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In presenting thls rather theoretical paper, the wrilter
is perfectly aware that the various concepts or theorles ad-
vanced to explain the experlmental results so far obtalned,
and the conclusions reached, tentatlive and otherwlse, may
have to be amended as more data are accumulated. The whole
history of scientiflc discovery makes thls almost 1lnevitable.
The theories pregented, however, are quite well substantiated
by research data so far obtalned, and should serve as a
starting point for the more intensive research in thls rather
promlising fleld which 1t 1s hoped the paper will stimulate.

Every endeavor, consistent with reasonable brevity, has
been made to present the materlal as simply as possible,
since few englilneers, outside of certain flelds, have found
1t necessary to make any special study of chemistry and physlcs.

PART T*
THE COATING OF WET MINERAL AGGREGATES
WITH BITUMINOUS MATERIALS

The experimental results presented in Part I of this
paper were obtalned by the writer over a period of several
years largely in the Chemical Laboratory at the University
of Saskatchewan, but partly in the Testing Laboratory of the
Saskatchewan Hlghway Department.

The writer wishes to gratefully acknowledge his indebt-
edness to Dr. T. Thorvaldson, Head of the Department of
Chemistry at the University of Saskatchewan, under whose
general directlon this research was carried out, for the
many hours he so freely gave to stimulating dilscussion.

Introduction

At the present time, the coating of mineral aggregates
with biltuminous materials for the surfaclng of highways and
alrports, and for other engineering purposes, can in general
only be successfully accomplished when the surfaces of the
aggregate particles are dry. While the use of bltuminous
emulsions permits the coating of wet aggregates, for various
reasons they have not been universally adopted.

*Part I of this peper is condensed from a thesis presented to the
Graduate School of the University of Saskatchewen in partial fulfillment
of the requirements for the degree of Master of Science in September,
1936.



The necessity for drylng the aggregate results in expen-
sive delays after rains if the aggregates and bituminous ma-
terials are being mixed in place, and involves the use of
somewhat expensive drying equipment in all modern stationary
asphalt paving plants. On small projects, the transportation
and operating costs of these driers are appreciable items in
the ultimate cost of the finlished road surface.

In recent years asphalt paving technologists have been
considerably perturbed because many aggregates have a greater
adhesion tension for water than for bituminous materials.
Since an aggregate tends to become coated by the liquld pres-
ent for which it has the greatest adhesion tenslion, water
tends to strip the bitumen from the aggregate Iin many bitu-
minous surfaces constructed at the present time, resulting
in shorter 1life and higher maintenance costs.

If 1t were possible to change the surface characteris-
tics of the aggregate particles so that they had a greater
adhesion tenslon for bltuminous materials than for water,
bituminous surfaces could be constructed which were thermo-
dynamically stable in the presence of water. With such a
change in the surface characterlstics of the particles, there
would be no necesslty for a drier since the bitumlnous mate-
rials would completely displace the water on the surfaces of
damp or wet aggregates even in the presence of a large excess
of water. The necessity for a drier, as a drier, would be
entirely eliminated, although it might be desirable to re-
taln 1t in the capacity of a heater for the aggregate to per-
mlt the use of higher consistency bitumens. However, modern
developments in the use of cut-backs, powdered asphalts, etc.,
would make it possible to eliminate any necessity for even
heating the aggregate.

It is the purpose of Part I of this paper to show that
the required changes in the surface characteristics of min-
eral aggregates for these purposes can be accomplished simply
and economically, for meny aggregates at least, by the use
of certain chemical reagents.

Theoretical Background

The surface energy equations involved when one 1mmi s—
cible liquld displaces another on the surface of a solid, or
vice versa, can be found in any textbook on surface chemis-
try or physics.

If a solid surface has a greater adhesion tension for
water than for an organic liquid (Fig. 1), the fpllowlng
equatlion mist hold:

Mg — B =815 -8 3 (1)

where A = adhesion tension, which 1s a measure of the
attraction between a s0lid and a liquid, ex-
pressed as dynes/cm or ergs/cm?;
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8 = interfaclal tension, whilch 1s a measure of the
repulsion between a solid and a liquid, ex-
pressed as dynes/cm or ergs/cm?;

and the subscripts 1, 2, and 3 refer to solid,
organic liquid, and water respectively.

In words, Eq. (1) states that the adhesion tension be-
tween a solld and an organic liquid (Al,z) 1s less than the
adhesion tension between the same solid and water (Ay, s), if
the interfaclal tension between the solld and water (3; 3)
1s less than the interfacial tension between the solid and
the organic 1liquid (8; 5 ). It also states that the differ-
ence between these two adhesion tensions is numerically equal
to the difference between the two interfaclal tensions.

The minerals composing ordinary aggregates are chiefly
carbonates of calclum and magnesium, sllicon dloxlde, and
complex silicates of potassium, sodium, calcium, aluminum,
iron, etc. These are all polar minerals (possess dipole mo-
ments), and have a high attraction for water (high Ay z) a
highly polar liquid, and a low attraction for organic liquilds
(low A1,2) which are non-polar.

Consequently, it is necessary to change the surface
characteristics of the particles of an aggregate to meke the
attractlon between these and organic liquids (Al,z) high, amd
thelr attraction for water (A; ;) low, if bituminous materi-
als are to displace water on the surfaces of wet aggregates
in the absence of an emulsification action.

To bring about such an alteration in the properties of
the surfaces of mineral aggregates, certaln chemical reagents
must be used. These chemical reagents must be of such com-
position as to give the mineral surfaces a high repulsion
for water (high S; z or low Aj ,z), and at the same time a
high attraction for biltuminous materlals (low 51,2 or high
A,
b2 An examlnation of industrial flelds in which wetting
agents are employed, and of the theory behind the use of wet-
ting agents in each fileld, revealed that a large amount of
useful data as to poassible reagents and reaction conditlons
for successfully attacking thls problem might be furnished
by the flotation processes employed in the ore dressing of
minerals.

In many ore flotation processes, the changing of the
surface characteristics of mineral particles by means of
chemical reagents to make them temporarlly or permanently
lyophilic (fluid attracting), or lyophobic (fluld repelling)
to water as operating conditions demand, 1s a commonplace
occurrence. The surface of a mlneral particle must be lyo-
phoblc towards water before the mineral particle can become
attached to an alr bubble and be 1lifted from the flotation
pulp.



The whole purpose of the collecting agents (wetting
agents), xanthates, thiocarbanallds, thlophosphates, fatty
aclds, soaps, etc., used in flotation processes, is in gen-
eral to secure a water-repellent, water-insoluble, surface
film on the mlneral particle, generally through the reaction
of the collecting agent wilth metallic lons on the surface of
the particle. The hydrocarbon ends of the collector mole-
cules (Fig. 2) are oriented outward from the surface of the
mineral particle to be floated, presenting essentially a
hydrocarbon surface to the water, repelling water, and at
the same time attractling the alr present 1n flotatlion sys-
tems. These collecting agents therefore, upon being ad-
sorbed on a mlneral surface, make the particle behave as
though 1t had been coated with a very thin greasy film, or
more correctly possibly, flecked with very small grease
spots. ,

If & simlliar water-repellent film, created by the use
of similar reagents, could be formed on the surfaces of min-
eral aggregates used in bituminous mlxtures, the conditions
would be created whereby biltuminous materials would displace
water from the surfaces of wet mineral aggregates even 1n the
presence of a large excess of water, since bltumens, belng
olly materlals, would have a high adhesion tension for such
a water-repellent surface.

Furthermore, since the aggregate so condltioned would
have a greater adhesion tenslon for bituminous materials than
for water, bituminous mixtures made with such aggregates
would be stable agalnst any uncoating tendency of water.

However, slnce a flotation system is made up of the
three phases solid-water-air, while the system of the bitu-
minous mixtures being consldered is made up of the three
phases solid-water-bltumen, there are a number of physico-
chemical reasons why the reagents and reaction conditions
used in ore flotatlon processes canmmot be used in toto for
the purpose of causing bituminous materials to displace water
on the surfaces of wet mineral aggregates. These reasons
willl be evident from the material presented in the following
pages to any one familiar with the present status of flota-
tlon theory, and are largely due to the fact that in the
latter system there are two immisclble solvents present, one
polar (water), the other essentlally non-polar (bitumen),
while in a flotatlon system water 1s essentially the only
solvent medium present.

In the art of flotation, in addition to collecting
agents (wetting agents), 1t has been found necessary for re-
covering some mlnerals, to use other reagents called acti-
vating agents. The function of these can best be illustrated
by an example,

Collecting agents such as soaps, cannot bring
about a material flotation of pure crushed quartsz,



since sgoaps cannot form a water insoluble, water-
repelling compound with any constituent present 1n
a pure quartz surface. Quartz, however, will ad-
sorb heavy metal and alkall earth metal cations
such as lead, copper, iron, calcium, etc., from
solutions of salts of these. These adsorbed metal-
lic lons in turn will react with the fatty acid
radicals of soaps, forming a water-insoluble,
water-repellent, soap film on the surface of a
quartz particle to which an alr bubble can become
attached to bring about its flotatlon.

Salts of metallic lons which function in this manner are
called activating agents.

In Flg. 3 the activatlon of a particle of sllica gel by
lead nitrate as a base exchange reactlon ig 1llustrated.
While the actual mechanism of the activation of the surfaces
of particles of crushed quartz is not yet agreed upon by flo-
tation research workers (10), it 1s not unlikely that this
is also a base exchange reaction (11).

From a study made at the beginning of thls investigation
cf the functions and properties of activating and collecting
agents as given in flotation llterature, it appeared llkely
that for the displacement of water on the surfaces of wet
mlneral aggregates by bituminous materisls, any metallic cat-
ion in the perlodlc table which could be adsorbed by the min-
eral aggregate belng investigated, and would give an lnsocluble
compound wilth some wetting agent, could function as an activ-
atlng agent, and any organic compound containing a water-re-
pellent hydrocarbon grouping, and capasble of forming an in-
soluble compound with a metalllc ion on the surface of a min-
eral particle, could function as a wettling agent.

With the object of testing thls possibllity, many hun-
dreds of experimental mixtures of wet mlneral aggregates,
bitumen, and reagents were made up and studied. Almost every
metalllc l1on was tried out as activating agent, and a con-
siderable nmumber of organlc compounds were used as wetting
agents. Some of the results are tabulated in the following
tables.

While the commonest aggregates for bituminous mixtures
are natural sands and gravels, crushed stone, and slag, these
are of such variable composition mineralogically that it was
deemed advisable to limit the aggregate to one mineral or one
rock in each case at first, and study the possibilities for
commnercial aggregates later. Tebles 1 to 5, therefore, con-
tain data for one mineral or one rock in each case. The ag-
gregates for the remaining taebles, where these concern aggre-
gates, are sands from commerclal gravels.
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llowing experimental procedure was adopted
throughout for these mixtures except where specifically
stated to be otherwise.

Thirty (30) grams of the mineral aggregate being
studied, passing a No. 8 sleve, retalned on a No. 40 sieve,
were welghed and placed 1n a 150 cc beaker. Enough dis-
tllled water was added to cover the aggregate 1n the bottom
of the beaker, and all water drained off which was not re-
tained by the mineral particles. About 8 to 10 grams of
water were retained by the aggregate after draining. One
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means of plpettes, small quantitles of solutlons of actlv-
ating agent, wettlng agent, or other reagents were added.
Mixing was done wilth a horn spatula because of 1ts chemical
inertness, and with a stirring motion.

Since there are varlous degrees of perfectlion for the
coating of wet aggregates with bltuminous materlals obtainec
through the use of these reagents, the degree of perfectlion
increasing within limits as more of the reagents are added,
it was found advisable to use a standard mix for each aggre-
gate in order to quantitatively compare the quantities of
reagents regulred to glve a certaln standard perfsction of
coating. _

The least quantity of elther lead or copper ilons as ac-
tlvating agent, and of soap as wetting agent, which would
Just bring about complete coatling of each wet aggregate, was
observed. This mixture served as the standard for that ag-
gregate. The amounts of other reagent combinations required
to gilve as good a coating as that of the standard were then
determined.

Lead or copper lons were used as actlvating agent for
the standard since 1n general these are the most satisfactory
activating agents. The procedure for uuu&l“m.x.u.l.ug the quanti-
ties of each reagent required was as follows:

One reagent was added 1n small quantlties, usually a
fraction of a cublic centimeter at a time, until the further
addition was without noticeable effect, when small quantitiles
of the other type of reagent were added until it was wilthout
effect, the mixture belng thoroughly stirred after each addi-
tion. Thls was repeated untll a coating as good as the
standard was obtalned or until it became evident that com-
plete coating could not be obtained with the reagent combina-
tion being used.

The metal salts used as activating agents were all label-
ed chemically pure. The sodlum oleate which was used very
largely as a wetting agent was of technlcal grade. There was
no necesslty for further purification of these materials for
this investigation.



All activating agent and wetting agent solutions were
0.05 Molar in the lon or radical belng investigated.

Distllled water which gave no precipltate wlth sodlum
oleate solutlon was used throughout.

The bltumen used, except where speclflcally stated to
be otherwlse, was a non-volatile, cracking-coil product.
Some of 1ts characteristics are given in table 10, where it
is the first bitumen listed.

It should be pointed out here that when using a 30-gram
sample of aggregate, each cublc centimeter of sodlum oleate
and lead nitrate solutions, the most generally used reagents,
corresponds to approximately one pound of each reagent per
ton of aggregsate.

Experimental Results and Discussion

Tables 1, 2 and 3 are practically self-explanatory.
They are representative of results obtained from the study
of a much larger number of somewhat simllar aggregates. The
salts of lead, copper, iron, and aluminum were found toc be
the most satisfactory activating agents.

Table 4 gives data for a siliceous bound sandstone.
Each particle of aggregate was composed of a large number of
small sillca gralns. The surfaces of such particles of ag-
gregate contaln many small cavitles, or pockets, between the
Individual si1llca grains which are fllled with water when wet.
In only the shallowest of these pockets did the bitumen com-
pletely displace the water.

It can be shown (1) that sharp edges at the entrance to
these pockets would greatly hinder the entrance of biltumen
even 1f the lnner surfaces of the pockets were wettable by
bltumens 1n the presence of water, particularly so if the
biltumen makes a contact angle with the mineral surface.

Adam (2) states that a 1iquid spreads on the surface of
a s0lild by the evaporaticn of some of the liquid and its con-
densation on the solid surface ahead of the spreading 1iquid.
It 1s, therefore, very probable that one immiscible 1liquid
spreads over a solid surface displacing another immiscible
liquid from the gurface by a process of solutlon and conden-
satlion. Since the solubility of asphalts in water 1is low,
the replacement of water by bitumen on the inner surfaces of
the cavities 1n the surfaces of particles of sandstone-tex-
tured aggregate would be a slow process for medium or coarse
gradings of aggregate.

