F. " lo
glO

K
200°F . ™

(WlvOO F. * ^200 F.
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Sample Calculation for Runs With S 119

For the system, 10 percent styrene and 90 percent S 119, the

solution densities are: O.91U gm. per cc. at 200 °F. and O.851 gm.

per cc. at lj-00 °F. (Refer to Table 8) Therefore (styrene molecular

weight is lOU.l),

K^OOOF. = O.liltik.lHlfaxPe,) /0.91k 33-

KioO°F. = 0.1(10U.1)(K40o0f> )/0.851 3k.

TABLE 8, DENSITIES OF STYRENE, S119 AND
SOLUTIONS OF THESE MATERIALS

Density Density Density
at 77 F., at 200 F., at UOO F.,

Material gm. per cc. gm. per cc. gm. per cc,

Styrene 0.9O2(a ) 0.8U2( a ) 0.7^(b )

S119 0.963^^ 0.922(d ) 0.863(d )

10$ Styrene + 90<£ S119 0-911+( e ) 0.85l( e )

(a.) Cited in reference (7).
lb) Extrapolation of data cited in reference (7)-
(c) Measured value.
(d) Estimated from the cubical coefficient of expansion cited in

reference (9)

•

(e) Calculated assuming additivity of densities of the materials
comprising the solution on a weight basis.

By reference to Figure 12 , page 74, it may be found that,

log
10

K
UO0°F. " log

10 WV. = 2 ' 85 35<

also,

(l/T). o - (l/T) o = - 0.00035*+ °R."1 o£
IjOO F. 200 F. 3o

«
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Substituting these values and the values for density gives,

„, . ^oWf. -^ioWf. +iog
10

(o-9iVo-85i)

-0. 00035^

= (2.85 + 0. 0306) /-0. 00035^ = -8,1^ °R- 37-

The value for N determined without applying this correction is

-8,060. This represents an error of,

Percent Error =
-8c6

S,r<
-ato)U loo^ 38.

"8TE0

The energy of activation determined may he expected, therefore, to

be low by about one percent.

Determination of Constants for the Theoretical Rate Equation

The I. B. M. 650 digital computer has been used to calculate

values of K as a function of Rs*. By systematically varying the

parameters it has been possible to obtain calculated curves that

agree approximately with experimentally determined data. This

discussion will be presented later in greater detail.

The program for these calculations has been written for the

I. B. M. 650 by utilizing the "Flatran" system. This system, which

has been developed at the University of Florida, translates the

program, as written from simplified symbols analogous to those used

in ordinary algebraic calculations, to the more complex language

utilized by the machine computer.

The equation for the rate constant, K, has been reduced to a

simpler form by substitution of symbols as follows: (See eq. 23, p. 59) >

K = A (jR2 + BR + C)2 - R~| 39.
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by letting:

A = kp kte/ataJ B = Ukta *s/*Li C = 8ktakc/kts> D = D >

R=V
The Flatran Program

The Flatran program has been written in accordance with pro-

cedures defined in the Flatran Manual by Peterson. (73) This program

is designed to calculate values of K in terms of R over a range of

R = 10"? to 9 x lO"^ in increments which vary with the magnitude of

R. The Flatran program follows:

0001 READ,A,B,C,D

0002 I^a«^SQRT^R*R&B*^R**

0002 1 DO&Co-Ro

0000 X#0
0000 F#0. 0000001

0000 PUNCH,R,K,A,B,C,D
0006 G#8*F
0000 H#2*F
0000 do8r#f,g,h
0007 IQ?A^QRT^R*R&B*^R**

0007 1 Da&Ca-Ra
0008 PUNCH,R,K,A,B,C,D
0000 F#10*F
0000 IF^F-0.001O6, 1,1

0009 STOP
0000 END

The machine language program compiled via the Flatran program is

included in the Appendix.

C. Calculation of Relative Free Radical Concentrations

The experimentally determined data for the various asphalt

systems has been plotted in the results section in the form obtained,

i.e., the polymerization rate constant, K, versus the percent asphalt

or asphaltene in the solutions studied. For a comparison to be

made in the discussion of results section, it is desirable that the
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concentration can be converted to a basis such that the stabilized

free radical concentration can be compared. Experimental data has

been determined to evaluate the free radical concentration in the

various materials on a weight basis. Using these data, which are

given Table 10, page 86, the desired comparison may be made in the

following manner.

Define the ratio of free radicals in the various asphalts on a

weight basis as,

FR ratio of A:B =
j^e

"ff"*
8 P« ff»-

*
U0.

Free radicals per gm. B

D. Estimation of the Absolute Free
Radical Concentration

The estimated values of the absolute free radical concentration

of the various materials have been given in Table 10, page 86. If

it is assumed that the free radical concentration in an asphalt or

asphaltene solvent system is proprotional to the asphalt concentration

then,

Rs* " ^a^ Species A ^ ^e system), Ul.

in gm. moles free radicals per kgm. of system of A

Where: q. The specie quotient, a quantity that will
cause the units of Rs* to be, gm. moles of

free radicals per kilogram of system of

Species A. Species A may be an asphalt

or asphaltene

.

In order to obtain the concentration of Rg* in the desired units,

it is necessary to make the conversion of units from free radicals per

gm. to gm. moles free radical per kgm. This may be accomplished by
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the use of equation k2, which follows,

Free Radical Cone, in gm. moles m ^
P.R. per kgm. sample

Free Radical Cone
. , in icocfiE^. x

x
r-\

g*-*01*8

F. R. per gm. kgm. 6.02x10 J molecule

Solving equation 4l for qA gives,

*s* ^qA "
56 Species A in the system

The numerical value of qA may be obtained by using the value

of R* corresponding to 100 percent of Species A, i. e., for the

concentration of the asphalt or asphaltene with no solvent added.

The specie quotients necessary for systems studied are calculated

belov;-.

/-_^ ™_ JA * g»« moles F.R. per kgm. sample N
(Note: The units of qA are, «5

^ Species A }

. (1.1 * 10
16 x lO3?/^ * 10

23
s lQ3 x 10

-7 W.
^8119

"
100

( k.k x 1016 x 103)/6.02 x lO2^ .7
qsl20 I§T^ 7-31 x 10 U5l

a * < .(?-7 * 1016 * io3)/^ x 1023 7
<is6i-6 s 100 * ** 4

'
x JW

(u x 1016 x io3)/6.02 x 1023 -7
qs6i-9 = 100 a •U5,J x i0

U6.

