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CHAPTER I

INTRODUCTION

A. Background

The investigation of adsorption has been a valuable aid in under-
standing the properties of metal surfaces. The surface of a metal
differs from the interior of the material due to unsatisfied valence
‘forces which impart an affinity for adsorbed materials. This high sur-
face energy is illustrated by the fact that when two clean metal sur-
faces are placed in contact, that is, when there is no intervening
adsorbed film, cold welding results. The resulting bond is equivalent
to the bonding in the rest of the metal. This has been demonstrated by
Bowden and Young,1 who showed that mere contact of iron, nickel, and
platinum surfaces, which had been cleaned 52‘33522, resulted in seizing
and welding. Since adsorbed films destroy this property, adsorption is
important in friction and lubrication phenomena.

Lubrication may be divided into two basic types. One, hydro-

dynamic lubrication, results when the fluid film exceeds the maximum

height of the asperities of the surface. This is not a surface phe-
nomenon. On the other hand, when the film of the lubricant is so thin
that the surface roughness makes itself felt, the behavior of the lubri-
cant is not determined by its viscosity but by the properties of the

film on the surface. This is called boundary lubrication. The best

known boundary lubricants are soaps. Often fatty acids are employed

since they, under the proper conditions, will react with metallic



surfaces to form the soaps in situ. The action of boundary lubricant
films has been shown by Rabinowicz and Tabor,2 who used an autoradio-
graphic technique, to be relatively simple. When the lubricant film is
solid, the greater part of the load is borne by the film itself. How-
ever, there is some penetration of the film by surface asperities. Thus,
there is a small amount of metallic interaction, but since most of the shear-
ing is of the lubricant, the metal transfer is low. If the temperature is
raised until the film melts, the film loses its rigidity and there is an
increased metal interaction, hence metal transfer. Since fatty acids
react to form high melting metallic soaps, they are superior to paraffins
and alcohols.

In addition to lubrication, other surface effects dependent on
adsorption are catalytic activity and corrosion resistance. An essen-
tial step in heterogeneous catalysis is the adsorption of one or more of
the reactants. Many investigators of catalytic behavior believe that
there is a non-uniformity of the catalyst surfaces, that is, there are
active spots. These ;ctive spots, first proposed by H. S. Taylor,3
might be such surface irregularities as phase boundaries, crystal
‘corners or edges, or maybe some form of lattice imperfection. There is
evidence that corrosion inhibitors are adsorbed on metal surfaces and
appear to inhibit corrosion by the formation of a protective monolayer.

This study was undertaken with the objective of increasing the
knowledge of the process which occurs when a metal is machined under an
inert non-polar solvent containing a polar adsorbate. It is an exten-
slon of the work initiated by Smith and Allen’ and advanced by McGil1S

and Fort,6 The nature and extent of the adsorption, desorption, and
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exchange of the adsorbate, as well as the condition of the metallic sur-

face, should be of fundamental interest and, perhaps, suggest practical
application.

B. Previous Work

1. Theoretical Aspects of Adsorption

a. (Cross-sectional area and orientation of fatty acids. The idea

has long existed that if a compound containing a long hydrocarbon chain
attached to a polar group is placed .on a water surface, a monomolecular
film is formed. The polar group, having a high affinity for water, is
absorbed in the liquid; the insoluble hydrocarbon portion is repelled.
Langmuir,7 using a film balance, found the cross-sectional area on water
of palmitic acid to be 21 A2, while cerotic acid, which has 26 rather
than 16.carbon atoms, was only slightly higher, 27 32. Tristearin, with
three hydrocarbon chains of 19 carbons each, was 66 A2, or ébout three
times the value for a single chain. These measurements gave a definite
indication that the molecules were oriented perpendicular to the water
surface. The area of a long straight-chain carboxylic acid is virtually
independent of the chain length. The measurements by Adam8 show that
the area of a number of long chain fatty acids above 12 carbons in
length is about 21 A2.