In most paving mixtures however the inner surfaces of
such pockets 1in the surfaces of mineral aggregate particles
would be qulte well coated due to the presence of a consider-
able percentage of fines. The coated fines when forced into
these pockets during mixing would be expected to coat the
insides of the pickets with some of the bitumen carried with
them.




Table 1

AGGREGATE-STANDARD OTTAWA SAND

Acti- Actlvator Sodium

Activator vator  Solutlion Oleate Remarks
Ion Solution
ce ce

Lead Nitrate Pb 0.2 0.1 Standard mix
Silver Nltrate Ag 1.4 0.4 Hot a3 good ms standard
Copper Chlorlde Cu 0.2 0.1 Like standard
Mercurous Nitrate Hg 0.6 0.1 " "
Magnesium Chloride Mg 5.6 8.7 Poor coating
Calcium Chlorilde Ca 11.0 15.0 No coating by bltumen
Strontium Nitrate Sr 8.0 11.5 Poor coating
Barium Chloride Ba 6.0 8.4 Not as good as standard
Zinc Chloride Zn 0.8 0.3 Like standard
Cadmium Chloride cd 2.5 1.1 Not as good as standard
Mercuric Chloride Hg 1.1 0.4 L "
Potassium Aluminum

Sulphate Al 0.1 0.1 Like standard
Stannous Chloride Sn 0.2 nil " "
Antimony Chloride Sb 0.05 " " "
Manganese Chloride Mn 4.0 2.0 Poor coating
Nickel Chloride N1 0.4 0.3 Like standard
Cobalt Chloride Co 0.6 0.4 " "
Ferric Chloride Fe 0.3 0.3 " "
Chromium Chloride Ccr 0.3 0.6 n n
Ferrous Ammonium

Sulphete Fe 0.4 0.4 " "

Table 2
AGGREGATE - LIMESTONE
Actl- Actlvator Sodium
: vator Solution Oleate
Activator Ion Solution Remarks
ce ce

Copper Chloride Cu 0.6 1.4 Standard mix
Silver Nitrate Ag 5.2 5.0 Not @3 good as standard
Mercurous Nitrate Hg 1.1 2.8 Like standard
Magnesium Chloride Mg 6.5 14.0 " "
Caleium Chloride Ca 15.0 17.0 Not ms good as standard
Strontium Nitrate Sr 11.0 20.0 Llke standard
Barium Chloride Ba 4,0 9.0 " "
Zinc Chloride Zn 0.8 1.4 " "
Cadmium Chloride ca 1.0 2.0 " "
Mercuric Chloride Hg 2.4 5.4 " "
Potassium Aluminum

Sulphate Al 1.0 3,2 " n
Stannous Chlorilde Sn 1.4 2.7 " "
Lead Nitrate Pb 0.8 0.8 n "
Antimony Chloride Sb 0.2 0.7 v "
Chromium Chloride Cr 0.6 2.5 " "
Manganese Chloride Mn 0.7 2.5 " "
Perric Chloride Fe 0.8 3.0 " "
Cobalt Chloride Co 1.2 2.0 " "
Nickel Chloride B1 0.6 2.0 " "
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Table 3

AGGREGATE ~ LIGHT COLORED GRANITE

Acti- Activator Sodium

vator Solution Oleate
Activator Ton Solutlon Remarks
ce cc
Lead Nitrate Pb 0.5 0.5 Standard mix
Copper Chloride Cu 2.0 2.0 Not as good as standard
Mercurous Nitrate Hg 0.9 0.2 Like standard
Mognesium Chloride Mg 5.0 7.0 Very poor mix
Barium Chloride Ba 5.0 4,0 " " "
Zinc Chloride Zn 4.0 4.0 " " "
Mercuric Chloride Hg 4,5 3.0 " n "
Potassium Aluminum
Sulphate Al 0.5 1.0 Like staendard
Stannous Chlorids Sn 1.5 1.5 " "
Antimony Chloride sb 4,0 2.0 Poor mix
Chromium Chloride cr 0.7 1.5 Like standard
Manganese Chloride Mn 2.5 3.0 Very poor mix
Ferric Chloride Fe 0.5 0.5 Like standard
Cobalt, Chloride Co 3.0 4,5 Poor mix
Nickel Chloride N1 2.0 3.0 Not as good as standard
Table 4
AGGREGATE -~ SILICEQUS BOUND SANDSTONE
Acti- Activator Sod1vm
vator Solution Oleate
Activator Ton Solution Remarks
cec ce
Copper Chloride Cu 2.0 3.0 Standard mix
Lead Nitrate Pb 2.0 2.0 Like standard
Potasgium Aluminum
Sulphate Al 1.0 2.0 Like standard
Chromlum Chloride Cr 2.0 4.0 Not as good as standard
Ferric Chloride Fe 2.0 3.0 Like standard
Table 5
AGGREGATE - 24 GRAMS OTTAWA SAND
+ 6 GRAMS SILICA DUST PASSING NO. 100
Actl- Activator Sodium
vator Solution Oleate
Activator Ton Solution Remarks
ce ce
Copper Chloride Cu 1.4 1.2 Standard mix
Lead Nitrate Pb 1.7 1.4 Like standard
Potassium Aluminum
Sulphate Al 2.0 2,5 Like standard
Ferric Chloride Fe 2,5 2,5 " n




11

Table 5 contains data for an aggregate containing 20
per cent of silica dust as fines. Other tables for varying
percentages of silica, limestone, and feldspar dusts, not
listed, also 1ndicate that the quantitles of reagents re-
quired for water replacement are lncreased by the presence
of the fines, although not to a large degree Dy any means
for these particular mixes. Greater quantities of resgents
were required for aggregates containing limestone fines than
for those containing the same percentage by weight of the
sllica or feldspar dusts.

Table 6 gives reagent requirements for water displace-
ment on sands from a number of Saskatchewan gravels from
widely distributed gravel pits, using lead nitrate as activ-
ating agent. The reagent requirements are considerably
greater than for the aggregates used for the previous tables.
The use of copper chloride as actlvating agent gave almost
ldentical results.

Table 6

AGGREGATE -~ GRAVELS FROM DIFFERENT AREAS OF SASKATCHEWAN

Lead Sodium
Nitrate " Oleate
Gravel Solutlon Solutlon Remarks
ce ce

Radisson 5.0 4,0 Standard mix
Regina 4,0 4.0 Like standard
Rosetown 6.0 3.0 u n
Swift Current #1 3.0 2.0 " "
Swift Current #2 6.0 5.0 " "
Saskatoon #1 3.0 3.0 " "
Saskatoon #2 2.0 2.0 " "
Yorkton #1 4.0 4.0 " "
Yorkton #2 4.0 4.0 " "
Yorkton #3 4.0 4.0 " "
Yorkton #4 9.0 7.0 " "
Yorkton #5 8.0 8.0 " n
Yorkton #6 6.0 6.0 " "
Yorkton #7 6.0 5.0 " "
Yorkton #8 6.0 10.0 " "
North Battleford 1.5 1.5 " "

Table 8 gives the mineralogical analyses of these sands.
The granite column includes everything but the limestone and
quartz, but the materials were largely granite and feldspar.
The mineraloglcal compositlion of these sands is fairly uni-
form.
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Table 7

EFFECT OF REMOVING DUST FROM AGGREGATE BY WASHING

Washed Aggregates

Lead Sodilum
Nitrate Oleate
Gravel Solution Solution Remarks
ce ce
Saskatoon #2 0.5 0.7 Standard
Regina 1.5 1.5 Like standerd
Yorkton #4 2.C 1.5 " "
Table 8
MINERALOGICAL ANALYSES OF GRAVELS
- 8 + No. 40 Sleve
Limestone Granite Quartz
Gravels
Radisson -7.8 53.9 38.3
Regina 20.6 51.5 27.9
Rosetown 20.92 60.6 19.2
Swift Current #1 39.6 52.0 8.4
Swift Current #2 20.5 48.3 31.2
Saskatoon #1 14.3 50.3 35.4
Saskatoon #2 16.0 52.8 31.2
Yorkton #1 29.5 51.5 19.0
Yorkton #2 18.1 62.5 19.4
Yorkton #3 22.3 46,7 31.0
Yorkton #4 24.6 51.2 24.2
Yorkton #5 23.7 45,7 30.6
Yorkton #6 22.7 49.9 27.4
Yorkton #7 19.4 53.4 27.2
Yorkton #8 27.0 53.9 19.1
North Battleford 16.1 66.9 17.0

Due to the fairly uniform mineraloglcal composition, it
was thought that adhering dust might explaln the variations
observed in table 6, since some of the gravels were very
dusty. The sands from three of these gravels were well
washed and the reagent requirements for water displacement
agaln determined.

These are listed in table 7. On comparison with the
same sands unwashed in table 6, it can be seen that washing
has greatly reduced reagent requirements and has also great-
ly reduced the previous large differences for reagent re-—
qulrements between these sands.
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In table 9 comparisons are made between a number of as-—
phaltlc oils, crude olls, and tars as to their natural abil-
ity to displace water on the surfaces of particles of wet
aggretate. They are compared on the basls of the quantities
of reagents required to just gilve complete water dlsplacement.
The actlvating agent used was lead nltrate. Almost 1dentical
results were obtained using copper chloride as activating
agent. Conslderable variation exists in the abilitles of the
various bitumlinous materials to displace water as measured by
reagent requirements.

It seemed worth while to examine certain properties of
these bltumens in an endeavor to find what factors might be
responsible for thls varlation., It seemed likely that the
conslstency of the bltumens might be one of these, and possi-
bly their chemical constitution as revealed by the solubllity
of each bitumen in carbon dlsulphide, carbon tetrachloride,
and paraffin naphtha would be another.

In table 10 the bitumens are listed according to type
and locallty where procured. The carbene and asphaltene
content of each bltumen ls glven together with 1ts viscoslty.
In some cases samples of the crude from which a road oll was
made were avallable. A crude 1s designated by the number of
the asphalt made from it, followed by the letter c.

While the data glven in tables 9 and 10, and other data
obtained by the writer, are somewhat meagre for the purpose
of meking generalizations to explain the variations in the
natural ability of bituminous materials (in terms of reagent
requirements) to displace water on wet mineral aggregates, a
study of the data avallable leads to two generalizastions
which are at least reasonable.

(1) For bituminous materials from the same source
and of equal asphaltene plus carbene content,
that bltumen having the highest vlscosity has
the greatest ability to dlsplace water on the
surfaces of the particles of a wet mineral
aggregate.

(2) FPor asphaltic materials from the same source
and of equal viscosity, that asphaltic material
having the largest percentage of asphaltenes
plus carbenes has the greatest abllity to dls-
place water on the surfaces of the partlcles
of a wet mineral aggregate.

The term "the same source" in these two generalizatlons
means that the bituminous materials have resulted from the
seme crude or feed end the same process of manufacture.

Best illustrations of the first generalization are bitu-
mens 9 and 10, and 6 and 6¢c. It has also been observed that
for biltumens from the same source, S. C. 4 or M. C. 4 has



Table 9
WATER DISPLACEMENT WITH VARIOUS BITUMENS

Aggregate -~ Saskatoon Gravel #2

Bitu- Lead Sodium
men Type Source Nitrate Oleate Remarks
No. Solwgon So;ptiOn
1 Road 011 Saskatchewan 2.0 2.0 Standard mix
2 Cut~back " 1.5 1.0 Like standard
3 Road 0i1l Arkansas 2.0 2.0 " "
3¢ Crude for 3 " 5.0 4.0 " "
4 Road 011 California 2.0 1.5 " "
4c Crude for 4 " 2.5 2.5 " "
5  Roed 011 Wyoming 1.5 1.0 " "
6 " " "o 2.0 2.0 " "
6c Crude for 6 " 4.0 4.0 v "
T Road 011 Illinois 1.5 1.5 " "
8 " " Kansas 1.5 1.5 " "
9 " " California 1.5 1.5 " "
lo " " i 2 . o 2 . o " 14
11 Light Tar New York 1.5 1.0 " "
12 Heavy Tar " " 1.5 1.5 " "

Table 10
ANALYSIS OF BITUMINOUS MATERIALS

Soluble in Bitumen 1in- Bltumen soluble

Carbon Di- soluble in in Carbon Viscoslity in
Bitu- sulphlde Carbon Tet- Tetrachlorilds Saybolt Furol
men (Total rachloride Insoluble in at 122° F.
No. Bitumen) (Carbenes) Paraffin Naphtha
(Asphaltenes)
% % % Sec.

1 99,82 3.6 T4 187

2 99.90 2.40 14,7 217

3 99.64 0.0 7.8 270

3c 99.85 0.07 3.3 29

4 99.94 0.04 12.1 381

4c 99.91 0.0 10,4 290

5 99.87 1.15 9.1 296

6 99.91 0.0 6.5 348

6e 99.93 0.0 8.7 29

7 99.76 1.53 8.4 151

8 99.91 0.95 12.0 356

9 99.93 0.0 1.7 353

10 99.96 0.0 1.1 145

11 96.32 4,9 11.2 33

12 91.30 8.0 14.0 101
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greater abllity to replace water than S. C. 2 or M. C. 2,
respectlively, although the asphaltene and carbene contents
are approximately the same.

Examples 1llustrating the second generalizatlion are bi-
tumens 1 and 2, 5 and 6, 4 and 4c. It has been observed
further that for bitumens of the same viscoslity and from the
same source, R. C. bltumens have greater water displacing
abllity than M.C. bltumens, and these 1n turn than S. C. bl-
tumens. For bltumens from the same source, and of the same
vliscoslity, 1n general, R. C. bltumens have a greater asphal-
tene plus carbene content than M. C. bltumens, and these in
turn have a greater asphaltene plus carbene content than S.
C. bltumens.

The following purely mechanical reason ls offered as a
possible explanation for the first generallzation. The hy-
drocarbon fl1lm formed by the reactlon of actlvating and wet-
ting agents on the surface of a mineral particle consists of
a great number of polnts where the water-repelling, bitumen-
attracting, hydrocarbon chains of the attached fatty acid
radlcals are oriented outwards from the mineral surface
(Fig. 1y). The greater the quantities of reagents used the
greater 1s the density of such points on the surface of each
aggregate particle up to the closest posslible packing of the
chalns. Between these water-repelling points the mlneral
surface 1s stlll water attractive except when the monomolec-
ular f1lm 1s complete.

For a bituminous oill of low viscosity, 1t would be ex-
pected that these bitumen-attracting points must be much
closer together for the film of bitumen to withstand a given
stress set up by particles of aggregate rubbing agalnst each
other during mixing than would be necessary for a bituminous
0oll of mach higher viscosity, other factors being the same,
since viscosity 1s a measure of the strength of the film,
Consequently a greater quantity of reagents would be required
when water displacement is belng effected by the lower vias-
coslty bitumen.