*7.



V. RESULTS

A. Introduction

All of the polymerizations made in this study have been conducted

in the Aiainco autoclave described in the experimental section. This

study has been principally concerned with the manner in which asphalt

systems are capable of interacting in reactions vith vinyl monomers.

Vinylbenzene has been the monomer used in the major part of this study.

Other monomers used vere oc -vinylnaphthalene and vinyl-2-ethylhexanoate

,

Several typical petroleum residua, representing a wide range of types

normally encountered, were the asphalt material used in this study.

The properties of these asphalts were given in Table k f page 33*

The Gulf Coast naphthenic residuum, S 119, and the East Central

Texas residuum, S 120, which represent residua of low and high

asphaltene content, respectively, have been studied extensively.

Polymerizations have also been made in which the asphaltenes removed

from these asphalts by n-pentane precipitation were used. It will

be shown subsequently that the asphaltene fraction of these asphalts

contains the majority of the ingredients which are the key to the

phenomena observed herein.

Included in these results is the manner in which the polymeri-

zation rates of the systems studied may be correlated empirically

with the variables, monomer concentration and reaction temperature.

The nature of this work is such that a considerable amount of

experimental effort was required to conduct a single polymerization

- 68 -
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run. This run yields a set of data from which nay be obtained a

single value, namely K, the overall polymerization rate constant.

With this single value, if the initial concentrations are known,

it is possible to again construct the entire curve representing

the results of this run. Therefore, the quantity of data cited

in this section may appear to be small. The numerical values of

these empirically determined rate constants are tabulated at the

end of this section. The original raw data from the polymerization

experiments are given in the appendix .

B. Correlation of Polymerization Rates

With Monomer Concentration

Experimental data are obtained in a tabulated form with the

unreacted monomer concentration (weight percent) measured as a

function of the time elapsed (minutes) from the start of polymer-

ization. It has been found that straight lines are obtained if

these data are plotted with reciprocal monomer concentration (weight

percent)" as ordinate, versus the time elapsed (minutes) from the

start of polymerization as abscissa. Figures 10 and 11 included in

this section, and Figure 9 of the calculation section and Figure 7

of the experimental section have been plotted in this manner. The

straight line dependence as shown in these figures is typical of

the data obtained in all of the polymerizations performed.

This type of data may be correlated by means of a second order

rate equation in terms of monomer concentration. (Refer to the

calculations section.) This equation follows:

-d(M)/dT = K(M)2 W.



- 70 -

Sir* irv y>
a d s

• • • •

o o o o



71

!



- 72 -

If the units are applied consistently and the data plotted as just

mentioned, K will be identically equal to the slope of the line

obtained and have the units, (min.) (percent monomer)" . Here K

has been used as the empirically determined overall polymerization

rate constant.

Check runs on the same systems under the same conditions have

agreed within about 10 percent. Data from the runs which have been

made in duplicate in this study are presented in Table 9«

TABLE 9, A COMPARISON OF EXPERIMENTALLY DETERMINED RATE
CONSTANTS TO SHOW REPRODUCIBILITY

Polymerization Run Conditions : These runs were charged with the
percent asphalt as indicated below plus a quantity of Styrene
approaching 10^ with xylene comprising the difference.

Run No.
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Rstrolatum, a solvent incompatible with the polystyrene, was used to

determine the magnitude of this effect. The rate constant determined

for this run is plotted in Figure 12 for the purpose of comparison

with the data obtained for asphalt systems. It is obvious that the

possible source of error is potentially quite large. The possible

occurrence of a polymer precipitate on the interior of the autoclave

would be readily observable. This did not ever occur, however, for

polymerisation in any of the other solvent systems used.

C. The Arrhenius Correlation

It is apparent from the data given in Figures 10 and 11 that

temperature is a very Important variable. This is in accordance with

the effect observed for many reaction systems that are essentially

irreversible. As might be expected from the work of others in the

polymer field, it has been possible to correlate this temperature

dependence by means of the Arrhenius equation. The same data shown

in Figures 10 and 11, for the Gulf Coast naphthenic residuum (S 119)

have been used to calculate the overall polymerization rate constant,

K, and plotted in Figure 12. The second line shown in this figure

is for the air-blown asphalt R60-11.

The slopes of these lines are about -8,060 °R.

The energy of activation, H, is therefore,

H = -1.104 (-8,06o)/o.l+3U3 a + 20,500 cal. per gm. mole 49.

If a 1.0 percent positive correction is applied, as estimated in

the calculation section, H will be for these systems:

H =1.01 (20,500) = 20,700 cal. per gm. mole. 50.
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Banrford and Bart, in their review of polymerization processes,

cite values of H, the activation energy of the thermal polymeriza-

tion constant of styrene ranging from 19,200 to 23,200 cal. per gm.

mole.(lU) These values were determined over the temperature range

of to 120 °C., which is somewhat lower than the temperature range

of this study. It may be noted that the value of H obtained here

is within the range determined by other investigators.

Although the data obtained are insufficient to allow an accurate

calculation of the activation energies (only one or two points

obtained per system), the data of Figure 13 show qualitative agree-

ment with those obtained for the more definitive data presented in

Figure 12.

D. Asphaltene Constituents Exhibit a
Dominant Effect

Data have been obtained to show that components concentrated

in the asphaltene fraction are largely responsible for the influence

that the asphalts studied have had on the polymer kinetics.

Reference to Figure 13 indicates that asphalts having a high

asphaltene content have caused the greatest acceleration of the

polymerization rate . At a reciprocal temperature corresponding to

300 F., the rate constant obtained for polymerization in xylene is

shown for comparison. This single point represents the results of

three runs made on the separate batches of styrene used in the runs

with the asphalt systems. The "A" group of asphalts has 20-40 percent

asphaltenes while the "B" group has only 1.5-2.6 percent asphaltenes.
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It is obvious that the grouping of these data in this manner is

permissible; however, it must also be noted that the sulfur content

(see Table h, page 33) of the asphalts has a similar relationship.