These values were obtained on pure water; however, when slightly
acid solution was the subphase, the compression of the film begins at a
value of about 25 A2. The most plausible explanation is that in pure

water the molecules penetrate the water to slightly varying depths;
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consequently, the cross section of the hydrocarbon chain rather than the

carboxyl group determines the area. With the acid subphase the carboxyl
groups are forced out of the 1liquid to the same depth. Thus, the larger
carboxyl group determines the area at which resistance to compression
begins. The system in which a fatty acid reacts with a metal to form an
oriented soap appears to be more analogous to the monolayer on the acid-
ified water, since the carboxyl group probably determines the area in
both instances.

b. Monolayer formation on metal surfaces. Bigelow, Pickett, and

Zisman? and Bigelow, Glass, and Zismanl© have studied the adsorption of
monolayers on metal surfaces and have reached a number of conclusions
regarding the mechanism of the film formation. There is a reversible
diffusion of the molecules through the solution to the surface, where
they are adsorbed in a close-packed, vertically oriented monolayer with
polar ends attached to the metal. The film does not necessarily follow
the contours of the metal surface, but may bridge over gaps which are of
the order in size of the area of the molecule. For molecules which con-
tain unsaturated bonds, adsorption takes place at the point of unsatura-
tion as well as at the polar group. As a result, the molecule lies flat
on the surface.

Carboxylic acids exist to a large extent as dimers in hydrocarbon
solution. Dielectric constant measurementsll indicate that at a molar
concentration of 10-3, about 50 per cent of the acid is in the dimeric
form. Even at concentrations of 106 M., which is in the range used by
Zisman and in this study, the dimer probably exists to the extent of a

few per cent. Freving12 reached the conclusion that the fatty acid was
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adsorbed as dimer. Zisman,9 however, suggests that this is not the case,
but that monomers are adsorbed and replaced in solution by an equilibrium

between the two forms.

2. Adsorption on Metal Powder

Since finely divided metals provide large surface areas, they are
employed extensively as catalysts. Consequently, a large portion of the
studies on metal has been with powders. For example, Cook and Hackermanl3
have investigated the adsorption of stearic and capric acids on iron
powders. They found that as the concentration of the acid in contact
with powder increased, the amount adsorbed increased. After the powders
had adsorbed the acid, they were washed with benzene. It was found'that
regardless of the amount adsorbed, essentially the same residual amount
was left after rinsing. Smith and Fuzekll studied the adsorption of
fatty acids on two widely used catalysts, Raney nickel and Adams' plati-
num. They concluded that the adsorption was irreversible. Using the
cross-sectional area of the fatty acids, the specific areas of the powders
were calculated.

| The large area avallable on powders allows the use of macro or
semi-micro analytical techniques. There are a number of disadvantages,
however. Their production involves rather strong physical or chemical
treatment, and as a result the surface is often contaminated. Films
such as the oxides, hydroxides, or hydrides are apt to be present. In
addition, it is sometimes difficult to reproduce the same surface

characteristics from one batch to another.



3. Adsorption on Gross Metal Surfaces

When adsorption on gross metal surfaces is studied, the surfaces
available are so small that extremely sensitive analytical techniques
are required. Occasionally the adsorption process can be followed by
some physical property which changes drastically as the surface is
covered. Such an example is the contact potential. Indirect methods
must be interpreted with caution, however.

a. Oleophobic films. In 1946 oleophobic layers were first

reported by Bigelow, Pickett, and Zisman.9 They found that metal samples
could be dipped into solutions of eicosyl alcohol in hexadecane and
removed unwetted. When they were dipped into pure hexadecane, they
emerged with oily surfaces. Contact angle measurements were used to
investigate the adsorption. A variety of these oleophobic films were
found and the conditions required for their formation were established.
The adsorbate must have a long chain with a polar group on one end and a
methyl (or other non-polar group) on the other. Also, it must have a
relatively low solubility in the solvent.