It 1s more difficult to determine a reasonable explana-
tlon for the second generallizatlon, but the followlng 1s
suggested. Mineral aggregates used for bitumlnous surfac-
ings 1n general are polar materials. The asphaltenes and
carbenes are the most polar constituents of a petroleum as-
vhalt, the resins and oily constltuents being the least
polar, Conslderable attraction exlsts naturally between the
polar asphaltenes and carbenes and a mlneral surface due to
the thermodynamic tendency of each to decrease the free en-
ergy in the electric flelds surrounding their dipoles, but
the higher adheslion tension between the mineral surface and
water prevents the bitumen from gaining a foothold on a wet
mineral surface unaided. However, with the assistance of a
few bltumen-attractive, water-repelling polnts on the wet
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mineral surface furnlshed by the hydrocarbon chalns of the
activating agent wetting agent combinatlon, at which the

v, atahT1t alh A ot amrnlad
Oil‘y" portions of the bitumen can establish corntacco, compaete

water displacement follows 1f the surface denslty of such
polnts 1s sufflclently great. The density of such bitumen-
attracting points (the quantity of reagents) required for
any bitumen to U-.LU}JJ.d.bU water on a mineral st,u.:.u.u::, depends
on the natural attraction of the bitumen for the mineral
surface. Since this natural attraction seems to depend a
greut deal on the asphaltene plus carbene content of a bltu-
men, this explanation appears reasonable.

It should be observed, however, that biltumens 1 and 10
have the same natural abllity to dlsplace water (as measured
by reagent requlrements) in splte of the fact that bitumen 1
has ten times the asphaltene plus carbene content of bitumen
10. Thus the chemical composition of the asphaltenes end
carbenes, or the degree of dispersion or flocculation of
these in any bitumen, or both, also has a large. effect.

It 1s possible and rather likely that other factors not
dlsclosed by the data in table 10 also play a part.

There is the posslbility, by the use of wetting and ac-
tlvating agents for the coating of wet aggregates with bitu-
minous materials, of quantlitatively comparing the natural
affinity of each of a number of bltuminous materials for a
glven aggregate. The bitumen which coated the thoroughly
wetted aggregate through the use of the smallest quantitles
of wetting and activating agents, would, on the basis of the
dlscussion presented lmmedlately above, have the greatest
natural affinity for the aggregate. Thls method, however,

would have to be further investigated hefore being considered

vlLliernl LLVeISUl LoQ DLOLOT Loelng cons ducrea

as a standard test of the affinity of a bltumen for an aggre-
gate.

From table 11 1t may be obgerved that the quantity of

~ + affant o
water present wlth the uggrvsauw has almost no effect on the

quantities of reagents required to effect displacement of the
water by a bltumen. This 1s no doubt due to the very low
solubllity of the compounds resulting from the reaction of
the wetting and actlvating agents at the mineral surfaces.
The quantlty of water present, however, must not be suffic-
lently great to float the bitumen beyond the reach of the
aggregate during mixing. The water content should be held
below the polnt where the mixture takes on the properties of
a suspension, so as to develop some reslstance to shear, upon
which rapid coating actlon seems to largely depend even when
the sggregate is dry.

Table 12 shows that reagent requirements are reduced by
increasing the bitumen content of a mix. This would be ex-
pected on the basis of the greater mechanical strength of the
thicker film of bltumen, following the explanation offered
for the first generallization in the discussion of table 10.
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EFFECT OF INCREASING THE WATER CONTENT IN A MIXTURE

Aggregete — Saskatoon Gravel #2

Lead Sodium
Amount of Water Nitrate Oleate R rk
Added to Mix Solution Solution emarss
ce ce

2 grams 1.4 1.2 Standard mix

5 1.2 1.0 Like standard

10 " 1 . 3 1 . 2 " "

20 1 1.4 1.2 " "

Table 12

EFFECT OF INCREASING BITUMEN CONTENT IN A MIXTURE

Aggregate - Radlsson Gravel

Welght Actl- Activator  Sodlum
of vator Solution Oleate
Actlvator Bltumen Ion Solution Remarks
Used (] ce
Copper
Chloride 1 gram Cu 3.0 2.5 Standard Mix
- Lead
Nitrate 1 " Pb 5.0 4.0 Like standard
Copper
Chloride 2 " Cu 2.5 1.5 " *
Lead
Nitrate 2 v Pb 3.0 3.0 " b

In the course of this Ilnvestigatlion 1t was observed that
when the proper quantltles of reagents were present, the mix-
ing time was possibly less than that required for dry mixes,
at least on a laboratory scale.

The requlred reagents are equally effective if added as
water solutions, or dissolved or suspended in the bituminous
material, or used in a bituminous emulsion, or added in any

combination of these.

While sodium oleate was the most commonly used wetting
agent during this research, tests indicated that a great many
other organic compounds give highly satisfactory results. A
few of these other wetting agents found satisfactory are
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sodlum stearate, olelc acid, linseed soap, cheap washlng
soaps, and the potassium salts of asphaltic acids obtained
by water-washing after refluxing a benzene solutlion of nat~
ural asphalt with alccholic potash.

The Proportioning of Wetting and Activating Agents

There 18 1little in flotation literature Lo lemd one to
belleve that the wey in which the wotting and activeting
agents might be proportioned in any mixture, would have any
effect on the displacement of water by bitumen on the sur-
faces of the particles of a wet minersl aggregate. The
quantitative references to this which the writer has found
are somewhat confusing, and In some cases at least (3), in~
dicate that an excess of activating agent inhibits flotation,

However, 1t was observed early in this investigation
that an excess of soap prevented the coating of wet siliceous
aggregates by bltumens, and also caused stripplng of coatings
already formed. An investigatlon was made, therefore, to de-
termine if possible, just how wettling and actlvating agents
should bs proportioned in order that water displacement by
bitumens on wet aggregates could be accomplished by a minimum
of these reagents.

The experimentsl procedure conslsted of addlng a meas-~
ured quantity of activating agent solution to a water-aggre-
gate~bitumen mixture, and by adding small quantities of wet-
ting agent solution, determining the quantity of wettlng
agent solution which gave the Dest coating, and the amount
which caused complete or almost complete stripping. This
was repeated for various quantities of activating agent.

The results obtained were checked by starting with a
measured quantity of scap solutlion (wetting agent) and add-
ing measured amounts of activating agent.

The aggregates used were a red granite, Ottawa sand, amd
sand from a natural gravel.

Tables are not very satlsfactory for tabulating the ob-
servations recorded, but the experimental results are listed
graphically in Figs. 4 and 6.

From Fig. 4 1t appears that when the activating agent 1s
divalent, optimum reagent proportions are about one equivalent
of wetting agent to each two equivalents of actlivating agent.
Comting of wet aggregeates by bitumen was either impossible or
unsatisfactory if the wetting and actlivating agent were pres-
ent in the proportions of one or more egquivalents of wetting
agent per equlvalent of activating agent.

From Fig. 6 1t appears that when the activating agent 1s
trivalent, optimum reagent proportions are about two equiva-
lents of wettlng agent to three equivalents of asctivatling
agent, and coatling was elther impossible or unsatisfactory if
the reagents were reacted in the proportions of one or more
squivalents of wetting agent per equivelent of asctivating
agent.
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A pcsglble reason for these experlmental observatlons
becomes apparent from a study of the lonlc and molecular
diagrams of Figs. 5 and 7.

Figs. 5a and 7a represent the condition of a siliceous
aggregate surface, presumably as the result of a base ex-
change, after the activating agent has been added, but be-
fore there has been any reaction with the oleate radicles.

Figs. 5b and 7b represent the same surfaces respective-
ly, after the activator lons have reacted with the oleate
radicles. The resulting compound 1s held to the mineral sur-
face by a lone primary valence in each case. The hydrocarbon
ends of the oleate radicles make the surface water-repellent
and bltumen attractive at such points. The proportions of
reagents for thils condition of the mineral surface are repre-—
sented by the experimentally determined heavy line lsbeled
Yoptimum proportions™ 1in each of Figs. 4 and 6 respectively.

It should be polnted out that in Figs. 5b and 7b the
valences between the activator lon and mineral surface are
electrovalences which render these compounds insoluble in
organic liquids, while the valences between the activating
ions and wetting agent radlcals are covalences which make
the compounds insoluble In water. Consequently, compounds
of this type are insoluble in both water and bituminous ma-
terials.

Pigs. 5c and 7c show that when the wetting and activat-—
ing agents are reacted 1ln stolchiometrical equivalents, the
mineral surface loses the water-repellency and bitumen-
attractliveness it possessed 1n Figs. 5b and 7b because suf-
ficlent wetting agent has been added to saturate the primary
valences of all the activator ilons present on the mineral
surface. There 1s no primary valence left to hold the mole-~
cules of the resulting compounds to the mineral surface, and
these are dissolved off the surface by the biltumlnous mate-
rial present in which they are soluble. The experimentally
determined right-hand branch of the broken line curve labeled
"approximate boundary" in Figs. 4 and 6 also represents
stolichlometric proportions of activating and wetting agents.

While the data obtalned for Fig. 4 give the actual posi-
tlon of the left~hand branch of the broken line curve labeled
"approximate boundary" with reasonable accuracy, there has
not so far been occasion to determine the exact position of
this branch of thls curve in Fig. 6 with the same accuracy,
consequently 1ts position in thils latter figure must be con—
sldered tentatlve only, for the present.

That no water dlsplacement occurred, or only very poor-
ly, when the reagents were reacted at the surfaces of sili-
ceous aggregates ln the proportions of one or mcre equiva-
lents of wetting agent to each equlvalent of activating agent,
was further proven by the following:
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In all cases, the salts of calcium, strontlum, barium,
and magnesium were very unsatisfactory or useless as actlv-
ating agents for siliceous aggregates.

From a study of Flg. 5b, it would appear on thermodynam-
ic grounds that more free energy 1s released by the union of
a wetting agent radical with the first valence of a lead ion
adsorbed by a siliceous mineral surface than with the second.
Consequently, wetting agent radicals tend at filrst to attack
only one valence of each adsorbed lead 1ion, leaving the
other valence attached to the mineral surface. Wetting agent
radicaels In excess of the quantity required for this, attack
the remalning valence giving the condition in Fig. 5c in
which no primary valence remalns to attach the resulting
lead oleate to the mineral surface.

The lack of appreciable abillity on the part of salts of
the alkall earth metals and magnesium to function as actlvat-
Ing agents in the presence of bituminous materlals, would be
explalned, if approximately as much free energy was released
by the unlon of a wettlng agent radical wlth the second as
with the flrst valence of an adsorbed ion of these metals.

If this were so, wetting agent radicals would tend to react
wlth both valences of an adsorbed calcium ion (Flg. 10c) as
readily as with only one valence of each of a number of ad-
sorbed calcium ions (Fig. 10b). However, it would be un-
usual and unlikely for these two free energles to be exactly
the same.

In Flg. 10, 1t should be emphasized that Flg. 10c ap-
pears to represent what occurs when calclum 1s used as an
activating agent when bltumlnous materlals are present, and
not Fig. 10b.

Materials 1lilke calclum oleate are qulte soluble in bi-
tuminous materials. Consequently, even 1f calclum has normal-
ly some abllity to function as an activating agent, as shown
in Fig. 10b, the tendency of the bltumen present to dlssclve
calcium oleate from a mineral surface would tend to cause the
reactlon shown in Figs. 10b to c to occur, Just as concen-
trated sulphuric acid can extract water from organic compounds
in which water is not present as such. The reaction shown in
Figs. 10b to ¢ would be thermodynamlcally possible 1f the en-
ergy of solution of calcium oleate in the bltumen were great-
er than the difference in the free energles released by the
unlon of each valence of an adsorbed calcium ion with an
oleate radical.

The writer does not deny the possibility that compounds
of the type shown in Figs. 5c, 7c¢, and 10c may be adsorbed
on the surfaces of minerasl aggregates by means of secondary
valence forces. However, for the coating of wet siliceous
aggregates with bituminous materials, such compounds appear
to play at most only a very minor rdle, the major réle being
played by compounds which are capable of being adsorbed by
means of primsry valence.
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It 1s interesting in this connectlon that it was found
that the basic dye, methylene blue, was able to bring about
the coating of wet siliceous materlals by bltumens. The
water-repellent hydrocarbon group 1s 1In the catlon of thils
compound, whereas 1t 1s 1n the anion of soaps and related
materials. Consequently, the methylene blue radical as a
result of the base exchange reaction, shown in Fig. 11, 1s
capable of conferring waeter-repelling, bitumen-attracting
properties on a gilicate particle without the necessity for
an activating agent. It 1s generally conceded by those who
have studied the interaction of methylene blue with sili-
ceous materials that a strict exchange adsorption takes
place between the methylene blue catlons and metallic catil-
ons of the silicate. Consequently, only primary valence
forces are involved in this adsorption.

This action of methylene blue 1indlicates that basic or-
ganic compounds of the amine, pyridine, quinoline, etc.,
types, or derivatives of these, some of which are found in
bituminous materials themselves, might be developed as suc-
cessful wetting agents for the coatlng of wet aggregates
with bituminous materials, or for increasing the adhesion
tension between aggregates and bltumens. The advantage in
the use of such reagents lies in the fact that an activating
agent of the type so far considered would not be necessary,
and a saving in reagent requirements might be thereby ef-
fected. However, the quantity of methylene blue required
for water displacement on aggregates so far studied has al-
ways been very much greater than the amount of soap or simi-
lar wetting agent, and actlvating agent, required. It 1s
possible that the use of activating agents contalning a poly-
valent anion such as sodium silicate, trisodlum phosphate,
etec., would be desirable when using these baslc organic com-
pounds as wetting agents.

It should be emphaslzed that the experimental results
and theoretical discussion up to thls point have pertalned
to slliceous aggregates only.

Only a small amount of work has been so far done with
limestone aggregates. This has shown that limestone aggre-
gates may be as readily coated while wet through the use of
the proper reagents as siliceous materials.

Results to date, however, tend to indlcate that com-
pounds of the type shown in Fig. 12 are of most importance
in bringing about the coating of wet limestone. Compare the
results in table 2 with those in other tables where siliceous
aggregates were used. There has been no evidence up to the
present time that compounds llke those in Figs. 5b and 7b
Joined to the limestone surface by primary valence are formed,
although the amount of investigation carried out so far does
not warrant the expression of more than a tentative conclu-
sion,
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The following are a few observatlons which tend to sub-
stantlate thls very tentatlve conclusion:

Methylene blue is of no value whatsoever for
bringing about the coating of any wet limestone
so far studied.