The asphalt S 119 * having a low asphaltene content, and the

asphalt S 120, having a high asphaltene content, were selected for

further investigation of the asphaltene content variable. By

concentration of the asphaltenes in one fraction through n-pentane

precipitation, and removal from the remaining asphalt by filtration,

it was possible to study the two fractions separately. If

asphaltene concentration is an important variable, it should be

possible to observe its effect by dilution of the asphaltene with

a suitable inert solvent, or solvent having known effects. Xylene

was chosen because it is mutually compatible with styrene,

asphaltenes and polymer, and is known to have no acceleration

influence of its own. The results of these experiments are shown

in Figure Ik. It can be seen that at low asphaltene concentrations,

acceleration of the polymerization is pronounced. As the concen-

tration is increased, this acceleration gradually disappears. Also,

it can be seen that differences in the character of the asphaltenes

themselves have a noticeable effect on the rate, since the

asphaltenes from S 120 gave a substantially greater acceleration

than did the asphaltenes from S 119-

Repeating these experiments with the base asphalts S 119 &nd

S 120 yields results analogous to those obtained for the asphaltenes.

These results are shown in Figure 15 . An important difference should
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be noted for these plots since the concentration variable is extended

considerably in Figure 15 . These data indicate the diluting effect

of the inert asphalt fractions. Polymerizations at the concentration

of asphalt yielding the maximum rates, vere made, using the asphaltene

free residues (containing less than 0.3 wt. percent). The results

of these polymerization runs are shown in Figure 15 . The acceler-

ation of polymerization noted for the original asphalts, at the

concentration of asphalt yielding the maximum rates, was greatly

reduced. This strongly demonstrates that the asphaltene fraction and

constituents contained therein are a key factor of this phenomenon.

Mention should be made of phenomena which are manifest for the

asphalt systems, not observed for studies of the asphaltene fractions.

As relatively high asphalt concentrations are reached, the polymeriza-

tion is again accelerated. Clarification of the cause of this will

be covered in the discussion of results.

Earlier in this section it was noted that asphalts with high

asphaltene content had the greatest acceleration influence. Among

this group was the air-blown asphalt RbO-ll, prepared from S 119

.

In Figure lb, the concentration variable for S 119 and ROO-ll is

compared. The acceleration obtained for the air-blown asphalt is

not particularly diminished by increasing asphalt concentration, as

is the case for the residuum S 119

.

Although it has not been explicitly stated, styrene has been

the only monomer for which results have been cited up to this point.

In order to generalize this study, other monomers were included.
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Alpha-vinylnaphthalene and vinyl-2-ethylhexanoate were polymerized

in xylene and in xylene containing asphaltenes obtained from the

asphalt S 120. Vinyl-2-ethylhexanoate which had no measurable thermal

polymerization of its own was not caused to polymerize by the addition

of the asphaltene. The presence of asphaltenes did affect the

polymerization rate of o(-vinylnaphthalene

.

Since no polymerization occurred for vinyl-2-ethylhexanoate, the

data obtained are not included. A control test containing one percent

benzoyl peroxide in this monomer caused gelling to occur at 200 °P.

in 2.5 hours.

The data obtained for <* -vinylnaphthalene is plotted in Figure 17

.

Because very few points were obtained for this system, the curve drawn

has been made dashed. Data were limited because of the high cost of

this compound. There is qualitative agreement of these data with those

obtained for the styrene systems. The magnitude of the observed

effect is not large, being of the order of the anticipated experi-

mental error for these polymerization experiments.

E. Influence of a Pure Stable Free Radical

Stabilized free radicals were suspected of being the constituent

present in the asphaltene fraction which is responsible for the

phenomena observed. Experiments using l,l-diphenyl-2-picrylhydrazyl

yielded the results plotted in Figure 18. Although the data are

somewhat scattered, there is at least an indication of an acceleration

effect followed by a gradual decrease of this effect as the free

radical concentration is increased. It is believed that the
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acceleration noted here is definite, based on the reproducibility

of the experiments conducted in pure xylene. The spread in the

values obtained at the maximum is probably caused by the delicate

balance of factors responsible for the occurrence of this maximum

acceleration.

P. Spectroscopic Evidence of The Existence
o! Stable Free Radicals

The four asphalts used in this study, and the two asphaltenes

prepared from these asphalts were submitted for analysis by ESR,

on a contract basis, to the:

Ridgefield Instrument Group
Schlumberger Corporation
P. 0. Box 337
Ridgefield, Connecticut

The determinations were made on a relative basis by comparison at

the same instrument gain. Examination was made at a fieId-strength

of 3,380 gauss, with a micro-wave frequency of 9. 1+7 kllomegacycles.

The spectroscopic splitting factor, "g", was determined to be

2.0021 for these materials. This is quite close to the theoretical

value which can be calculated for the free-electron, i.e.,

2.0023.(52)
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TABLE 10, FREE RADICAL CONCENTRATION OF THE ASPHALTS
AND ASPHALTENES USED IN THIS STUDY

(a)
Calculated

Sample Relative Signal
(instrument Value/gm.)

Asphalts
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TABLE 11, GRAPHICALLY DETERMINED OVERALL POLYMERIZATION RATE CONSTANT FOR
RUNS WITH THE GULF COAST NAFHTHENIC RESIDUUM (S119), STYRENE AND XYLENE

Polymerization Run Conditions ; These runs were charged with the percent
S119 as indicated below, plus a quantity of Styrene approaching 10$,
with Xylene comprising the difference.

Run No.

R61- 4
R6l- 5
R61-16
R61-48
R6l- 3
R61- 6

R61- ?
R61- 2

R61- 8

R61- 1
R60- 5
R60-10
R60- 9
R60- 4
R60- 3

The following run was made with S119 after removal of asphaltenes by
precipitation with n-pentane. This material designated S61-1.

Overall Rate,
Temperature, Constant

Run No. % S61-1 °F. (min.-l x £-1)

R61- 9 4.83 300 5.79 x 10-5
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TABLE 12, GRAPHICALLY DETERMINED OVERALL PCLYMERIZATICN RATE CONSTANT FCR
RUNS V7ITH THE EAST CENTRAL TEXAS RESirUUM (S120), STYRENE AND XYLENE

Polymerization Ran Conditions ; These runs were charged with the percent
S120 as indicated below, plus a quantity of Styrene approaching 10$,
with Xylene comprising the difference.