Electron diffraction studiesl® have shown that adsorbed stearic
aclid molecules are not oriented perfectly vertically, but are tilted
5° from perpendicular to the surface. Epstein16 has interpreted elec-
tron micrographs to indicate that the monolayer is in clusters, with
the central molecules oriented vertically and the surrounding ones
leaning toward the center. This, he believes, is due to the greater
size of the end carboxyl group relative to the long chain.

b. Mixed monolayers. The recent electron microscope investiga-

tion of oleophobic monolayers by Mathiesonl? is interesting. He retracted



a Langmuir-Blodgett monolayer on mica from a stearic acid solution in
hexadecane. The electron micrograph indicated that the stearic acid was
clustered in islands covering about one-third of the surface. The lack
of complete coverage was apparently not due to evaporation, since a mono-
layer retracted from a stearic acid melt did not show the island struc-
ture. In order to explain the oleophobic property when only a portion
of the surface was covered, Mathieson suggested that hexadecane, the
solvent, is incorporated in the monolayer. Since the hexadecane has a
much greater vapor pressure than the stearic acid, it is pumped off
during the preparation of the sample for the micrograph. The remaining
acid molecules then collapse into the island structure. The postulated
mixed monolayer has a close-packed hexagonal structure, with each hexa-
decane molecule having three stearic acid molecules among its six
nearest neighbors.

Also recently, Cook and Riesl8 have combined experimental evi-
dence from three different experimental techniques which indicates that
fairly stable mixed films are rapidly formed on metal, mica, or water
surfaces, and that these films contain fewer stearic-acid than hexa-
decane molecules. The mechanism suggested is that the stearic acid
molecules are first adsorbed in a widely scattered fashion. Each either
is accompanied by six molecules of hexadecane or is immediately sur-
rounded by them. The rest of the surface is covered by weakly adsorbed
hexadecane which is quickly replaced by stearic acid as the latter dif-
fuses to the surface. The hexadecane in contact with stearic acid is
replaced less readily. Some is in contact in three acid molecules and

is displaced with difficulty at room temperature.



8
The existence of mixed films of solute and solvent was suggested
by Levine and Zisman,19 but only where there is insufficient time for
equilibrium to be established; that is, they were expected only as a
transient state. Levine and Zisman felt that the mixed film could exist .
only when both the solvent and solute are paraffinic. Cook and Ries
agree.

c. Other studies on unactivated surfaces. Dobry20 has deter-

mined the amount of stearic acid adsorbed from benzene on copper and
copper oxide. Metal foll was used and the adsorption measured with a
microbalance. By desorbing the films into benzene, Dobry concluded that
30 per cent of the layer reacted to form soap on the oxidized surface,
but none on unoxidized copper. Bowden and Moore,21 in conducting a
similar set of experiments, used a radioactive tagged copper sample onto
which a Langmuir-Blodgett monolayer of stearic acid was placed. The
monolayer was desorbed, and by a counting technique the reaction of acid
with metal was found to be 25 per cent. Beischer?? has studied Langmuir-
Blodgett films tagged with carbon-lli. The surface was analyzed by radi-
ography. Desorption of the acid into benzene led to low results due to
the small solubility of the soap in benzene, but it was estimated that
30 per cent reaction occurred on a surface which was not protected from
oxidation.

Shepard and Rice23 have studied the adsorption of carbon-1k
labeled perfluorooctanoic acid from benzene onto glass, aluminum, and
platinum samples. They found that the adsorption was not reversible.
Desorption rates were found to increase with the polarity of the solvent.

Some conclusions regarding the use of adsorption techniques in determining
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surface areas of planar surfaces were reached. For metals which form no
oxide or thhxdiidé films, };g;, platinum or gold, and for metals whose
oxides are tough, compact films, i;g;, aluminum, chromium, or nickel,
surface data can be obtained. However, for those metals which form
thick permeable oxide layers, such as cadmium, copper, or zinc, the data

must be interpreted with caution.