For those limestones which will not coat with
bitumens whille wet with the use of soap alone,
aluminum ion functions as a satisfactory activating
agent, and in some cases sllver lon also. It ap-
pears that alumlnum carbonate cannot exlst 1in water,
being hydrolyzed to alumlnum hydroxlde and carbonlc
acid. It 1s unlikely, therefore, that alumlnum lon,
or any compound of aluminum ion with a wetting agent
(Fig. 7b) could be attached to a limestone surface
by primary valence, for any such valence would tend
to be broken immedlately by hydrolysis 1in the pres-
ence of water. It has been previously pointed out
that when the lone primary valence on a sllver ion
is attached to a wetting agent radical, there 1s no
primary valence left for attaching the resulting
compound to a mineral surface.

The metalllc soaps, llke those shawn ln Flg. 12, waxg
bring sbout water dlsplacement by bltumens on wet llmestone
surfaces elther by belng held to the limestone by strong
secondary valence forces, as emulsifylng agents, or both.

CONCLUSIONS

The writer wishes to emphasize that the theoretical con-
cluslons presented below, or In any sectlon of Part 1 of thils
paper, have been derived from a study of the water-aggregate-
bitumen system. The concluslons presented will not necessar—
i1ly apply to any other system.

A. Theoretical

l. By the applicatlion of some of the general principles
of ore flotatlon theory, it has been shown how wet mineral
aggregates may be coated with biltuminous materlals.

2. It was found to be qulte possible to displace the
water with bitumen on each of the aggregates investigated
after these had been thoroughly wetted with water, through
the use of actlvating and wetting agents.

3. Activating agents have been required in additilon to
wetting agents for all siliceous aggregates so far studled,
but are not required for all limestone aggregates.
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4, The most effective activating agents appear to be
the salts of lead, copper, alumlnum, and iron.

5. The quantity of water present had no noticeable ef-
fect on reagent requlrements.

6. Increasing the percentage of bitumen reduced the re-
agent requlrements.

7. Aggregates whose partlcles possessed a sandstone
texture were most dlifflcult to coat completely.

8. The reagent requlrements for effecting water dls-
placement by bltumen on any one aggregate varled appreclably
for different bltumens.

9. For bltumens from the same source, reagent requlre-
ments for water displacement, 1n general decrease as the
viscosity, and asphaltene and carbene contents, lncrease.

10. When the proper quantities of reagents are present,
the mixing time 1s possibly less than that required for dry
mixes, at least on a laboratory scale.

11. The required reagents are equally effective 1f added
as water solutions, or dissolved or suspended 1n a biltuminous
material, or used in a bituminous emulslon, or added in any
combination of these.

12, Compounds formed at the surfaces of wet slliceous
aggregates by the reaction of wetting and activating agents
must be attached to the mineral surface by primary valence
in order to bring about dlsplacement of the water by bitu-
minous materlals.

This conception affords a reasonable explanation of the
abllity of most multivalent metallic cations to function as
activating agents, and of the inability of monovalent metal
cations like silver, and of the divalent alkali earth metal
cations and magnesium, to function in an activating capaclty,
where siliceous minerals are concerned.

The abllity of methylene blue, a baslc dye, to bring
about the coating of wet siliceous aggregates with bltuminous
materlals 1s also ratlonally explalned by thls conceptlon.

13. Stoichiometrical equivalents of activating and wet-
ting agents appear to be the optimum proportions of these re-
agents for bringing about water displacement by bltumens on
the surfaces of wet limestone aggregates.
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14. It appears to be possible to quantitatively compare
the natursl affinity of various bitumens for any mineral ag-
gregate, by determining the asmount of wetting and actlvating
agents required to bring about the displacement of water on
the particles of the thoroughly wetted aggregate wlth each of
the various bitumens.

B. Practical

1. In the absence of actual field tests no definlte
conclusions can be safely drawn as to the practical possi-
bilities of the method outlined here for producing bitumin-
ous mixtures for varlous engineering purposes. On the basis
of laboratory tests, the aggregates used for bitumlnous sur-
faces could be coated with bitumen whlle wet at a reagent

cost for many aggregates at least, of from filve to fifty
cents per ton of nnorgonfe frenfadA

The initial reaction of many engineers to this will be
that it would be as cheap or cheaper on projects of any size

to drv the sgorecate
TO ary the aggregate.

2. It should be pointed out, however, that in bitumin-
ous mlxtures coated while wet through the use of these re-

agaenta +hae adhesion nnu"nn of +he acoragatas haa hoan made
QgClivs, V48 allioo.lll tenslicon of the aps+srave dlas VYOOIl dlauko

permanently greater for bltumlnous materlals than for water.
This might lead to worth while savings 1n maintenance costs.
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where water actlion ls severe, or for aggregates from whlch

bitumen 1s easlily stripped by water.

4, Since no drying is required, this method is of par-
ticular value wherever the use of cold laid materials is
possible. Through the use of cut-backs, or of flux oils and
powdered asphalts, bltumlnous mixtures containing bitumens
of any desired final consistency could be laid cold.

5. Finally, it must be recognized that the reagent
cost even on a laboratory scale places thls method at least
very close to competing in cost with drying the aggregate.
In ore flotation processes it has been found that reagent
requlrements on a plant-size scale are generally much lower
than on a laboratory scale.

Research might disclose more efficlent reagents than
those which the writer has so far used.

Even a moderate reduction in reagent requirements due
to the greater efflciency of plant-scale operation, or to
more efficlent reagents, would make it cheaper to coat many

mineral aggregates by thils process than through the use of
the drier.
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PART II
THE STABILIZATION OF SOILS

Part II of thls paper presents the results of some fun-
damental research on the physical chemlstry of soll stablli-
zatlion which has been carried out by the writer during the
tenure of a Unlversity of Michigan Fellowship in 1936, and of
Department of Englneering Research Fellowships in 1936-37,
and in 1937-38, at the University of Michigan, sponsored by
the Michigan State Highway Department. The wrliter wishes to
gratefully acknowledge the assistance afforded by these fel-
lowships in carrying out this research. The progressive at-
titude shown by the Michigan State Highway Department in
sponsoring fundamental research in thlis manner cannot be too
highly commended, and the wrlter wishes to express apprecla-
tion for the Interest shown by State Hlghway Commissioner
Murray D. Van Wagoner, Research and Testing Engineer W. W.
McLaughlin, and Mr. Mclaughlin's predecessor, J. W. Kushing.

The writer also wishes to express hls sincere apprecia-
tion to Professor W. J. Emmons and Professor W, 3. Housel, of
the Department of Civil Engineering at the Unlversity of
Michigan, for thelr encouragement and thelr interest in thils
research.

Introduction

Most highway engineers would no doubt agree that the
millenium in highway construction had been reached, if 1t
wore possible to use any avallable local materlal, 1ncluding
811ts and clays, for subgrade construction, to lay the re-
quired surfacing on this, and know that differential heaving
and settling of the road surface due to frost heave, frost
boils, or fluctuating moisture content, could not occur.

- In attempting to remedy the deleterlous effect of water
on subgrades, highway englneers have used varlous dralnage
measures, excavation of undesirable soll materiasls, Proctor
technique, and several methods of soil stabilization.

There are condlitlions under which none of these methods
are satlsfactory for subgrade construction, and not one of
these methods, wlith the posslble exceptlon of the stabillza-
tlon of certaln solls wlth certaln bltumlnous materlals, 1s
capable of elimlnating the effects of water on the subgrade
under all condltlions, nor 1ls 1t posslble to mske use of all
801l materlaels 1n any locallty as they are encountered 1n the
301l proflle during constructlion by any of these methods.

It 1s the purpose of Part II of thls paper to show how
the entrance of water lnto solls may be inhlibited, and even
entirely prevented, by making them caplllary repulsive to
water.
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Incldentally, the data whlch wlll be presented tend to
show that the use of soaps by themselves in the olling of
earth roads 1s likely to be of very 1llttle, if any, value.

Theory
The well known equatlon for the helght of rlse of a
1liquid in a fine caplillary tube 1s

h = 25 cos 6
grd

where h = helght of rise of a liquid in the capillary
tube above the free surface of the llquld;
surface tenslon of the llquild;

acceleratlon due to gravity;

redius of caplllary tube;

denslty of the liquid;

contact angle made by the llquld with the
walls of the caplllary tube.

(2)

O ARRK M
oo

While soil materials do not necessarily behave like a
bundle of capillary tubes, the conclusions drawn in this
paper are qualitatively the same regardless of the theory
used to explain the rise of water in solls by caplillary ac-
tivity.

From the very nature of the factors S, g, r, and 4 on
the right-hand side of Eq. {(2), it 1s obvious that the small
amount of change possible 1n these, would at best have only
an lnappreclable effect on h for any one soll.

The average radius r of the soll pores 1s a constant
for any soll in glven conditlon, and can only be changed ap-
preclably by admixtures of other soll materials.

The density 4 of the water in a soll depends on the tem-
perature of the soll, and on the concentratlon of dlssolved
salts, but is only negligibly affected by these for the pur-
poses of thls problem.

The gravitational constant g changes slightly with lati-
tude and altitude, but these changes are negligible as far as
this problem i1s concerned.

While the surface tension S of water 1in soll could be
changed appreciably by certain surface active substances,
the reduction at best would be to approximately one half of
the value for pure water, and these substances whilch are
often qulte soluble, would soon be so widely dispersed, or
so completely removed by reactlon with the soll materilals,
that the surface tension would quickly revert to approxi-
mately 1ts origlnal value.

The possible effect on h of a change 1n 6, the angle of
contact made by water agalnst the soil particles, however,
can be very marked. A caplllary attractlion can be changed
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to a caplllary repulsion by sultably controlling this con-
tact angle. This can best be 1llustrated by consldering a
number of cases where various values are substltuted for ©
in Eq. (2).

First however, the term "contact angle" should possibly
be defined. It is the angle, measured through the liguid
phase, between the surface of the solld and the tangent to
the curve of the surface of the liquid at the point of con-
tact of the liquld on the solid, air being the third phase
(Figs. 14 to 18).

Consider a clay s0ll of particle size 0.002 cm diem-
eter,

Then r = 0.00Qlcm approximately.
Also g = 981 cm/sec.2,
and 8 = 72 dynes/cm for water.

Fig. 14 shows that when © = 0°, the usual value of the
contact angle of water against soll, the height of capillary
rise in this soil is theoretically 48.2 feet above a free
water level. With such a soil, if 3 feet of subgrade were
to be kept free from water, drains would have to be installed
52.2 feet below the surface of the subgrade in order to keep
the free water level at this depth.

For the case where © = 60°, Fig. 15 shows that if 3 feet
of subgrade are to be kept free from caplllary water, dralns
would have to be 1lnstalled 24,1 feet below the surface of
the subgrade.

When @ = 90° (Fig. 16), there i1s no capillary rise, and
drains placed 3 feet below the surface of the subgrade would
insure that a 3-foot depth of subgrade was free from capil-
lary water.

When 6 = 120° (Fig. 17), a 3-foot embankment would be
free from caplllary water as long as the free water level was
not more than 21.1 feet above the level of the surface of the
embankment .

When © = 180° (Fig. 18), (incldentally, a case not pos-
sible of even theoretlical attalnment as an equlilibrium value
with real materials), there would be no caplllary water in a
3-foot subgrade as long as the free water level was not more
than 45.2 feet above the level of the surface of the embank-
ment .

It 1s, therefore, obvious that the height of rise of
water in a soll subgrade could be controlled, and the soil
even rendered capillary repulsive to water, 1f it were pos-
sible to control the contact angle between soll and water.

Many englineers have no doubt observed that water does
not rise as high in a greasy as in a clean glass capillary
tube of the same dlameter. This 1s due to the fact that
water makes a contact angle agalnst a greasy surface, and
none agalinst clean glass.
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In spite of thls observation it does not appear to be
generally known that a contact angle between water and al-
most any solid surface can be developed by the use of the
proper chemical reagents, even though originally there was
no angle of contact. It will shortly be demonstrated that
solls are no exception to this.

In the ore flotatlon processes previously mentloned, by
the addition of certailn chemical reagents, the surfaces of
valuable mineral particles are made to develop a contact
angle against water. This brings about thelr attachment to
the alr bubbles present, and causes thelr separation from the
useless gangue minerals which do not develop a contact angle
by the use of the same reagents.

Thls contact angle 1s developed because the reagents
used make the surfaces of the particles water—-repellent, and
make them behave as though each were coated with a greasy
£1lm.

The size of the contact angle depends on both the kind
and concentration of the reagents used. Using xanthates,
Wark and Cox (5) have shown that contact angles varying from
50° to 96° can be developed on the surfaces of mineral sul-
phides, as the hydrocarbon chaln in the xanthate 1s increased
from one to sixteen carbon atoms in length. The same workers
showed that xsnthates contalning simple aromatic and naphthene
groupings develop contact angles which vary only from 71° to
75°. Siedler (6) has shown that sodium oleate, the chlef in-
gredlent of many tollet soaps, wlll develop a contact angle
of 102° agalnst calclte, and that sodlum stearate will de-
velop a contact angle of 121° agalnst the same mineral.

It appeared possible at the beginning of thils investiga-
tion therefore, that by the use of certaln chemical reagents,
the caplllary attraction between soll and water could not
only be greatly reduced, but even changed to a caplllary re-
pulsion, since any contact angle greater than 90° would
bring about such & repulsion.

The same general flotation theory which was applled in
Part I to the problem of coating wet mineral aggregates wilth
bituminous materiasls, can be applied to the problem of mak-
ing solls capillary repulsive to water, through the use of
the same actlvating and wetting agents whose functions have
already been demonstrated.

Fig. 19 gives a molecular picture of the surface of a
siliceous particle whlch has been made water-repellent at
one polnt by the use of a lead salt as activating agent, and
godlum stearate as wettlng agent.

It should be obvlious that the water-repellency of a min-
eral surface depends on the surface denslty of such water-
repellent points, and on the length or structure of the
hydrocarbon groups, and therefore, on the concentration and
types of reagents.
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Since the magnitude of the contact angle depends on the
water repellency, 1t follows that the slze of the contact
angle depends on these same two factors.

It 1s apparent, therefore;, that the magnltude of the
contact angle in thls case, is a measure of the statistical
average of the water-repellency due to the hydrocarbon
groups and of the water-attractiveness of the mineral sur-
face between these hydrocarbon groups.

A Method for Measuring the Contact Angles Developed in Min-
eral Powders

Ordinary soll materials show zero contact angle agalnst
water. Since 1t was proposed to develop a contact angle of
varylng magnitude between s0il particles and water through
the use of certsin chemlicsl reagents, 1t was necessary to

have o af Te and 1 N+
have a simple and convenlent method for m

of contact angle developed.

Without golng further into the reasons for the method
selected, the method of sedlmentatlion volumes, which has al-
ready been used by Bartell and Walton (7), and by Mack (8),
for somewhat different purposes, was asdopted.