Cverall Rate
Temperature, Constant

Run No. % S120 °F. (min.-1 x i-1 )

R6l- 4 0.0 300 4.08 x 10-5

R6l- 5 0.0 300 4.12 x 10-5

R61-16 0.0 300 3.96 x 10-5

R61-24 0.266 300 9.14 x 10-5

R61-23 0.839 300 15.4 x 10-5

R61-22 1.63 300 13.05 x 10-5

R61-18 3.21 300 10.?8 x 10-5

R61-17 6.39 300 8.92 x 10-5

R61-31 29.9 300 5.32 x 10-5

R6I-32 60.0 300 5.56 x 10-5

R6I-33 75.3 300 5.83 x 10-5

R6I-35 84.2 300 8.33 x 10-5

R60-19 90.0 300 10.85 x 10-5

R60-22 90.0 300 10.09 x 10-5

R60-21 90.0 400 1.65 x 10-3

The following run was made with S120 after removal of asphaltenes by pre-
cipitation with n-pentane. This material designated S61-12.

Cverall Rate,

Temperature, Constant
Run No. % S61-12 °F. (min.-1 x i

-1
)

R61-40 0.837 300 4.96 x 10-5



89

TABLE 13, GRAPHICALLY DETERMINED :VERA! T PC T YMERIZATICN RATE CONSTANT
FCR RUNS WITH 500°E AIR BLCWN S119 (R60-11), STYRSNE AND XYLENE

Polymerization Run Conditions: These runs were charged with the percent
R60-11 as indicated below, plus a quantity of Styrene approaching 10$,
with Xylene comprising the difference.

Run Number R6C-11

temperature,
°F.

Cverall Rate
Constant

(min.- 1 x i-1 )

R61-4

R61-5

R61-16

R61-45

R61-46

R61-47

R61-49

R61-54

R60-13

RoO-12

R60-14

0.0

0.0

0.0

0.573

1.57

5.02

17.0

54.8

89.9

89.9

90.1

300

300

300

300

300

300

300

300

3cc

400

450

4.08 x 10-5

4.12 x 10-5

3.96 x 10-5

7.06 x 10-5

8.85 x 10-5

9.93 x 10-5

8.35 x 10-5

7.73 x 10-5

8.82 x 10-5

2.13 x 10-3

6.55 x 10-3
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TABLE Ik, GRAFHICATJT DETERMINED OVERALL POLYMERIZATION RATE CONSTANT
FCR RUNS WITH VARIOUS PETROLEUM MATERIALS

Polymerization Run Conditions ; These runs were charged with the material
as indicated below, plus a quantity of Styrene approaching lot.

Overall Pate
Temperature, Constant

Run Number Material °F. (min.- 1 x t-^-)

R60-15^ a ^ 960-1 200° 1.49 x 10-5

(S60-1 is petrolatum)

R60-20 9H7 300° 8.86 x 10~5

(Sll? is the East Texas
Asphalt Base Residuum)

R60-18 5118 300° 5.88 x 10-5

(S118 is the South Texas
Heavy Asphalt Base
Residuum)

^ a 'A definite precipitation of polymer occurred on the interior of
the autoclave during this run.
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TABLE 15, GRAPHICAT TY DETERMINED CVERAIL PC LYMKRIZATICN RATE CONSTANT
FOR RUNS WITH ASPHALTENES DERIVE^ FRCM c119 THE GUTF CCAST NAPHTHSNIC

RESIDUUM (S61-6), STYHENE AND XYLENE

Polymerization Run Conditions ; These runs were charged with the percent
S61-6 as indicated below, plus a quantity of °tyrene approaching 10^,
with Xylene comprising the difference.

Overall Rate
Temperature, Constant

Run No. $ 361-6 °F. (min."1 x $~1
)

4.08 x 10-5

4.12 x 10-5

3.96 x 10-5

6.33 x 10-5

9.48 x 10-5

9.53 x 10-5

9.10 x 10-5

5.93 x 10-5

3. ?0 x 10-5

2.81 x 10-5

R6l- 4
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TABLE 16, GRAPHICALLY DETERMINED OVERALL POLYMERIZATION RATE
CONSTANT FOR RUNS WITH ASPHALTENES DERIVED FROM S120 THE EAST

CENTRAL TEXAS RESIDUUM (S61-9), STYRENE AND XYLENE

Polymerization Run Conditions ; These runs were charged with the percent
S61-9 as indicated below, plus a quantity of Styrene approaching 10$,

with Xylene comprising the difference.

Overall Rate

Temperature, Constant
Run No. % S61-9 °F. (rnin.-1 x i-1 )

4.08 x 10-5

4.12 x lO- 5

3.96 x 10--5

15.9 x 10--5

16.

3

x 10-5

6.04 x 10--5

6.92 x 10-5

5.42 x 10-5

R6l- 4
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TABLE 17, GRAPHICALLY DETERMINED CVERALT POLYMERIZATION RATE CONSTANT

FOR RUNS WITH ASPHALTENES DERIVED FROM S120 THE EAST CENTRAL TEXAS

RESIDUUM (S61-9), *-VTNYLNAFHTHALENE AND XYLENE

Polymerization Run Conditions ; These runs were charged with the percent

S61-9 as indicated below, plus a quantity of ^-vinylnaphthalene approach-

ing 13.5#, with Xylene comprising the difference.

Cverall Rate

Temperature, Constant
Run No. $ S61-9 °F. (min.-1 x fr1 )

R61-50 0.0 300 23 x 10-5

R61-51 0.299 300 31 x 10-5

R6I-52 0.745 300 27 x 10-5

R61-53 15.7 300 25 x 10-5
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TABLE 18, GRAPHICALLY DETERMINED OVERALL POLYMERIZATION RATE CONSTANT FCR
RUNS WITH l,l-DIPHENYL-2-PICRYLHTDRAZTL (s6l-ll), STYRENE AND XYLENE

Polymerization Run Conditions : These runs were charged with the percent
c61-ll as indicated below, plus a quantity of Styrene approaching 10$,
with Xylene comprising the difference.