L. Adsorption on Freshly Machined Metals

Common methods used to produce relatively smooth surfaces, such
as mechanical polishing or electropolishing, subject the metal to very
harsh physical or chemical treatment. Polishing leaves minute fragments
of the abrasive material imbedded in the metal; while electropolishing
is carried out under a strong chemical atmosphere. Both are obviously
incapable of giving a surface representative of the pure metal.

a. Work of Smith and Allen. Smith and Allenl prepared a series

of freshly machined surfaces which were cleaner than most which had been
previously investigated. Two techniques were used. In one set of
experiments the samples were machined under a nonadecanoic acid solution
in cyclohexane. Adsorption of the acid, labeled with carbon-l1l, was
observed to reach a constant value at a rapid rate. On the other hand,
similar samples, machined in air, then placed in solution, adsorbed the
acid continuously, with the rate dependent on the metal substrate. The
amounts exceeded the constant level value obtained with the solution-
machined samples. These investigators concluded that air-machined
samples underwent an oxidation, and the reaction was then between the
porous oxide and the acid. Solution-machined metal samples were assumed

to attain a monolayer rapidly by reaction of the clean metal with acid.
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b. Work of Smith and McGill. In a continuation of Allen's work,

McGill5 found that solution-machined samples of magnesium, lead, copper,
nickel, and aluminum reached the same saturation limit of 4.17 molecules
per 100 A2, This is extremely close to the value which Langmuir7 obtained
from force-area measurements for compressed fatty acids monolayers on
acidified water surface. It appeared, then, that the metal was covered to
the extent of Just one close-packed monolayer.

When samples were machined under pure solvent, then aged for
varying times before transferring to nonadecanoic acid solution, the
ability to adsorb decreased with aging time. The rate of this decrease
was found by McGill to be in accord with the decay of the Kramer effect.
In 1947 Kramer2li discovered that freshly abraded metal surfaces emitted
negatively charged particles which could be detected by a Geiger point
counter tube. The phenomenon of low energy electron emission, which
Kramer called exo-electrons, has become known as the Kramer effect.
McGill measured the Kramer activity indirectly by the Russell effect,
which is the ability of the activated surface to darken sensitive
photographic plates.

McGill suggested that the Kramer effect activated the fresh sur-
faces and furnished enough energy for the reaction of the acid with the
metal substrate. He demonstrated the presence of soap formation by
desorbing the film and analyzing the amount of metal in the desorbing
solution. The amount found agreed well with the theoretical amount
except for gold and platinum where no metal was found. It was concluded
that on these two metals, which do not attain a full monolayer, the

"films were physically adsorbed. The rate of removal of the adsorbed
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film was found to be proportional to the solubilities of the respective
soaps, not the fatty acid.

c. Work of Smith and Fort. Fort® extended the work on freshly

machined metals by studying the adsorptive behavior of additional metals
in hopes of elucidating the adsorption mechanism. Aluminum was particu-
larly interesting because of the difficulty with which it formed a film
despite its high activity. Cobalt and indium were found to attain mono-
layers but, for the latter metal, with some difficulty, so that only with
the more concentrated solutions was a full monolayer equivalent reached.
This was somewhat surprising, since free energy requirements were not as
high as for copper or silver which do form monolayers more easily. The
behavior of tin was also anomalous. Considerably less than a monolayer
was adsorbed, and the isotherms were similar to gold and platinum, with
the coverage reaching a maximum after ten minutes and becoming less
after longer exposure times. It was hypothesized that the low adsorp-
tion on aluminum, indium, and tin might be due to high-solubilities of
their soaps with resulting fast desorption rates.

With the use of radioactive exchange measurements, Fort estab-
lished that the monolayer was not a static film, but that it was con-
tinually being renewed. For this exchange to occur, there must be a
gradual build-up of metal in the desorbing solutién. This soap-
desorbing rate was measured by analytical determinations of the
metal in the solution. The order of the rate of the exchange was
aluminum > copper ) silver. The kinetic data from the radioactive
exchange and the soap desorption were treated mathematically with the

assumptions that the rate-determining step of the exchange was the
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desorbing rate and the surface was uniformly active. With all three
metals the resulting rate constants indicated that the soap desorption
was far greater than would be expected. Smith and Fort25 suggest that
the treatment fails because the surface is not uniform, but there are
active sites upon which adsorption and desorption occur more rapidly

than others.