These 1lnvestligators have shown that a llnear relatlon-
ship exists, 1f the sedlmentation volumes of a glven welght
of a powder in each of a serles of organic liquids are plot-
ted versus the interfaclal tenslons of these llqulds agailnst
water (Figs. 21, 22, and 23).

In the work which the wrlter was undertaking, the d4if-
ferences 1n the contact angles between the various treated
powders and water would be shown by differences in the slope
of these straight lines if each of these powders contained
particles of the same size dlistribution, shape, and specific
gravity.

[]
»
w
o
v
s

(6]

Experimental Procedure

The data reported here were all obtained using one wet-
ting agent, sodium oleate, and a number of activating agents,
as chemical reagents, and silica dust, limestone dust, and a
naturel silt, as mineral powders.

The effectliveness of the various actlvating agents was
studied by working with a pure sillca powder, since pure
gilica particles in pure water have no cations at thelr sur-
faces which can function as activating agents.

The varlious chemlcal treatments given to each mineral
powder are listed in tables 13, 15, and 17.

Except where stated to be otherwlse (see footnotes after
tables 13 and 15), the method of treatment was as follows:

100 grems of the powder were placed 1n a 600 cc
beaker. The indicated amount of activating agent
golution was added. Enough distilled water was added
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Table 15

CHEMICAL TREATMENTS OF LIMESTONE POWDER

35

100-gram lots of limestone dust passing No. 150 sieve

Powder Number

Reagents 8 5 10 11* 12%

Control

Lead Lesd Calclium

Activating Agent

0.05M Activating Agent
Solution, cc Nil Ni1 60 60 60

0.05M Sodium Oleate
Solution, cc Nil 60 60 120 120

Nil Nil Nitrate Nitrate Chloride

*Lead oleate and calcium oleate equivalent to the reagent gquantities
shown for powders 11 end 12 respectively, were dissolved in carbon
tetrachloride and added to respective lots of dry limestone dust in
this form.

Table 16

SEDIMENTATION VOLUMES OF THE TREATED LIMESTONE DUST

10 grams of powder

Interfaclal
Organic Tenslon Powder Number
Liquids Against
Water
dynes/cm 8 9 10 11 12
Carbon Disulphide 48,1 11.07 6.62 7.15 6,70 6.43
Benzene 34.6 10.00 6.63 7.16 6.59 6.58
Chloroform 31.6 9.75 6.60 7.10 6.66 6.35
n-butyl Acetate 13.2 7.75 6.95 T7.46 7.00 6.90
Table 17
CHEMICAL TREATMENTS OF TUSCOLA SILT
100~grem lots of Tuscola silt passing No. 150 sieve
Powder Number
Reagents 13 14 15
Control
Actlvating Agent Nil Nil Lead Nitrate
0,05M Activating Agent Solutilon, cc Nil Nil 60

0.05M Sodium Oleate Solution, cc Nil 60 60
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Teble 18

SFDIMENTATION VOLUMES OF THE TREATED TUSCOLA SILT

10 grams of powder

Interfacial
Organic Tension Powder Number
Liquids Agalinst
Water 13 14 15
dynes/cm
Carbon Disulphide 48.1 12.20 10.43 9.27
Benzene 34.6 11.20 9.90 9.11
Chloroform 31.6 11.07 9.75 9.33
n-butyl Acetate 13.2 9.43 9.00 9.00

to make 100 cc. of solution, which was sufficlent to
form a suspension of the powder upon stirring. After
standing for a day with occasional stirring, the
amount of wetting agent llsted was added. Thls mix-
ture was allowed to stand for another day with occa-
sional stirring and then dried in an oven.

Flg. 20 shows the possible compounds whlch may be pres-
ent in a drled powder after treatment with lead nltrate as
activating agent, and sodlum oleate as wetting agent.

The compounds of Fig. 20b, the original wettling and ac-
tivating agents, are not attached to the mineral surface ex-
cept possibly by secondary valence forces. Elther lead nl-
trate or sodlum oleate would be present depending on which
had been added in stolchiometric excess. These compounds
are soluble in water, and except for any part of them held
by secondary valence, could be removed from the powder by
washing with water.

The water insoluble heavy metal soap, lead oleate (Fig.
20c), a reaction product of lead nitrate and sodium oleate,
likewise could be attached to the mineral surface only by
secondary valence forces. While such metalllc soaps are 1n-
soluble in water, they are qulte soluble 1n many organlc
1liqulds, and except where held by secondary valence, could be
removed from the powder by washing with carbon tetrachloride

Fig. 20a represents the conditlon of the surface of a
slliceous particle which it had been hoped most of the actlv-
ating and wetting agent would react to produce. The bond be-
tween the lead lon and oleate radical 1s a covalent bond,
which renders the compound insoluble in water. The bond te-
tween the lead ion and the mineral surface is an electrovalen
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bond which renders the compound 1nsoluble in organic liquids.
Censequently, thls compound cannot be removed from the sur—
faces of the particles by washing with water and carbon tet-
rachloride.

Since 1t 1s on water-repellent compounds of the type
shown 1n Flg. 20sa, attached to the mineral surface by mesans
of primary valence, that permanent water-repellency of sili-
ceous materlals appears to largely depend, 1t was deslrable
to determine the contact angle which had been developed on
slliceous surfaces by compounds of this type as the result
of any glven chemlcal treatment. Even for mineral particles
such as those of limestone, where water-repellency appears
to depend largely, 1f not entirely, on compounds of the type
shown in Fig. 12 attached to the mlineral surface by means of
secondary valence, 1t was desirable to remove all reagents
from the system except those which were lrreversibly ad-
sorbed on the minerasl surface.

All the powders listed in tables i3, 15, and 17, after
being treated with the reagents used in each case, were
therefore each washed five times with water, using 200 cc
each time, and five times with 200 cc of carbon tetrachlorilde.
These washings were alternated, and the powders were thorough-
ly dried between washings. Each washing consisted of four or
five decantations, the wash liquid being heated before each
decantatlon to assist solutlion. The washings were dscantesd
through a buchner funnel.

Ten grams of each washed, drled powder were then placed
In each of four glass tubes of approximstely 11 mm inside
diameter, containing carbon dilsulphide, benzene, chloroform,
and n~butyl acetate, respectively. ZEach tube was thoroughly
shaken to remove all alr and placed in a rack to allow the
rowder to settle. Readings of the level of the powder in
each tube were taken once a day, and the tubes were shaken
thoroughly after each reading, Thls was repeated untll three
successlve readings were the same. The tubes were then emp-
tied, cleaned, and dried, and the sedimentation volumes de-
termined by tltrating the tubes to the sedimentatlon level
from a burette.

The sedimentatlon data, for the varlious powders and
thelr treatments as glven in tables 13, 15, and 17, have
been listed in tables 14, 16, and 18, respectively, and have
been plotted versus the interfaclal tenslons againat water
of the organic liqulds in which they were determined, in
Figs. 21, 22, and 23, respectively.

Discussion of Results and their Implication Concerning the
Use of Soaps in the 0lling of Earth Roads

It was previously pointed out that the slope of the
straight line, resulting when the sedimentation volumes of a
gilven welght of a powder in each of a series of orgenic
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liquids are plotted versus the Interfaclal tenslons of these
liquids against water, furnishes a measure of the contact
angle of water against the particles of that powder, when
compared with the slope of a similar line for a powder of
the same particle size distribution, shape, and specifilec
gravity, whose contact angle agalnst water 1s lmown.

Fig. 21 shows that of the varlous treatments of the
sllica powder, a substantlial increase in contact angle oc-
curred only for powders 5 and 7, in which lead ion and alu~

e | - 1
minum lon, respectively, were the activating agents.

From the work of Bartell and Bartell (9), and the re-—
lationship pointed out at the beginning of this section, 1t
can be deduced that when the slope of these lines is hori-
zontal, a contact angle of 25° has been developed.

Treatments of the silica powder with elther sodium
oleate by 1tself, line 2, or sodlum oleate in conjunction

4 1 al e o
with caleclum as sctivating agent, line 3, are unabls toc de

velop more than a slight contact angle.

This 1nability. of calcium ilon to function here as an
activating agent, 1s further confirmation of results obtalned
in Part I of this paper, where calclium as an activating agent,
with sodium oleate as wetting sgent, were unable to bring
gbout the coating of wet siliceous aggregates with bituminous

matanrinla
MALOTLi8AS

It was suggested In Part I that thls might be due to a
relatively small difference in the free energies released
when oleate radicles combined with each of the two valences
of an adsorbed calcium ilon,

Calclum end magnesium lons are the principal divalent
catlona present in the lonic atmosphere about a soll parti-
cle, calcium usuelly being present in much greaster concen-
tration.

The lack of success of oiled earth road surfaces in
many locallties, appears to be due to the low adhesion ten-
sion of the soll for bituminous meterials and its high ad-
heslon tension for water.

It has been clalmed that the use of soap by 1ltself,
greatly Ilncreases the adheslon tenslon between bltumlnous
materials and the soil in the olling of earth roads, and
reverses these adhesion tension relationships. Diagrams
appearing in technical literature show one valence of someof
the divalent cations present in the lonic atmosphere about a
s0ll particle attached to the surface of the particle, the
other valence of each of these cations being attached to a
soap radical. These diagrams have been given to show why
soap should increase the adhesion tension between a bltumin-
ous material and a soll particle,.

However, for the usual soll particle such divalent cat-
ions could only be elther calclium or megnesium, and the re-
sults obtained in both Part I and Part II of this paper,
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tend to show that in the presence of water and an organic
liquid, soap radicgls unlte wlth both valences of each cal-
cium and magnesium lon attacked, and the resulting calclum
and magneslium soaps appear to be dissolved from the surface
of the particle by the organlic liquld present, Thls leaves
the particle with 1its original high adhesion tension for
water, so that 1t remaelns, or becomes filmed with water.

(It 1s possibly not necessary to polnt out, that in the oll-
ing of earth roads, the three phase system water-solil-biltumen
1s involved and not the simpler two phase system soll-bitumen,
since surface water 1s present as a result of raln, snow, etc.,
and underground water is present due to capillarity, seepage,
etc. Water may also be present due to the process used for
Incorporating the bitumen with the soll.} Consequently it
would appear that the use of soap alone would not be likely
to appreclably increase the adhesion tension between the us-
ual soll and a bituminous material under normal atmospheric
and subsurface, or other moisture conditions.

The results obtained from treating pure silica with
calcium chloride as activating agent, are likely to be typi-
cal of the results to be expected from the use of soap by
itself with most solls 1n the oiling of earth roads, at
least with solls having an Iintermediate or high sllica ses-
quioxide ratio, since the silica portion is the seat of al-
most the whole of the base exchange capacity of the mineral
fraction of soils.

While it might be expected that the aluminum and iron
ions in the mineralogical structure of soil particles should
be avallable for functioning as natural activating agents
for these, and consequently should be able to bring about
the formatlon of a water-repellent film when soap was added,
there 1s no evidence to date that thls occurs to any materlal
degree. Soap by itself was unable to bring about the coating
of wet aggregates such as crushed feldspar, crushed granilte,
and naturasl gravels, with bituminous materials 1n the studles
reported 1n Part I, All of these materials contain iron, or
aluminum, or both, in the crystal lattices of the minerals of
which they are composed.

Also there 1s no materlal flotation of feldspars by soap
alone, an externally supplied activating agent being required.
It is significant that lime feldspars are more floatable than
the potash or soda feldspars upon the addition of soap alone
(12), which would suggest that any floatability feldspars
possess, depends more on their calcium content than upon their
content of aluminum. (It should be observed that while there
1s no reason why calclum lion should not readily function as
an activating agent for certaln minerals in the water-mineral-
alr flotatlion system, 1t -appears to be unable to function as
an activating agent in the water-mineral-bitumen system for
the reasons which have been suggested in Part I, or for other
reasons not yet perfectly understood.)
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The 1inabllity of the aluminum present 1n feldspars to
form sny materlal water~repellent fl1lm about the surface of
feldspar particles in a flotatlon system by the use of soap
alone, can only mean that the aluminum ions in the mineralog-
i1cal structure of feldspar are not materially available for
functioning as an activating agent.

Since solls are made up largely of aluminum sllicates,
and iron aluminum silicates, from a consideration of the
evldence just given, 1t should occasion no surprise to find
that the 1ron and aluminum ions in these sillicates also, do
not appear to be able to functlon materlially as activating
agents (Fig. 23).

It i1s interesting to note that Reagel (13), from ob-
servatlons made in connection with the olling of earth roads
in Missouri, stated in 1935, that up to that time, adventages
from the use of soap in the oiling of earth roads had not
been apparent. This practical observation is highly signifi-
cant in view of the data presented in this paper.

But while the use of scap by itself would appear to be
of little value for increasing the adhesion tension between
a 301l and bitumen in the olling of earth roads, the advan-—
tage to be expected from the use of scap In conjunction with
true activating agents, such as lead and aluminum cations, 1s
strikingly illustrated in Fig. 21. For whereas the use of
gsoap by itself (line 2), or the use of soap with calcium ion
as actlvating agent (line 3), confers no material water—
repellency on the sillca dust, the use of soap with lead ion
(1ine %) and aluminum lon (line 7) as actlvating agents, has
glven the sllica a marked water-repellency.

It should be polnted out here, that from a study of the
Bartell and Bartell (9) dlagram, 1t follows that if the sedi-
mentation volumes of a glven welght of a number of powders
of the same particle slze dlstribution, shape, and spscific
gravity, but exhibilting different contact angles against
water, are determined and plotted as in Flgs. 21, 22, and 23,
the lines whose varlous slopes represent the varlous magni-
tudes of thls water contact angle, will have a common polnt
of intersectlion with the ordinste representing a liquld with
an interfaclal tension of approximately 13.2 dynes/cm agalnst
water (n-butyl acetate).

It 13 also an experimental fact that the smaller the av-
erage particle size for a gilven powder, other factors belng
kept constant, the greater 1s the sedimentation volume of
the powder 1n a 1iquid, and the steeper 1s the slope of the
resulting line when the data are plotted as 1in Filgs. 21, 22,
and 23.

Fig. 21 1llustrates thils quite well. The fallure of the
lines to 1ntersect the n-butyl acetate ordinate at a common
point is without doubt due to experimental error. Part of
this experimental error may be due to error in sampling, that
is to failure to obtaln samples of 1ldentical particle size
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distribution, but 1t 1s rather llkely that 1t 1s largely due
to varylng losses 1n fines from the different powders as
these are put through the washing and fllterlng processes
requlred for reagent removal, and consequently to varlatlons
in the average particle slze of the powders.