Overall Rate
Temperature, Constant

Run No. £ S61-11 °F. (min.-1 x i"1 )

300 4.08 x 10-5

300 4.12 x io-5

300 3.96 x 10-5

300 4.96 x 10-5

300 5.52 x 10-5

300 7.00 x 10-5

300 7.17 x 10-5

300 5.40 x 10-5

300 6.12 x 10-5

300 5.40 x 10-5

300 4.88 x 10-5

300 4.39 x 10-5

R61- 4



VI. DISCU5SI0H OP RESULTS

A. Introduction

In the preceding pages reference to the literature and experi-

mentally determined facts has been used to establish a background

for the following explanations of the phenomena that have been

observed. In review, it has been shown that stabilized free radicals

can exist in nature and do occur in petroleum materials, particu-

larly the high molecular weight colloidal portions of crudes and

the asphaltene fraction of asphalts. More specifically, they have

been demonstrated to be present in the asphalts studied by direct

measurement, using ESR techniques. In addition to the existence of

these free radicals, the catalytic influence of materials which

are known to contain stabilized free radicals has been shown by the

work presented herein, tvnA reference has been made to similar

phenomena observed by other investigators.

B. The Theoretical Kinetic Equation

An equation has been developed from theoretical considerations

of vinyl-polymerization processes to correlate the kinetic

variables of monomer and stabilized free radical concentration. This

equation is as follows:

-d(M)/dT = K(M)
2

51.

Where: K Denotes the empirically determined overall

polymerization rate constant or the theoret-

ically calculated overall polymerization

rate constant , (aln . ) "^-(percent ) "3-

-9$ "
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la the theoretical development of this equation it has been shown,

assuming the theory to be correct, that (see pages 6k and 65),

K = A Rug* + BFg* + C)* - VJ 52.

A, B and C are constants which result from a grouping of the indi-

vidual reaction step rate constants. The constant D is introduced

to represent a simple non-linear function which has theoretical

significance, in that all of the non-idealities of the reaction

system are "lumped" into this one constant. The substitution of

the parameters to determine A, B, C, etc. is shown in the calculation

section. Here the term ideality is taken to mean that the rate of

reactions, as written for the mechanism postulated, follows the rate

equations Indicated with strict proportionality.

It is believed that a comparison of the experimental results

with those calculated utilizing this theoretical equation will confirm

the hypothesis that the stabilized free radicals present in asphalts

and possibly other natural materials, actually can interact in a

catalytic fashion with polymer systems, in particular those resulting

from styrene polymerization. Before this comparison is made,

however, the analytic properties of this equation itself shall be

discussed.

Analysis of the Theoretical Kinetic Equation Related to Monomer

Concentration

When the stabilized free radical concentration is held constant,

K is constant. This rate equation then becomes a simple second order

rate equation. It should, therefore, be possible to obtain a straight
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line by plotting reciprocal monomer concentration versus time for a

given polymerization experiment if the system remains homogeneous

and the temperature is held constant.

Analysis of the Theoretical Kinetic Equation Related to Stable
Free Radical Concentration

By examining the properties of K vhich is simply multiplied by

the square of the monomer concentration to obtain the instantaneous

rate, the effect on rate may be seen. The value of K may be looked

upon as a result of two basic factors. These factors are the

accelerating influence of the stabilized free radicals in the capacity

of starting new polymer chains, and the ability of them to cause

chain termination to increase at a greater rate. These two effects

may be seen analytically as follows:

K = A (R?* + BR?* + C)i - R *
s s s 53.

B = Uk^ kg/l4 5^.

C = Sk^ kcA4 55.

When the self-initiation by a monomer may be considered not to

occur, i.e., when kg is zero, C is zero. If D lies between 1.0 and

0, the result is that,

K = A (R2* + BR°*)^ - R * 5^.
8 S S

j

Taking the derivative of K with respect to Rg* yields,

t
(D-D

*v = *
[ 8(4. «. „$.)*

When Rg* is zero, the slope is + co . As Re-*- becomes increasingly

large the slope approaches zero through positive values. The curve

1
2R * + DBR *y

*L =A 2_r--ll 57 '
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obtained, therefore, has the general characteristics as shown in

Figure 19(a). This can be interpreted as the effect caused by the

initiation of growing polymer chains by the stabilized free radicals,

If polymerization initiation by stabilized free radicals may

be considered not to occur, even though chain termination does

M

•p

1n
§
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shown in Figure 19(b). This illustrates the termination effect of

stabilized free radicals in the kinetic process.

When neither k
c

nor k
g

is zero, and D lies between 1.0 and

0.0, the result of these two competing effects is that K varies

in the manner illustrated in Figure 19(c). When D =1.0, a special

case arises for the general equation. It can be shown by tAicjiig

the derivative that neither a maximum nor a minimum will occur

except when the situation arises that, B = 2C, in which case K

has a constant value equal to,

K = A (R2* + 2C% #+C)2- R *]
L s s sj

= A r((Rg* + ch2 )?- vl
= AC ^

6o.

In the preceding discussion the analytical properties of the

equation that has been derived have been presented. The manner in

which a maximum value for K is attained should, therefore, be clear.

At this point, it is convenient to mention that this Mod— is

analytically a direct result of introducing the exponent D into the

equation. However, in the actual formulation of the theory, no

particular justification has been given for this mathematical manipu-

lation.

Further study of the functional relationships of the various

parameters of the equation developed for K will show that any manipu-

lation which has the effect of shifting the curve shown in Figure

19(a) to the left with respect to the curve shown in Figure 19(b),
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will yield a result similar to that developed for the curve shown in

Figure 19(c). A point that should be brought out here, is that the

theoretical derivation under consideration has involved the use of

some fairly extensive assumptions. The equation which has been

derived for the rate constant is a function which is delicately

poised, i.e., the maxi mum value for K is attained through the subtle

effects discussed. It is, therefore, quite conceivable that slight

variations from the assumptions made in this derivation can cause

the required shift just presented. It is for this reason that the

use of the exponent D, which has exactly this type of capability,

is believed justified. It is recognized that this is not a completely

rigorous development.

C. A Comparison of Theory with Experiment; Correlation of
Polymerization Rates with Monomer Concentration

A second order dependence of the rate an the monomer concentration

has been predicted from theoretical considerations. This has been

confirmed to hold true during all of the experiments of this investi-

gation. The monomer concentration in the reaction systems has been

varied from 1 to 1C percent. The range of temperature has been

200 °F. to U50 °P. Thus, it has been possible to correlate all of

the polymerization data obtained by means of a second order rate

constant.