CHAPTER II

EXPERIMENTAL APPARATUS AND METHODS

A. Machining Equipment

1. Lathe
The softer metal samples were machined by the same techniques
used by Allen,% McGi11,5 and Fort.6 A South Bend 2L-inch metal tuwrning
lathe was modified to serve as a manual planing instrument. The appa-
ratus is shown in Figure 1. The compound rest top with tool holder was
removed from its base and mounted vertically above the lathe bed on
L-inch channel steel. The sample holder, containing the metal sample
with cup, was mounted on the lathe carriage so that a cut could be made
by moving the carriage under the fixed tool. The position of the cut
was adjusted by the cross feed micrometer on the carriage; the depth,
by the vertical feed micrometer. Slices 100 mils wide were taken when a
quarter-inch tool was used. After the tool was passed across the sample
surface, it was transposed around the sample rather than back over the
fresh cut. Movement of the carriage was manual, not motor driven, since
Allen found this produced the most satisfactory surface. For 1.5-inch
diameter samples, ten passes were required with the quarter-inch square
tool. A standard cutting time of one hundred seconds was adopted in

accord with previous work.

2. Milling Machine

Tough metals such as iron, cobalt, and nickel could not be

machined satisfactorily on the lathe. For these metals, end-milling
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appeared to be more effective. At an early stage in the work an attempt
was made to convert an Atlas Clausing 18-inch heavy duty drill press
with hand feed for milling purposes. An Atlas W68 universal compound
vise was bolted to the drill press table. The vise had two cross feed
screws that allowed the sample to be moved in both transverse and cross-
wise directions. While this set-up gave excellent surfaces with the
softer metals, there was too much "play" in the vise and;, as a result,
the end mill grabbed and chewed circular patterns in the tough metals.

A far superior milling apparatus was obtained later. A vertical
milling attachment was ordered and installed on a Burke No. L milling
machine. In order that the same metal sample might be used interchange-
ably on the lathe or milling machine, a L-inch diameter steel disc
1 inch thick was bolted to the table of the machine. The disc had a
1-3/8-inch hole in the center which served as a receptacle for the
sample holder fitting. Table movement transverse to the operator was
pneumatically. operated with compressed air. This was adjusted so that
the end mill made a complete pass across the metal and returned in
ten seconds. A four-flute, quarter-inch end mill was used at a speed of
1100 r.p.m. During a return pass across the freshly cut surfaces, the
sample was lowered with the vertical micrometer wheel so that the end
mill did not contact the new surface. After the sample was cleared, it
was returned to its original level. If this were not done, the surface
would have been roughened considerably on the return pass.) A new slice
was made by turning the horizontal micrometer 200 mils forward before
the next pass. Eight passes were required to machine the 1.5-inch-

diameter samples.
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3. Cutting Tools

For most work, the cutting tool was the same as used by Allen,h
McGill,5 and Fort.6 A quarter-inch square Rex AAA cutter bit was ground
and mounted in a straight tool holder. In preparing the tool, the top
of the cutting edge was hollow-ground to a 3/16-inch radius. When the
tool became dull, it was resharpened on the bottom with a fine oilstone
and on the top with a 3/16-inch dowel wrapped with oil-soaked #40OO car-
borundum paper. Care was taken in resharpening the tool in order to
avoid changing the clearance angle. No one tool shape was found ideal
for all metals machined, so the best conditions were established for
each metal by trial and error. However, one of the principal nuisances,
chatter, was prevented by obtaining a slicing rather than scraping
action. The best surface was produced by a slicing tool, accompanied by
long continuous curls of swarf. This was usually obtained by having the
correct side rake and clearance angles, about 45° and 5°, respectively.