Flg. 23, like Flg. 21, 1llustrates the advantage of us-
ing an activating agent along wlth soap when water-repellency
of a slllceous material 1s desired., The data presented are
for a natural soil, a buff-colored sllt falrly high 1n iron,
known as Tuscola silt, It is found near the Saglnaw Bay
reglon of Michigan. Line 13 1s from sedimentation data ob-
tained for the natural sllt. TUnfortunately, 1t was not put
through the process of washing In water and carbon tetra-
chloride undergone by powders 14 and 15. It 1s likely there-
fore, that 1t contalned a greater percentage of fines than
these other two powders. Consequently, line 13 Intersects
the n-butyl acetate ordinate at a higher sedimentation volume
than lines 14 and 15, and 1ts slope 1s steeper than it should
be, relative to the lines representing the surface character-
1stics of the other two powders, for the reasons just given.

Line 14 resulted from treating this silt with soap alone.
The powder resulting from the soap treatment showed no mate-
rial water-repellency, and was more like the original materi-
al, 1line 13, than 1s at once apparent from Fig. 23, for the
reasons glven above.

Line 15, when compared with line 14, again emphasizes
the advantage to be expected from the use of a suitable ac-
tlvating agent along with the soap. The water-repellency of
powder 15 was qulte marked.

It should also be observed that in spite of the fact
that thls Tuscola s1lt contains appreclable 1iron, thils iron
does not appear to be avallable for actlvating purposes to
any materlal degree. If 1t were materlally avallable in an
ectivating capacity, there would not be the marked difference
in water-repellency observed in powders 14 and 15 after
treatment with ldentlcal quantitles of soap as wetting agent.
This further confirms the observatlons previously made, that
the aluminum and iron ions 1n the mineraloglcal structure of
soll particles do not appear to be appreclably avallable for
serving in an actlivating capaclty, at least not under the
conditions of pH, etc., occurring in t he usual soll solu-
tlons. It may be however, that the tlime factor 1s important
here, and that these aluminum and 1ron lons would demonstrate
activating ability 1f exposed to wettlng agent solutlon over
a sufflciently long period of time.

Flg. 22 gives graphlcally, the results of some work done
with limestone dust. Iine 8 1s for the original limestone
which In thils case was not put through the washing process.
The other lines have resulted from the various treatments of
thlis limestone dust listed in table 15. It 1s apparent that
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each of these treatments has resulted in approximetely the
seme water-repellency, since lines 9, 10, 11, and 12 have
approximately the same slope. It should be observed that in
contrast to the results obtained with pure silica, soap by
itself, calcium ion plus soap, and calecium oleate in a car-
bon tetrachloride sclution, are all equally capable of de-~
veloping a contact angle of approximately 25°.

It 1s interesting that glass tubes fllled with any of
the powders whose surface energy characteristics resulted
in a horizontal slope in Figs. 21, 22, and 23 have shown no
capillary rise even under a head of 10 inches of water, over
a perlod of several months. Thls would appear to be due to
a hysteresis effect of some kind, which may be relatively
permanent, and 1f so, may be of some practical Ilmportance.

The R6le of Bitumlnous Materials in Soil Stabilization

It was stated earller 1n Part II of this paper that con-
tact angles of from 50° to 121° have been measured by flota-
tion research workers as the result of certain chemical treat-
ments of various mineral surfaces. However, a contact angle
of approximately 25° is the largest that the writer has so
far been able to develop in a mineral powder.

In all cases, these flotation workera were using rela-
tively large pleces of minerals, since their technique in-
volved the actual measurement of the contact angle on an en-
larged photographic image of the contact made by a small
bubble or drop of water on the treated surface of a mineral,
and for this, relatively large plane surfaces are required.
In the work reported on here, on the other hand, the mineral
particles all passed a No. 150 sieve.

It is particularly surprising that a contact angle of
102° should have been obtalned as the result of treating a
calcite surface with sodium oleate by the technlque of these
flotation workers (6), while approximately 25° is the largest
contact angle that the writer has been able to obtain by
treating limestone dust with sodium ocleate as determined by
means of the experimental technique used in Part II of this
paper.

It 1s beyond the scope of this paper to go into the pos-
aible theoretical reasons for the apparent large difference
between the values of a contact angle observed as the result
of the technlque employed by these various flotatlon workers,
and that employed by the writer, if as 1t appears, the two
methods actually do glve widely different values for the con-
tact angle developed as the result of any given chemical
treatment of a mineral surface.

It should be pointed out however, that the technique for
the indirect evaluation of contact angles which has been em-
ployed by the writer, 1s based upon the published results of
adhesion tension studies carried out over a conslderable
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perlod of time by Professor Bartell, and that there are very
good experlmental and theoretlcal reasons for belleving that
the evaluatlon of the contact angles of mineral powders re-—
sulting from the employment of thls technique, l1ls reasonably
accurate.

While a contact angle of approximately 25° is the larg-
est that the writer has so far been able to develop 1in a
mineral powder, the reagent consumptlon for thls has been at
the rate of approximately 20 pounds of activating agent, and
20 pounds of wetting agent, per ton of mineral powder treated,
or a reagent cost of from two to three dollars per ton of
powder. This would be relatlvely costly as far as practical
application 1s concerned, for most engineerlng purposes.

To develop a contact angle of 90°, at which point a soil
would have zero caplllarity for water, would require a pro-
hibitive amount of these reagents 1f such a contact angle
could be developed by them at all, which to the writer 1s
very doubtful.

One of the principal reasons for the large quantities of
reagents required for the development of this relatively
small contact angle, 1s that most of the reagents appear to
react not on the surfaces of the particles, but 1in the spaces
between the particles, forming compounds of the type shown
in Fig, 20c, which have little, if any abllity to develop or
increase the contact angle of slliceous materlals agalnst
water. Judging from the dark color of the first two washings
with CCly; when lead nitrate and sodlum oleate were used as
reagents in the treatment of the silica powder, it would ap-
pear that possibly most of the reagents added have reacted
to form lead oleate (Fig. 20c). Thls appears to be the
principal reason for the relatively large quantitles of re-
agents requlred for the small contact angle developed.

There 1s another method of attack on this problem, how-
ever, which has promise of developing a contact angle con-
siderably in excess of 25°, and at a greatly reduced reagent
cost. This method comblnes the use of biltuminous materlals
with wetting and actlvating agents.

In Part I it was pointed out that heavy metal soaps,
such as lead oleate (Fig. 20c), when dissolved in bituminous
materials, were unable to cause bltumlinous materlals to dis-
place water on the surfaces of wet slllceous aggregate par-
ticles. However, upon the addition of a small amount of
lead nltrate solution, displacement of the water began to
take place. This water displacement became more complete as
lead nitrate solution continued to be added, until the total
lead and total oleate were present in about the proportions
of one equivalent of oleate radicals to two equivalents of
lead ions.

It should be apparent from this that 1n the presence of
a bitumlnous material, the lead oleate present in the spaces
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between the slliceous mineral grains when water solutions
only, of lead nltrate and sodium oleate 1n optimum propor-
tions were used, would be dissolved in the bltumlnous mate-
rial, and by reacting with the free lead nitrate present,
would be converted into the required compound (Fig. 20a),
attached to the mineral surface by primary valence thereby
creating the water-repellent points required for developing
a permanent contact angle against water.

In this case, however, each mineral particle would also
be coated with a film of bitumen, and the contact angle de-
veloped would be that between the bitumen film and water,
rather than between the hydrocarbon groups of the wetting
agent attached to the mineral surface and water.

Consequently, since the contact angle developed would
depend very largely or wholly on the bltumen, the wetting
and activating agents would now be added largely for the pur-
pose of making the adhesliom tenslon of the surfaces of the
soll particles greater for the bitumen than for water, in
order that the soll-bitumen mixture would be thermodynamical-
ly stable against any uncoating tendency of water.

Qualitative tests have shown that for natural Michigan
sllts, the reagent requirement per ton of silt to make the
adhesion tenslion of the silt greater for biltumen than for
water, 1s several times less than the amount of the same re-
agents requlred to develop a solid-water-air contact angle
of 25° 1n these silts.

Ag for the magnitude of the contact angle which the
bituminous films about these soll particles would exhibit
agalnst water, no measurements are avallable so far as the
writer 1s aware. It 1s unlikely that the contact angles of
water on films of present-day bitumens would be greater than
from 70° to 80° judging from the structure and composition
suggested for bitumens. The contact angles exhibited by a
great many bitumens might even be conslderably smaller than
thls. On the other hand, for bltumens of the Nujol type, a
contact angle of 105°, the contact angle between solid par-
affin and water, might be possible. It is very llkely that
those bitumens having a high natural adheslon tenslon for
soils, would exhlibit a small contact angle agalnst water, for
aince both soils and water are polar meterials, a high affin-
ity for one, in general, indicates the possibility of a high
affinity (small contact angle) for the other.

It should be apparent that for the stabllizatlon of
solls by thls method, almost any liquld petroleum product or
other hydrocarbon ligquld material, possessing water-repelling
properties, such as crude oil, refinery residues of various
types, tars, etc., would serve. Under conditions of abrasion
or wear, ard where stability was important, however, bitumens
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meeting well defined specifications, such as cut-backs, flux
olls, powdered bltumens, etc., would be required.

If the introduction of a bltuminous material in the in-
terest of reagent economy 1s essentlal or necessary for the
development of a high contact angle between a soll and water,
it appears to be a necessity for asnother reason.

If a contact angle of 90° or more could be developed
between soll particles and water, the soll would be so water-
repellent that no caplllary water could be present. The

water films, which are essentlasl for the coherence of ilnert
materials, would be absent, giving a cohesionless, dusty,
mass which would present constructlon difficulties., It would,
therefore, be necessary for construction purposes, to add
small quantitles of o0lls or biltumens to stablllize such water-
repellent solls.

The Effect of Condltioning Agents

Some tests wlth speclal reagents which do not act elther
as wettlng agents, or activatling agents, but lncrease the ef-
fectlveness of these have been made. Followlng flotation
terminology these may be called "conditioning agents."

The followlng observatlions wlll 1llustrate the effect of
these when coatlng wet siliceous sands with bituminous mate-
rials by the additlon of wettlng and actlivating agents.

3 cc of a 0,05M sodlum carbonate solutlon, caused
manganesé chlorlde to function as a satisfactory ac-
tivating agent when the aggregate was a pink feldspar
which could not be coated by bitumen while wet by the
use of the manganese salt and wetting agent alone.

Two different granites (one of these used for table
3) were poorly coated by bitumen while wet, using cop-
per chlorlde as activating agent. The addition of 1.0
cc of 0,05M sodium silicate in each case gave perfect
water dlsplacement. Sodlum silicate has a stripping
effect, however, when used in larger quantities,.

The trivalent phosphate lon appears to be detrimen-
tal in all quantities, and causes rapld and practically
complete stripping.

The tetravalent ferrocyanlde lon also has a declded
stripping action, although not to nearly the same de-
gree as phosphate ion.

With lead and copper lons as activating agents,
coating 1s very poor below a pH of about 4.0 and
above a pH of gbout 12.0.



a7

Using aluminum and iron lons as activeting agents,
coating by bltumens 1s very unsatisfactory above a pH
of 8.0 and below a pH of about 4.0.

Even with small alkelinity there is considerable
tendency for the bitumen to emulsify in these mixtures
due to the presence of the hydroxyl ion.

The most satisfactory pH appears to De near neutral-
ity, or in a range of approximately 6.0 to 8.0.

In spite of the stripplng action of phosphate lon and
excess silicate ion, 1t would appear possible on theoretical
grounds at least, that through the development of the proper
technique, these 1ons could be made use of to increase the
base exchange capaclty of a soll where thls was desirable.

Conditioning agents appear tc be necessary or desirable
in many cases to effect a change in elther the base exchange,
or pH, or both, about the surfaces of wet particles it 1s de-
silred to coat with biltumens through the actlon of wetting and
actlvating agents,

The Nature of the Adsorption of the Water-Repelling Activating-
Agent-Wettlng-Agent Reactlon Products )

The experimental results which have been obtained 1n Part
IT of thls paper, tend to conflrm the conclusion arrived at in
Part I, that 1n the presence of water and an organic solvent,
water-repelling reactlion products of wettlng and activating
agents must be adsorbed on the mineral surface by means of
primary valence in the case of slllceous minerals, i1f perma-
nent water-repellency by means of these 1s to be obtained.

While the problems involved in both Parts I and II have
centered around the creation of water-repellency on the sur-
faces of mineral particles, the experimental technique used
for determining this water-repellency has been decidedly dif
ferent in each case,

In the dlscussion of Fig. 20 it was polnted out that

_compounds like sodium oleate (Fig. 20b), present only if in
stolchliometric excess over any activating agent present, and
1like lead oleate (Fig. 20c) could not be expected to confer
any water-repellency on a mineral surface unless adsorbed by
secondary valence forces.

Line 2, Fig. 21, indicates that sodium oleate by itself
1s unable to confer any material water-repellency on a silica
surface. Due to the absence of cations on the surface of
pure silica with which the soap could form insoluble compournds,
sodlum oleate could only be adsorbed by secondary valence.
Since any sodium oleate which may have been so adsorbed, was
for all practical purposes completely removed by a few wash-
ings with water and carbon tetrachloride, it was evident that
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the adsorptlion of soaps by slllcaetes through secondary va-—
lence 1s of only minor 1mportance compared with thelr adsorp-
tion in conjunction wilth sultable actlivating agents by means
of primary valence, lines 5 and 7.

In order to demonstrate experimentally that the adsorp-
tion of compounds of the lead oleate type (Fig. 20c), on
sllica surfaces 1s also of minor importance, calclum oleate
and lead oleate, corresponding in quantlty to that shown 1n
table 13 for powders 4 and 6 respectively, were dlssolved in
carbon tetrachloride and added to 100-grem lots of dry silleca
powder, Due to the nature of 1ts solvent action, only com-
pounds of the type shown 1in Fig. 20¢ could be present in this
carbon tetrachloride solutlon, and so activating agents of
the nature of lead nltrate would be absent. After standling
for a day, and then belng dried 1n an oven, these were put
through the usual washing process, and their sedimentation
volumes then determined. Line 4, Fig. 21, indicates the re-
sult of the calcium oleate treatment, and line 6, of the
lead oleate treatment. It will be observed that no material
water-repellency has been developed by either of these treat-
ments. Tests conducted in a similar manner have shown that
aluminum oleate dlssclved in carbon tetrachloride 1s no more
effective for developing water-repellency in silica dust than
lead oleate or calcium oleate.

Lines 5 and 7 on the other hand, indicate that lead and
aluminum lons as actlvating agents respectively, together
wlth sodlum oleate as wettlng agent, when reacted in the re-
quired proportions on the surfaces of sllica particles, are
able to develop appreclable water-repellency. Any water-re-
pelling reaction products of these reagents which were held
on the surfaces by secondary valence, would have been re-
moved by the washing process as shown in the previous para-
graphs. Since the treated sllica powders are stlill water-
repellent after the process of washing, lines 5 and 7, it
follows that the reaction products still effective must be
held to the surfaces of the particles by other attractive
forces than those of secondaery valence. It appears very rea-
sonable that these other attractive forces are those of pri-
mary valence, as lllustrated in Fig. 20a.