Stabilized Free Radicals Influence Vinyl Polymerization

Polymerization rates which have been determined have been

correlated through use of the polymerization rate constant, K. It

is, therefore, more convenient to discuss factors that influence the
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value of K than those affecting the instantaneous rates. Expertmental

results have shown K to he influenced hy constituents that are concen-

trated in the asphaltene fraction of the asphalts used and hy the

stabilized free radical DPFH. The concentration of stabilized free

radicals in the asphaltene fraction of S 120 is 2.5 times that of the

concentration in the asphalt, S 120. The concentration of stabilized

free radicals in the asphaltene fraction of S 119 is 5-^ times that

of the concentration in the asphalt, S 119- This evidence certainly

indicates that the stabilized free radicals may be responsible for

the phenomena observed.

The data originally plotted in Figures Ik and 15, with the

abscissa expressed in weight percent asphalt or asphaltene present,

have been converted to a scale that is estimated to be the concentration

of free radicals present in the system, and plotted in Figure 20.

This has been achieved by utilizing the assumption that the free radical

concentration is proportional to the asphalt or asphaltene concen-

tration expressed in weight percent and the relative concentrations

of free radicals that have been determined for these materials. The

details of this have been shown in the calculation section. Included

in Figure 20 are curves calculated from the theoretical equation for

K. These data are for styrene systems only. The data obtained for

the cX -vinylnaphthalene system has been treated similarly. The result

is shown in Figure 21.

The agreement of the calculated values with the experimental

values is apparent. It has been possible to obtain this close

agreement of the mathematical model with experimental data by
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varying the parameters systematically. The value of the parameters

•which are considered to yield the best fit to the experimental data

are presented in Table 19

.

TABLE 19, CONSTANTS DETERMINED FOR THE THEORETICAL
POLYMERIZATION RATE CONSTANT EQUATION

Note : The values for the constants cited are to be used when Rg*

has the units, Gm. moles free radicals per kgm. of system and when

K has the units , ($ Monomer) "^(Minutes)"1 •

System Constant Constant Constant Constant

A B C D

Styrene - Xylene -

S119

Styrene - Xylene -

5119 Asphaltenes

Styrene - Xylene -

S120

Styrene - Xylene -

5120 Asphaltenes

OL -vinylnaphthalene
Xylene - S120
Asphaltenes

2?0 9.5x10-9 1.90x10-34 0.7

290 9.5x10-9 1.90x10-1^ 0.7

5^7 e.LxlO-9 5.35x10-15 0.7

547 8.1x10-9 5.35x10-15 0.7

5470 3.2x10-3 1.77x10-15 0.9

The order of magnitude of the m»Y-imnm acceleration of the poly-

merization rate for the c* -vinylnaphthalene systems, was only about

twice the expected experimental error. It is possible that better
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agreement with the theory might have been obtained with more experi-

mentation.

©lis agreement between the theoretically calculated values and

experimental values allows the plausibility of the assumed mechanism

of interaction of stabilized free radicals in polymer systems. The

results actually can be applied with reasonable certainty to the

systems studied but it should be possible to apply these ideas to

similar phenomena that may occur in other systems. It was noted

earlier that vinyl-2-ethylhexanoate had no observable polymerization

rate of its own, or in the presence of asphaltenes from S 120.

However, in the presence of benzoyl peroxide polymerization occurred

easily. It is believed that this also lends strength to the manner

in which it has been assumed that stabilized free radicals were

capable of interacting in polymer systems. If the stabilized free

radicals were capable of interacting in the manner of active free

radicals, an effect similar to that observed for benzoyl peroxide

with this monomer should have been observed for the asphaltene from

S 120.

Mack has made the following claim in a U. S. Patent: when

vinyl compounds are reacted in asphalt systems, catalyzed by a small

amount of an organic peroxide, reaction with the asphaltene fraction

occurs. This claim has been based on the observation that 20-30

percent of the asphaltenes which are normally insoluble in naphtha

become soluble after reaction with the vinyl compounds. (60)
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D. Aggregation and Solvation of the Asphaltenes

It has been tentatively suggested that the overall polymeri-

zation rate constant is affected by the concentration of free radicals.

It can be seen from Figure 20, page 102, which presents a curve cal-

culated from the theoretical equation correlating this polymerization

rate constant, K, with free radical concentration, that K approaches

a constant value in an asymptotic manner as the free radical concen-

tration is increased. In Figure 15, page 79, however, it may be

seen that there is an upward trend for K as the asphalt concentration

approaches 90 percent. This is, of course, not in accordance with

an interpretation that the free radical concentration is a linear

function of the asphalt concentration. Earlier, in the discussion

of theory, evidence was cited which indicated that the total concen-

tration of free radicals in asphalt solutions was nearly proportional

to the asphalt concentration. Evidence was also cited to show that

dissociation of unstable molecules to form free radicals as the

asphalt solutions become more dilute probably does not occur. Thus

far, the results appear to be contradictory.

It is believed that this apparently anomalous behavior can be

explained on the basis of two related phenomena whose consequences

are observable in asphalt systems, namely, that of solvation of

the asphaltenes preferentially by the highest molecular weight

molecules of the resins and association of the asphaltenes

themselves. The majority of the stabilized free radicals are

concentrated in the asphaltene fraction. This has been shown by
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polymerization experiments since the mnximum acceleration occurred

at concentrations of aspbaltenes which were lower than those of the

source asphalts. If it is assumed that association and solvation

of the free radical containing (asphaltene) portion of the asphalt

does occur, it can be understood that the quantity of free radicals

available for reaction with the monomeric portion of the reaction

system (when monomers have been added) will not necessarily equal

the total quantity of free radicals intrinsically present in the

asphalt. In other words, a portion of the free radicals will be

restricted from entering into chemical reaction with the poly-

merizing system by an essentially mechanical barrier. This implies

that it is entirely feasible that the concentration of stabilized

free radicals available for reaction may, in fact, decrease even

though the total concentration of stabilized free radicals in the

whole of the asphalt system may increase as the asphalt concentration

is increased. Consequently, if the available stabilized free radical

concentration, named Rg* in previous discussions, is reduced suffi-

ciently, the rate constant, K, should be expected to rise as did

occur for polymerization in the asphalts, S 119 and s I2© (Figure

15).