With some metals a cutting—off tool with a 3/32-inch cutting edge
was used. This type tool sometimes gave better cuts, apparently due to
its greater rigidity. Because of the smaller cutting edge, the number
of passes was increased from 15 to 30. For the milling operation a
variety of milling tools were tried at various speeds. A Morse high-

speed, four-flute, quarter-inch end mill was found to be most suitable.

B. Metal Samples

1. Sample Mounting

A diagram of the sample holder is shown in Figure 2. All samples

were mounted in steel holders which had beveled fittings that were
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clamped into the receptacle of the lathe carriage or the milling machine
table. The sample was held in place by three 3/8-inch machine bolts
equally spaced around the sample block. If a large quantity of the
material to be studied were available; the entire sample block was made
of the metal. Metals which were available only in small quantities or
in thin sheets were either soldered or cemented on the top of a sample
block which was made of some cheaper material such as steel or brass.
For lqw melting samples Eastman 910 adhesive was used to cement the
working metal to the block.

The sample block had a brass 2° tapered ring soldered about
3/8-inch below the working surface of the sample. This received the
brass machining cup which was used during the machining operation. The
cup held the solvent or solution which covered the sample. At no time
during this study was a lubricant such as Nonaq stopcock grease or
glycerin necessary to prevent leakage between the cup and ring. The
omission of these lubricants, which were used by Fort5 and McGill,6

eliminated the possibility of their contaminating the cyclohexane.

2, Sample Sources

During the course of this investigation ten metals were used in
various studies: copper, magnesium, lead, tin, cadmium, bismuth, steel,
titanium, vanadium, and zinc. The first four have also been used by
either Allen,h McGill,5 or Fort.6 The purity of all ten has been deter-
mined by spectrographic analysis and the results are reported in Table I.

a. Copper. The entire sample block was made from a bar of com-
mercial electrolytic copper. A very smooth surface was obtained from

lathe-machining. Caution had to be taken in order to avoid spading and



TABLE 1

SPECTROGRAPHIC METAL ANALYSES

Sn Sn =S Sllplf 1020 » :

Impurity Cu Mg Pb (old) (new) cd Bi Steel Ti v Zn
Ag 0.002 - 0.02 0.001 - 0.002 _— - - - 0.0005
Al 0.001 0.001 - - 0.01 - - - - - 0.0005
Bi - - - 0.01 - - sfrong == oo - e
Ca - - - - - - - - 0.003 - -
Cd - s - = —-— strong - - - - 0.03
Cr e s - - - P - 0.1 0.003 s i
Cu strong 0.002 0.05 0.03 0.03 0.0005 - 0.03 0.03 0.001 0.0005
Fe 0.05 0.02 0.005 0.03 0.1 0.005 - strong 0.1 0.001 0.05
Mg 0.005 strong 0.001 - - 0.0005 -- -- - - 0.002
Mn -  0.002 - - - e -~ 0.2 0.02 - ol
Mo - - - - == - - 0.05 = —— —
Ni 0.003 - 0.003 0.002 0.05 0.005 - 0.05 0.05 -—— 0.03

61



TABLE I

SPECTROGRAPHIC METAL ANALYSES (continued)

Metal Sample
Sn 8a - 1020
Impurity Cu Mg Pb (old) (new) Cd Bi Steel 5 1 ) v Zn
Pb an - strong 2.5 0.05 0.01 e - - - 0.01
Si 0.02 - e - 0.05 ° - 0.01 0.03 0.03 0.001 —=
Sn -- e 0.01 strong strong - - - - - -
Ti - -- - - - - - - strong —= -
v - - - - - - -- ~e - strong .-
Zn - - - - -— - -— - - - strong
Note: Amount reported is in per cent and may vary from one-third to three times the true value.

All other metals were reported absent.