Silica dust treated with water solutions of calciunm
chlorlde as activating agent, and sodium oleate as wetting
agent, shows no more water-repellency, line 3, than 1is ob-
teined by treating the silica with a carbon tetrachloride
solution of calclum oleate, 1ine 4. This 1s further evi-
dence of the 1lnability of calcium lon to attach water-repel-
ling reaction products of 1tself and wettlng agents to a
sllicate surface by means of primary valence, and so to func-
tion as a true activating agent.

Since there might be some doubt as to whether carbon
tetrachlorlde solutlons of lead oleate, alumlnum oleate,
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calcium oleate, etc., furnished the conditions under which
adsorption of these compounds on the surfaces of mineral par-
ticles could occur, 100-gram lots of a limestone dust were
treated with carbon tetrachloride solutions of lead oleate
and calcium oleate, table 15, powders 11l and 12. After
standing for a day with occaslonal stirring, they were dried
and then put through the usual washing process. Thelr sedi-
mentatlion volumes were determined, and these are plotted in
Fig. 22 as lines 11 and 12, respectively. It may be observed
that these treatments gave as water-repellent powders as the
more usual treatment of the limestone dust, first wlth activ-
ating agent solutlon (lead nitrate), then with wetting agent
solution, 1line 10. Consequently, 1t may be inferred that
under the conditions belng considered here, adsorption by a
mineral surface from carbon tetrachloride solution will take
place 1if the compounds in solution are capable of belng ad-
gorbed, and with the same degree of irreversibllity as if the
compounds had been adsorbed from a wster solution.

Incidentally, this latter test appears to further con-
firmm the tentative concluslion presented in Part I, that the
adsorption of the water-repellent reaction products of activ-
ating and wetting agents by llmestone particles, occurs
largely, 1f not entirely, through the exerclise of secondary
valence forces.

Limitations of a Physical Explanation of the Adsorption
Phenomena Consglidered in thils Paper

The experimental results which have been glven in this
paper are capable of furnishing a very good example of the
possible physlcal adsorptlon effects due to the presence or
absence of dipole moments in the molecules making up the
various phases of a system, or to other physical factors, amd
also, what is equally important in the present case, of the
inabllity of explalning all of the adsorptlon phenomena in-
volved, on the basls of dipole moment or other physlical ef-
fects. A brief discussion 1s appended in the followlng para-
graphs to bring this out.

In certaln molecules, or iIn parts of certaln molecules,
the centers of gravity of the electrons and protons which
make up the atoms in the molecwle, do not coincide. This
separation of the centers of gravity of these small elemen-
tary charges, glves rise to a dipole moment whose magnltude
1s equal to the product of one of the resultant charges mul-
tiplied by the distance hetween them. A molecule contalning
a dipole moment, or even an ion, may induce dipole moments
in molecules near 1t which do not normelly have dipoles, and
molecules containing permanent dipoles may orient themselves
with respect to each other so as to either increase or de-
crease the dipole moment in each. Consequently, the situa-
tion in a system contalning molecules having dipoles is not
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neceasarily predictable and may become qulite complex.

The presence of a dipole moment 1n a molecule may set wp
certain strong unsymmetrical fields of force outside the mol-
ecule, the conception of which, Debye, Smythe, Willlams, and
others, have found useful in furnishing explanations for mol-
ecular structure, adsorption, orientation, etc.

Anything but the most general discussion of the possible
effects of dipoles in molecules is out of place here. It
might be pointed out by way of example however, that water,
whose molecules contaln a dipole moment, 1s a 1liquld at nor-
mal temperatures due to the strong sttraction between 1ts
molecules because of the dlpoles they contaln, whlle hydrogen
sulphide (which may be consldered to be derived from water
by substltutlng a sulphur atom for the oxygen atom of the
water molecule) whose dipole moment 1s approximately one half
that of water, 1s a gas due to the much weaker attractlon be-
tween 1ts molecules.

The force of attractlon between lons and charged parti-
cles varies Inversely as the square of the dlstance between
them, the attraction between dipoles varles lnversely as the
fourth power of the distance between them, and the weaker
van der Waal's forces vary inversely as much higher powers
of the distance. Conaequently, 1n water solutions the forces
between lons are stronger than those between dipoles, and
the forces between dipoles are stronger than the van der
Waal's forces, It should also be apparent that when only
molecules are lnvolved, the strongest intermolecular forces
are between those molecules possessing dipoles.

Il'in (4) has summarized the effects of molecular forces
at the boundaries of different phases due to the presence of
dipole moments in the molecules of each phase as,

(1) When the dipole moment of an adsorbent is
greater than that of a polar solvent in which 1t is
immersed, the adsorbent is lyophilic., In this case,
a solute dlssolved 1n thls polar solvent willl be
adsorbed 1f 1ts dipole moment 1s greater than the
dipole moment of the solvent.

(2) When the dilpole moment of an adsorbent 1s less
than that of a polar solvent in which it 1s immersed,
the adsorbent 1s lyophobic. In thls case, a solute
will be adsorbed 1f the dipole moment of the solute 1s
less than the dlpole moment of the solvent.

These relatlonshlps are reversed if the solvent is non-
polar.

For the problem of the coating of wet mineral particles
wlth bltumens which 1s belng considered in both Part I and
Part II of this paper, consider the mlneral particles as the
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adsorbent, the water as the polar solvent, and the biltumen
as the solute.

It has already been stated that the mlnerals composing
ordinary aggregates and solls are polar minerals. No data
are avallable which glve the dlpole moments of the molecules
meking up these minerals, but since they are lyophlllc to
water, thelr dlpole moments must be greater than the dlpole
moment of water according to Il'in's first generallzatlon.

Since bltumens are essentially hydrocarbon materials,
1t follows that thelr dipole moments are much less than that
of water. Consequently, from Il1'in's flrst generallzation,

a bltuminous materlal will not be adsorbed by a wet mineral
aggregate ~ a well known fact.

Now however, consider the case where the particles of
the same mineral aggregate have been coated with a film of
hydrocarbon groups, Figs. Sb, 7b, and 19. (There is no ne-~
cesslty at this point to consider the mechanism, chemical or
physical, by which this hydrocarbon coating has been achieved.)
The dipole moment of these hydrocarbon groups 1s much less
than that of water, and consequently, the dlpole moment of
the surfaces of the asggregate particles has been made less
than that of water.

Applying Il'in's second generalization, it is obvious
that the aggregate (adsorbent) is now lyophobic, and this
second generallzatlon indlcates further, that in the presence
of water, thls aggregate should now adsorb the bltuminous ma-
terlal. The many hundreds of mixtures in which the aggre-
gates were coated whille wet during the investigation reported
in Part I, serves to conflrm thls second generalizatlon.

Thus far, the interpretation of the observed phenomena
on the physical basls of dlpole moment effects 1s in agree-
ment wilth experience.

On the basis of the results obtalned in this paper, how-
ever, a simple explanation, on the basis of dipole moment or
any other strictly physical effects, of the formation of the
water-repellent hydrocarbon films on the surfaces of the min-
eral aggregate particles through the use of wetting and activ-
ating agents, Figs. 5b, 7Tb, and 12, appears out of the ques-—
tion.

In spite of the rapldly increasing knowledge of the inner
structure of the atom, and consequent graduasl breskdown of
the 0l1d boundaries between strictly chemical and strictly
physical phenomena, chemistry and physics are still separate
sciences. Consequently, it 1is stlll justiflable to distin-
guish a reactlon between molecules as chemlical or physical,
on the basls of whether or not a sharing of electrons between
atoms of the molecules has taken place, provided a double de-
composition reaction, which has always been considered ade-—
quate evldence of a strictly chemical reaction, does not oc-
cur between the molecules. However, while chemical and
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physical reactions between molecules may be distinguishable
on this basis, 1t is extremely difflcult, because of the in-
complete state of present knowledge, to ascertaln in all
cases whether or not such & sharing of electrons has occurred.
This 1s particularly true of adsorption phenomensa.

There 1s no general agreement yet among flotation re-
search workers, as to whether the water-repellent films cre-
ated on the surfaces of mineral particles in flotation sys-
tems by the use of collecting (wetting) and activating agents,
are held to these mineral surfaces by chemlical or physical
forces (14), (15).

In view of the fundamental dilfferences existing between
a flotatlon system and the water-aggregate-bitumen system be-
ing considered here, 1t 1s almost obvlous that theoretlcal
reasoning appllicable to the former, may not be applicable to
the latter system.

The writer fails to see however, for the water-aggregate-
bitumen system, how 1t 1s possible to explain on the basis of
dipole moment effects, or on any other strictly physical bas-
1s, the ability of certain polyvalent cations llke lead and
aluminum to function satisfactorily as activating agents, and
the inabllity of the divalent alkall earth metal and magnesi-
um cations, and the monovalent silver cation, to serve in an
activating capacity, when used with various wettlng agents
for creating a water-repellent film about the particles of
siliceous aggregates. Nor does 1t seem possible to explaln
on a physlcal basls the difference in the optlimum proportlons
of activating and wetting agents which appear to be required
by siliceous and limestone aggregates, nor why almost any
polyvalent cation appears to function satisfactorily as an
activating agent for limestone aggregates, while there are
limitations on these cations which are sultable as actlvating
agents for siliceous aggregates.

In contrast to the inability of explaining these latter,
various, experimentally observed effects, on a strictly phys-
ical basis, it has been shown in Part I, and also in the im-

mediately preceding section of this paper, that these various

orrects can be guite simply explalned on a strictly chemlcal
basis.

Consequently, i1t 1s reasonable to assume for the present
that,
(1) The water~repellent, bltumen-attracting, film
formed on the surfaces of wet aggregate partlicles by
the use of wetting and actlvating agents is the re-
sult of a chemlcal reaction between the activating

and wetting agents adsorbed on the wet mineral sur-
faces.

(2) The products of this chemlcal reaction may be
attached to the mineral surface by either a chemical
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or a physical -adsorption (apparently largely chem—
ical for slliceous aggregates, and physical, or
largely so, for limestone aggregates).

(3) The attachment of the biltumen to the water-
repellent fllms created by these reactlion products
13 physical.

CONCLUSIONS
A, Theoretical
1. It has been shown how mineral powders, including a
natural sllt soll, can be rendered caplllary repulslve to
water.

2. Water solutlions of actlvating and wettlng agents by
themselves, in any reasonable quantity, appear unable to de-
velop a contact angle much greater than of the order of 25°
between mineral partlicles and water.

3. A marked hysteresis effect, relative to caplillary
rise, has been noted when a contact angle of approximately
25° has been developed by means of these reagents, which
might be of some practical valuse.

4, The data of Part II support the conclusions drawn in
Part I that,

a. Water-repelling reactlon products of wetting
and actlvating asgents appear to be strongly adsorbed
on siliceous surfaces through the exercise of primary
valence.

b. Water-repelling reaction products of wetting
and activating agents capable of exercising only
secondary vaelence are incapable of beilng strongly ad-
sorbed on siliceous surfaces 1n the presence of water
and organlic solvents.

c. Water-repelling reaction products of wetting
and activating asgents are adsorbed on limestone sur-
faces chiefly, if not entirely, through the exercise
of secondary valence forces,

5. The use of bituminous materisls, or other hydrocarbon
olls appears to be necessary for making solls highly capil-
lary repulsive to water for three principal reasons:

a. To obtaln a sufficliently high contact angle.

b. For the sake of reagent economy.
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¢, For the purpose of supplying the cohesion in
water-repellent solls, that water films supply in
ordinary solls.

6. Data and theoretical reasons have been given as to
why the use of soaps by themselves are lilkely to be of 1little,
if any, value in the oiling of earth roads.

It has been shown that the use of soaps in conjunction
with certain activating agents, however, may be expected to
greatly increase the adhesion tension between soll particles
and bituminous materials.

B, Practical

As 1In Part I, due to the lack of any fleld tests whatso~
ever, only very tentatlive conclusions as to the practical ap-
plicatlion of these regearch results can be drawn. It 1s al-
most a platitude to say that the possible practical adapta-
tion of these results on any constructlon project wlll deperd
on economlc conslderatlions. The cheapest materials and con-
struction methods which will give a subgrade of sufflclent
stability to support a smooth surface of the type requlred
for traffic, and at the same time will reslst frost and water
action, will be used, 1f possible.

Here slso 1t 1s necessary to point out, however, that
when used 1n combination with bltuminous materlals, the quan-
tities of reagents required, which have varied in cost from
about twenty-five ceats to about one dollar per ton of soll
treated on a laboratory scale, at least makes thls a border
line method when compared with present standard methods from
the point of view of 1nltial cost alone, 1n many cases where
1t 1s 1mpossible or undesirable to use the soll on the loca-
tion for the subgrade. Any reductlon in reasgent require-
ments through the economies of plant-scale operation, or
through the discovery of more efflcient reagent combinations,
would permit thils method to compete still more favorably with
the present standard methods.

No other method, unless capable of effecting results
similar to the method outlined here, in which the surfaces
of soll particles are made water-repellent due tc the adsorp-
tion of water-repellent substances by the exerclse of elther
primary, or secondary valence forces, or both, 1s capable of
making a soill permanently caplllary repulsive to water.

Thls applies even in those cases where certain bltumens have
been used wlthout the addltlon of speclal reagents for sta-
billzing solls.

As to whether, 1n order to make a subgrade completely
insusceptible to frost and water actlon, the subgrade soll
would have to be made water-repellent to the depth of the
frost line, or to a certaln fractlion of thls depth, or
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whether a lesg expenslve type of constructlon involving a
membrane of water-repellent soll placed at some depth below
the grade line, jolned posslbly to a water-repellent veneer
on the shoulders, together wlth an impervious top, would
functlon satisfactorily, 1s a problem 1n design and con-
structlon technlque which wlll have to awalt experimental
work in the fileld.

Keeplng these limitations 1in mind, the followlng possi-
bilities resulting from the use of thls method are at least
worthy of conslderation.

1. Any soll materiasl which was made sufflclently
water-repellent by this or a similar process should
function satisfactorlily as subgrade material. This
applles even to frost-heave and frost-boll solls,
which at the present time are generally excavated
and replsced by granular materials. The englneer
would thereby become much more Independent of the
nature of the soil profile in the selection of sub-
grade materials.

2. Well r‘lnq'lcrnnﬂ 'hio"hwnv surfacings placed

well consolidated subgrades of such water—repellent
s0ils should remain as smooth as it 1s possible for
road surfaces to be constructed by mechanical equip-
ment. The dlfferential heaving and settling of rosad
surfaces occurring at the present tlme due to fluc-
tuating or differentially increasing moisture content
of the subgrade would be largely eliminated.