Heppe has reviewed the chemistry and rheology of asphaltic

bitumen in a recent publication. (69) Here evidence based on

measurements of complex flow behavior, electron microscopic exami-

nation, oxidation of the asphaltenes, and correlation of physical

properties allows the statement to be made that:
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"There is general agreement that these materials

£ asphalts] are colloidal systems consisting of

micelles dispersed in an oily medium."

He indicates also that there is general acceptance that these

micelles, which largely constitute the asphaltene fraction, are

lyophobic nuclei surrounded by shells or successive layers of

material of gradually decreasing molecular weight and carbon content

or aromaticity. In dilute solution it is believed that these

adsorbed layers are dissolved away, allowing precipitation to

occur in petroleum ether (n-pentane for example) and flocculation to

occur in solution with good solvents such as carbon tetrachloride.

Figure 22 is a model representing the manner in which solvation of

the asphaltene micelle occurs, as conceived by Pfeiffer.(7^) The

process of air blowing presumably gradually reduces the quantity

of material in the continuous phase causing a gradual increase in

the aggregation of micelles.

It seems reasonable to expect that such phenomena as just

described be a gradual function of the amount of solvent present.

Indeed, this is true at least for the phenomenon of asphaltene

aggregation. Winniford states that:

"Aggregation of asphaltenes in concentrated systems

is a well-known phenomenon. The precipitation of asphal-

tenes by poor solvents such as pentane obviously involves

aggregation of an extreme type. ... In concentrated

solutions the concept of aggregation of asphaltenes is,

therefore, broadly accepted; but it is more difficult to

accept the postulate that asphaltenes exist as aggregates,

even in dulute solutions in supposedly good solvents."

Further conclusions by Winniford were that aggregation in dilute

solution with good solvents does occur and that this aggregation may
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High Molecular
Weight Aromatics 235>-

Lov Molecular
Weight Aliphatics

OOOOc/^/
After: Pfeiffer, J. P. and van Doormaal, P. M.,

J. Inst. Petrol. Techn., 22, UlU (1936).

Figure 22, An asphaltene model showing the solvation effect

occurring in relatively concentrated asphalt systems.
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be expected to increase as the quantity of solvent is reduced.

(103) Heithaus has made a study of the significance of asphaltene

peptization. It vas suggested that aggregation of the asphaltenes

in concentrated systems is at least as important to the properties

of the system as the changes in molecular configuration resulting

from differences in the solvating power of the continuous phase.

With the phenomena of asphaltene aggregation and solvation in

concentrated systems fairly veil established, further examination

of the experimental data at high asphalt concentration will continue.

In Figure 16, page 8l, data is presented showing the effect that air

blowing the residuum S 119 had on the rate constant, K. It can

be seen that K determined in polymerization runs on the air-blown

asphalt, RoO-11, never attains as low a value as in those for the

asphalt S 119 • This asphalt contains 39 -^ percent asphaltenes,

whereas S 119 contains only 2.6 percent. Schweyer and Bransford

have reported that an air-blown asphalt prepared from S 119* the

Gulf Coast naphthenic residuum, has a much greater degree of complex

flow than S 119 had originally before air-blowing. (85) These facts

are in accord with the ideas just discussed. Although it can not

be definitely shown by these data, they may indicate that the asphalt

RoO-11 has had some reduction in the overall concentration of

stabilized free radicals as a result of saturation of some of the

radicals during the polymerization caused by the air-blowing operation.

There has not been adequate study of this point to justify further

comment.
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VII. CONCLUSIONS

1) The vinyl compounds studied have polymerization rates in

asphaltic media that may be correlated by means of a rate equation

that is second order in monomer concentration.

2) The effect of temperature on the polymerization rate of a

styrene asphalt system can be correlated by means of the Arrhenius

equation. The system S 119 - styrene has an overall energy of

activation that is 20,700 cal. per gm. mole. Tnis is approximately

the same as reported for other styrene solvent systems. The asphalts

studied do not appear to greatly affect the overall energy of

activation. (The activation energy of the individual reaction steps

has not been determined.)

3) There are constituents concentrated in the asphaltene

fraction of asphalts that are largely responsible for the interaction

observed. It has been shown in a substantial manner that these

components may be stable free radicals. The possibility that free

radicals are concentrated and do exist in this fraction of the

asphalts studied is confirmed.

k) A mechanism has been presented and an equation derived

that correlates the effect of the variable stabilized free radical

concentration. The essential feature of this machanism is that

these free radicals initiate polymerization via a ter-molecular

reaction involving the stable free radical and two monomer molecules
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and that they terminate chains via a ter-molecular reaction involving

a stable free radical, active free radical and monomer molecule.

5) Stabilized free radicals from the asphalts studied have

inhibiting and catalytic properties for the monomers, styrene and

cC-vinylnaphthalene . At 300 °F. competition between these two

effects results in a maximum acceleration of the polymerization

rate at low concentration of the asphalts containing stable free

radicals.

6) Because of asphaltene aggregation and solvation in concen-

trated asphalt systems, the effective free radical concentration

available for interaction with polymerizing monomers appears to be

limited.

7) A novel method of olefin analysis has been developed that

can be used to obtain the quantity of vinyl-type monomers in complex

asphaltic systems. By hydrogenation of the monomer selectively,

this result can be achieved.

8) Free radical content of the asphaltic materials studied

has been determined by electron spin evaluation. It appears to

be of the order of lO1^ "to lCr' free radicals per gram.



VIII . SUMMARY

This research has "been undertaken to establish a better under-

standing of the fundamental aspects of the manner in which asphalt

affects vinyl monomer solvent systems. Through a study of the poly-

merization process of vinyl monomers and a kinetic analysis of the

rate of polymerization observed for the various systems studied, it

has been concluded that stabilized free radicals, which are present

in asphalt residua, influence the course of the reaction.

Several typical petroleum residua, representing a wide range

of types normally encountered, were the asphalt material used in

this study. A Gulf Coast naphthenic residuum and an East Central

Texas residuum, which represent residua of low and high asphaltene

content, respectively, have been studied extensively. The monomer

used principally has been vinyl benzene. These studies have also

included vinyl-2-ethylhexanoate and o-vinylnaphthalene.