=]

3. The spring "bresk-up® could be greatly reduced
or ellminated for subgrades constructed of solls
made capillary-repulsive to water. Thls would elim-
inate the necessity for the present load limiting
regulations on the motorlized transportation of
frelght, which must now be enforced whenever the
subgrade becomes waterlogged.

4, Soll mechanics as applied to highway design
would become a more exact sclence for those highways
in which the soll subgrade was water-repellent., The
maximum bearing capaclty for design (the minimum
bearing capaclty of the subgrade) could be established
by bearing capaclty measurements in the summer when
the subgrade was at 1lts hlghest temperature.

5. The lack of success of olled earth road surfaces
In most localltles today, appears to be due to the low
adheslon tension of the soll for bitumlinous materilals
end its high sdhesion tenslion for water. The process
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which has been outlined here, by reversing these ad-
hesion tension relationships, would make olled earth
stable In the presence of water as far as any strip-
plng action 1s concerned.

By thls process therefore, using the soll materi-
als in situ, and with some care in the design of
these olled earth surfaces, it would appear as though
many thousands of mlles of unlmproved and market roads
could be provlided with all-weather surfaces where thils
is not now economically possible using the materials
required by present construction technique.

6. So01ls which have been made capillary-repulsive
to water should finéd a place in the construction of
water-tight earth dams, the revetment of levees, and
in a number of other engineering fields where water-
repellency 1s essential.

7. In conclusion, It should be polnted out that the
use of bltumlnous materlals as outlined here, offers
greater possibllitlies as an outlet for the ever 1in-
creasing quantities of petroleum refinery residues
than any other engineering use which can be made of
these materials.

The wrlter wishes to acknowledge his very pleasant rela-
tionship with the various members of the laboratory staff of
the Michigan State Highway Department in whose laboratory at
the Universlty of Michigan thls research was carried out,
and in particular wlshes to acknowledge the friendly codpera-
tion of Mr. J. L. Byers, Mr. F. R. Olmstead, and Mr. J. D.
Brown.

He also wishes to thank Mr. A. L. Davies for preparing
the figures for this paper.
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DISCUSSION OF MR. McLEOD'S PAPER

DR. WINTERKORN: Concerning the use of alkall-socaps in
connection with bituminous materials a typical mistake ap-
pears to have been made and remade in different directions.
This mistake 1s improper generslization, We have found and
published beneficlal results of soaps 1n the bitumlnous sta-
bilization of definite so0lls the characteristics of which
were glven in the respective reports. These results were
unduly generallzed by the readers and soap appears to have
been regarded by them as a cure-all up to the unavoldable
disillusioning, Now the psndulum 1s swinging back and Mr.
Mcleod is condemning beautifully and sweeplngly the use of
soap. Mr. McLeod's experiments were conducted on quartz—
gand. If the surfaces of this were absolutely clean from
mineral matter, nobody who knows anything about the crystal
meke up of quartz and about the physical and chemical charac-
ter of bituminous materials would expect any beneficial re-
sults on the adhesiveness of the bitumen from the use of
soap in this case. (Nelther can 1t be seen from the crystal
structure of quartz how it could possibly have base exchange
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properties.) Obviously, the effect of soap will be differ-
ent for different mlneral surfaces and wlll be elther bene-
ficial, neutral or even detrimental according to the chemi-
cal composition of these surfaces. Since the chemical char-
acter of s0l1l materlials 1s a function of the parent materials
and of the climatic forces which have been acting on them,
the effect of soap treatment 1s varlable even in earth oiling.
Consequently, all actual construction projects should be pre-
ceded by laboratory experiments made on test specimens con-
slsting of the mineral materlals to be used and of the bitu-
minous meterials and admlxtures under consideration.

MR. DOW: Gentlemen, I am glad to hear thls paper thils
afternoon; I think 1t 1s a great step in the right dilrection.
I have been working with aggregates and solls for a long
time, but in more of an experimental than a sclentiflc way.
I find that the author struck upon ferric chlorlde as being
one of the best reactivating agents we could find. We also
found that 1f we washed some silicas with hydrochloric acid
it rendered them active to bitumen, and from this we tried
ferric chloride and find it the best of a number of other
reagents tried. Since Mr. McLeod has given results on a
number of reagents and the sclentiflc method of estimating
their actlvating properties, this wlll greatly simplify the
study of aggregates. The study of various activating agents
on different solls will be of great aid in the stabilization
of these solls wilth asphalt. In the 1line of asphalt pave-
ments you should remember that they are generally composed
of about ten per cent bltumen and ninety per cent aggregate,

and therefore the aggregate is the most important ingredient
to study.

MR. NICHOLSON: While I have been pleased at this meet-
ing with the reception and recognition the subject of ad-
hesion has received, I believe I was one of the very first
in the Assoclation to bring this matter up. I was rather
ridiculed flve years ago on presenting my ideas and 1t was
thought at the time that they were more or less a dream. I
presented the washing test at that time, but I knew over six
years ago what has been brought out here this afternoon.
There are one or two new points that have been brought out
in the paper by Mr. McLeod pertaining to the question of
soaps, and of course the conditlions he worked with are dif-
ferent from those I worked with. I had been working with
rock asphalt and hot applied asphalt only, and at the time I
started, knew that my test for adhesion would not be any good
unless I found some good and some bad samples. I am sure Mr.
Hinkle of the Kentucky Rock Asphalt Institute 1s going to be
very much interested to hear this; the reason why I became
interested in adhesion, was that in examining the rock asphalt
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from Kentucky, I found certain samples that showed a high
degree of adhesion, and the adhesion seemed to increase with
age. You recall that in the first paper I read, I stated
that the first materlal dild not seem to be very good, but as
the substance aged, the adheslon increased. So I reasoned
that there must be somethlng 1n the character of the surface,
There must be somethlng present to account feor this condition.
So we extracted all the asphalt from the surface, and having
a pH apparatus avallable, I found that all the aggregates
from Kentucky Rock Asphalt that showed a good deal of adhe-
slon had a low pH value, a value of about four. The first
thing that comes to mind on finding a low pH 1s that some
acld must be present. So I mixed up some silice flller and
sllica sand and added some sulphuric acid to 1t, prior to
the addition of the hot asphalt. I found that the adhesion
was much poorer than I ever saw before, 1n fact the sulphuric
acld seemed to make the asphalt come off the gralns., Then I
happened to think of the acid metalllc salts, the trivalent
ones, the 1ron and aluminum ones principally. So we cheml-
cally analyzed the surfaces of the rock asphalt mineral
grains and found them to contain iron and aluminum sulphates.
Then I went shead and added iron and aluminum sulphate to

the slllica aggregate a3 1t appears in the Kentucky Rock and
found we could exactly duplicate the adhesion conditions in
Kentucky Rock. However, in the laboratory, we fourd 1t did
not seem to do 1t unless we made a small addition of fatty
acid pitch to the asphalt before spreading it on the aggre-
gate, For some time we believed this addition of pitch was
necessary. On going out iInto the asphalt plant and mixing
on a large scale, we found that the addition of the fatty
acld pltch was not necessary and that the asphalt stuck to
the sand grains in the presence of only the trivalent wetal-
lic lons. That 1s the difference between my findings and
those of Mr. McLeod, and I think they will be of interest to
you.

DR. MULLINS: I would like to add a comment here. You
know in the application of chemistry to bltuminous construc-
tlon, thls paper thls afternoon dealt with the principle
known 1n the dye industry as "fixing." Many of the dyes we
use 1n coloring goods will not fix the goods and 1t 1s rath-
er interesting to note that the same materials discussed to-
day are often used as fixers in the dye industry. I notice
the experiments were carried out with twentieth molar solu-
tions. You will get entirely different results 1f you vary
the molarity of your solutions due to the different ionilza-
tion contents. Some of the salts might, with different con-
centration, give good results, at least they will vary a
great deal.

I will 1llustrate by an example from the drug industry.
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During the war they needed drugs, which manufacture started
by nitrating the benzene ring compounds. The reaction was
slow. They then 1ncreased the nitric acld concentration and
it still d4id not work. Someone looked up the lonlzatlon con-
stant and found that ten per cent would lonize twice as well
as fifteen, and so on; so they used that ratio and got theilr
product immediately.

Our next step would be then to determine the ionization
constant of tkese various salts and apply that to the par-
ticular chemistry of fixing. The use of the primary, second-
ary, and tertiary lonlzation constants will eliminate untold
work of the kind discussed. That application is logical al~
though 1t may not be practical due to cost. The fact that
the ionlzation constant 1s a factor was 1llustrated by the
reaction on the addition of lead salt when an oleate lon was
used as a fixer. This 1s a factor we cannot overlook, be-
cause flxers used in thls form become permanent and you will
find that the union 1s a permanent union and it will be very
important in coating crystalline aggregate.

All 1t would be necessary to do in order to find the
correct fixer would be to determine the electrical potential
on the aggregate and to match that by the proper lonic po-
tentlal as determined by the character of the lon itself and
the ionizatlon constant which would free that lon having the
correct potentlal to form the permanent bond between the ag-
gregate and the fixer. In other words, 1f we are going into
coating of aggregate with asphalt by means of fixers, we
should meke a more lntensive use of the electro-chemlcal
literature and data avallable. In many cases the reaction
of different salts at dlifferent concentrations could be de-
termined by a survey of data found 1n chemical literature
without any experimentation whatsoever being necessary.

Were the relatlionship between the fixer and the aggregate
thus solved, the next step would be the relationship between
the fixer and the asphalt, which might possibly vary between
different asphalts.

McLEOD {By Letter]: It 1s to be regretted that no pre-
prints of the paper were avallable for those who wished to
take part in the dlscusslon. Because of the length of the
paper, 1t was not possible to present much more than a gen-
eral outline In the brief time allotted. Many of the de-
talls which had to be omitted 1n presentatlion would have no
doubt clarified some of the points which have been raised in
the dilscussion,

Mcst of the points brought up In the discussion by Dr.
Winterkorn have been quite adequately treated in the paper
itself. It should be observed that while the writer, on the
basls of the experimental data presented, has questioned the
value of soap when used by 1tself 1n the oiling of earth
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roads and for lncreasing the adheslon tension between sili-
ceous materlals and bitumens, the advantages to be expected
from soap and other sultable organlc compounds when used in
conjunction with sultable activating agents have been em-
phasized throughout the paper.

The paper discloses also that the investigatlion covered
a wide variety of mineral aggregates and was not limited to
quartz or silica materials alone. For none of those investi-
gated, with the exceptlion of certain limestone materials, did
soap by itself appear to be able to materially increase the
adhesion tension between the mineral material and bitumen
under the test conditlions used.

While 1t 1s quite true that pure quartz and pure silica
have no base exchange capacity, articles by many wrlters in-
dlcate that the surface of a quartz or sllica particle in
water, or even 1n molst alr, 1s composed not of silica, but
of sllliclc acld due to hydration of the surface layer of
quartz or sllica. Thls slliclc acld coatlng glves the quartz
particle base exchange propertles which have been used by
flotatlon research workers to explaln certaln flotatlon phe-
nomensa such as the activatlon of quartz by heavy metal cat-
ions, and the formation of silica slime coatings on mineral
sulphlide particles in flotation circults leading to the loss
of these particles in the tallings.

The writer would like to add his own unqualified en-
dorsement to the last sentence in Dr. Winterkorn's discussion,
and 1f amending 1t at all would only make it more emphsatic.

Mr. Dow and Mr. Nicholson both mentlon having observed
increased adhesion tension between an aggregate and bitumen
upon the additlon of a soluble salt containing a trivalent
cation. These trivalent cations are very likely adsorbed on
the surfaces of these aggregates by means of a base exchange
reaction. Thils adsorption would effect a large reduction in
the silica sesquloxide ratioc of the immedlate surface layer.
Several writers have reported Increasing adhesion tension be-—
tween bitumens and mineral aggregates, as aggregates of de-
creasing silica sesquioxide ratio were used. The actual ad-
sorption mechanism resulting in the increase in adhesion
tenslon due to this does not yet appear to be well understood

As Dr. Mullins has pointed out, the activating agents
whose function in the problems considered in this paper has
been to act as an intermediary for attaching the wetting
agents to mineral surfaces, would in the dye industry be
known as flxers or mordants. However, due to the fundamental
differences 1n structure between minerals and textiles, it
would be hazardous to say that this relatlonship amounts to
more than an analogy, since the most satisfactory mordants
would not necessarily be the most satlsfactory activating
agents, and the reactlon mechanlsm between dyes and mordants
In some cases at least, 1s of a different nature from that
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between the wetting and activating agents considered in this
paper.

In connection with the use of 1lonization constants, 1t
should be observed that these can be calculated with reason-
able accuracy only for dilute solutions of meterials like
acetic acid which have very small ability to ionize in solu-
tlon. Many electrolytes are consldered to be completely
lonlzed at all concentrations, and for these the term loniza-
tlon constant would have no meaning. For concentrated solu-—
tlons of all electrolytes, and for even dllute solutlcns of
strong electrolytes, the lon concentrations can be only ap-
proximately determined due to interionlc attraction, removal
of solvent by solvation of ions and molecules of the elec-
trolyte, etc.

Also, regardless of the magnitude of the affinity of an
lon for a mineral surface, the law of mass actlon shows that
ions wlth a high affinity for a mineral surface, can be
largely dlsplaced by ions having a much lower effinlty for
the surface, 1f the latter are present 1n sufficlently great
concentration.

Because of the deslrability of using the mass action
constant in its various forms as a true constant, and because
of the Impossibility of determining the actual concentration
of lons in many systems, 1lnvestigators usually prefer to use
the thermodynamlc method of attack for obtalning quantita-
tive data concerning the possibility of reactlons of the
type considered in thils paper. Thils involves the use of the
thermodynamlc concepts of the actlvity of lons 1n solutilons,
free energy, heat content, entropy, etc. In many cases also,
the concepts of chemlcal kinetics must be intrcduced, be-
cause 1n splte of the fact that thermodynamics can show
whether or not a reaction 1s posslible, because of the high
activatlon energy which may be required by the reactants the
reaction may proceed far too slowly under a given set of con
ditlons to be of any practical value. Chemical kinetics
show that 1n many practical cases the predominating product
1s the one produced by the fastest reaction, and not the one
which would be expected on thermodynamic grounds, although
the latter product would always result if the time element
were made sufficiently long.

It should be observed that there would appear to be no
particular necessity for determining the relationship be-
tween the "fixer" (activating agent) and the asphalt as the
problem has been treated in the paper. The activating asgent
merely serves in some way to tie the wetting agent to the
mineral surface, and any congequent relationship involved is
primarily between the wetting agent and the biltuminous mata-
rial.

The relatlonshlp between bltumen and actlvating agent
would, however, apply to the cases described by Mr. Dow and
Mr. Nicholson.