Polymerizations were conducted in an Aminco rocking autoclave

equipped with automatic temperature control. Analysis of the monomer

at any given time during a polymerization run is achieved by a

selective micro-hydrogenation. In this investigation, the parameters

monomer concentration, asphalt concentration, asphaltene concentration

and reaction temperature have been varied over the ranges as follows:

monomer concentration: 2-15 percent; asphalt concentration: 0-90

percent; asphaltene concentration: - 18 percent; and temperature:

200 - U50 °F.

- 113 -
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It has been shown that the temperature effect on the polymer-

ization rate of the Gulf Coast naphthenic residuum^ vinylbenzene system

may be correlated by means of Arrhenius' equation, using an overall

energy of activation of about 20,700 cal. per gm. mole. This

compared closely with the energy of activation cited in the liter-

ature for this monomer in other solvents.

An equation has been developed from a hypothesis describing

the polymerization process, which can be used to calculate the

reaction rate as a function of monomer concentration and stabilized

free radical concentration. By assuming a linear relation of free

radical content of asphalt or asphaltene, the effect of these

variables may be interpreted. ThiB equation is as follows:

-d(M)/dT = A ((R2+ BRD + C)^ - R) v£

- K (M)2

Where: K has been set equal to the term in front of M2 .

M is the monomer concentration.

A, B, C, D are empirical constants resulting
from grouping the constants of the individual
reaction rate steps of the assumed mechanism.

The essential feature of this proposed mechanism is that free radicals

present in asphalts initiate polymerization via a ter-molecular

reaction involving the stable free radical and two monomer molecules

and that they terminate chains via a ter-molecular reaction involving

a stable free radical, active free radical and monomer molecule.
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The I. B. M. 65O digital computer has been used to estimate

proper values of the constants A, B, C and D by systematically

varying these constants and comparing the calculated curves with

the experiment curves. Agreement for the curves has been sufficient

to indicate the probable correctness of the hypothesis presented.

An interpretation developed from these results is that the

stabilized free radicals from the asphalts studied have inhibiting

and catalytic properties. At 300 °F. competition between these two

effects results in a maximum acceleration of the polymerization

rate at low concentration of the asphalts containing the free

radicals.

Because of asphaltene aggregation and solvation in concentrated

asphalt systems, the effective free radical concentration available

for interaction with polymerizing monomer appears to be limited.

Free radical content of the asphalt ic materials has been reported

from outside determinations by electron spin evaluation. It appears

to be of the order of 10 l6 to 10^ free radicals per gram.



IX. SUGGESTED FUTURE WORK

In the discussion of results, it was suggested that the

asphalt R60-11 which had been air -blown at 500 *F
. , may have a

concentration of free radicals less than the original asphalt.

This might be explained by assuming that the broken edge bonds

(stabilised free radicals) are saturated as a result of the

polymerization of ring clusters during the air -blowing process

at this temperature. Holmgren has shown that the hardening during

the air -blowing process occurs via a mechanism involving polymeri-

zation, dehydrogenation and decarbonization.(lv8) It may be

possible that asphalts air -blown at considerably higher tempera-

tures, say 750 *F. and up, have poor service performance in

comparison with asphalts prepared at the lower temperatures

because of a cracking phenomenon which produces stabilized free

radicals. Previous discussions have demonstrated that the

formation of stabilized free radicals in pyrolytic carbons is

favored as the temperature is increased to 550 "C. It is

believed that a study of stabilized free radicals in connection

with this process may possibly yield ultimately a better under-

standing of the variables responsible for the service behavior

of air-blown asphalts, since the stabilized free radicals may

take an active part in the reactions causing degradation under

service conditions.
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X. NOMENCLATURE

Symbol Definition

l,2,3,...,n,n-l Subscript denoting the number of monomer units

affixed to a growing polymer radical, with n

the last monomer unit to be affixed.

• Denotes corrected values of K and N.

a Subscript denoting all active free radicals.

A Arrhenius frequency or proportionality factor.

A, B, C, D Empirical constants in the kinetic equation

for the overall polymerization rate constant.

(see page 65)

b Subscript denoting hydrogenation unit burette.

c Subscript denoting a radical formed in the

initiation phase.

cf A conversion factor defined by equation 29.

dy Chain distance shown on the asphaltene model, A.
Q

dL. Interlayer distance shown on the asphaltene

model, A.

f Subscript denoting final conditions.

g Spectroscopic splitting factor.

h Subscript denoting hydrogenation system.

H Arrhenius activation energy.

i Subscript denoting i th. item or initial conditions.

J Subscript denoting hydrogenation unit water

Jacket.
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Symbol Definition

k Reaction mechanism rate constant identified
by proper subscript.

K Overall polymerization rate constant, empirical
or theoretical.

L_ Diameter of the aromatic sheets shown on the
aphaltene model, A.

a

L Diameter of the aromatic clusters perpendicular
to the plane of the sheets, A.

m Monomer molecular weight.

M Monomer molecules or monomer concentration.

n Gram moles of gas or a subscript denoting the

number of monomer units attached to a polymer.

N Slope of Arrhenius plot.

o Subscript denoting change from initial to

final conditions.

p Partial pressure or subscript identifying a

propagation rate constant.

P Pressure.

q The specie quotient of a system containing
A

species A, defined by equation In.

r Subscript denoting hydrogenation reaction

flask volume.

R Ideal gas law constant.

r# A free radical or free radical concentration.

Subscript denoting stabilized free radicals.

S Subscript denoting solvent vapor-

t Subscript identifying termination rate constant.

T Time or absolute temperature.

V Volume.

W Sample weight hydrogenated.

s
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APPENDIX B

CALCULATED VALUES DETERMINED FOR THE
OVERALL POLYMERIZATION RATE CONSTANT
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APPENDIX C

FLATRAN OBJECT PROGRAM FOR THE I. B. M. 650 COMPUTER
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APPENDIX D

SAMPLE ELECTRON SPIN RESONANCE DERIVATIVE ABSORPTION CURVES
OF THE ASPHALT RESIDUA
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SAMPLE ELECTRON SPIN RESONANCE DERIVATIVE ABSORPTION
CURVES OF THE ASPHALT RESIDUA
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