Ve

0¢
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tearing. This occurs when too deep a cut is made. Once the surface is
marred, considerable time is required to remove the damage.

b, Magnesium. The magnesium sample, obtained from the Dow
Chemical Company, was machined into a l.5-inch sample block and a brass
taper ring was soldered to it. While the magnesium machined easily on
the lathe, the sample contained large crystals, and the turnings tended
to break into very small fragments.

c. Lead. This was ordinary chemical lead which gave extremely

smooth surfaces. A 3/32-inch thick disc was soldered onto a brass
sample block which held the tapered brass ring.

d. Tin. Two samples of tin were used. The first, used by
Fort,5 was obtained from the Division Lead Compamy. It was soldered to
a sample block and, upon machining, yielded excellent surfaces. How-
ever, this sample contained a fairly high percentage of lead and exhib-
ited some unexpected results. Consequently, a new, purer sample was
obtained from the same source.

e. Cadmium. A 1/16-inch sheet of pure cadmium metal was pur-
chased from Belmont Smelting and Refining Works of Brooklyn, New York.
Discs 1.5 inches in diameter were cut and cemented with Eastman 910
adhesive to steel sample blocks. Cadmium machines easily and gives a
very satisfactory surface.

f. Bismuth. A sample of bismuth was obtained from United States
Smelting and Refining Company of New York, New York, and cemented on a
steel sample block. Attempts to machine bismuth satisfactorily were
unsuccessful, since the metal is very brittle and fractures into fine

particles.
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g. 1020 steel. The entire sample block was constructed from
1.5-inch steel rod. The material was very tough and difficult to
machine on the lathe. Most of the work was done with the milling
machine. Only a fair surface was produced.

h. Titanium. A sample of DuPont titanium was found to be easily
machined by both the lathe and milling operations. The sample, a
1/8-inch thick disc, was cemented with Eastman 910 adhesive to an
aluminum sample block.

i. Vanadium. Samples of pure vanadium buttons were obtained
from Electro Metallurgical Company of Niagara Falls, New York. The
buttons were machined down to discs 32 mm. in diameter. These were
cemented to a nickel base. The vanadium tore very easily, so it could
not be machined on the lathe. With the end mill, the metal turnings
tended to adhere to the surface, but the cutting appeared satisfactory
otherwise.

J. Zinc. A 1.5-inch zinc rod from the Belmont Smelting and
Refining Works of Brooklyn, New York, was used to make the sample block.
Machining the sample on the milling machine produced fine powder which
led to complications. A series of narrow cracks was observed radiating
from the center of the sample. When the quarter-inch square tool was
used on the lathe, the metal cut easily enough but the cracks became
enlarged. This disturbance was reduced when the cutting-off tool was

employed.
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C. Solution Preparation

1. Solvent Purification

Cyclohexane was the only solvent used in this study. Although
most investigators have used other solvents; cyclohexane was chosen
because of the following considerations: Allen,h McGill,5 and Fort6
used this solvent, and it was desired to compare this study with their
results. Allen originally selected cyclohexane over benzene because of
several advantages. Because cyclohexane contains no double bonds, there
is a smaller probability of bond rupture in the neighborhood of the cut-
ting tool where high temperatures are produced. Cyclohexane should not
be as strongly adsorbed on the metal. It is also true that oxygen is
less soluble in saturated hydrocarbons than in the corresponding
aromatics.

Other properties of cyclohexane which favored its selection are
its volatility, low cost, and inertness toward the solute and metals.
The low cost plus the fact that it is easily purified are important,
since large quantities were used. Another consideration in solvent
selection is that cyclohexane would not be expected to form mixed mono-
layers which have been observed with long chain paraffinic solvents.17518

Since cyclohexane is prepared commercially by the catalytic hydro-
genation of benzene, this is the principal contaminant. Because the
boiling points of benzene and cyclohexane are separated by only 0.6°,
purification by distillation is not possible. McGi115 has reviewed the
methods which have been used to purify cyclohexane. He selected a

nitration procedure as the most applicable to the quantities required.
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Practical grade cyclohexane was first treated with nitric acid. This
was followed by extraction with sodium hydroxide. The solvent was then
dried over sodium amalgam and passed through an alumina column to remove
polar impurities. The material passed the test of Zisman,26 who found
that when a drop of nonpolar solvent is placed on a water surface below
pH 3.0, spreading will occur if traces of polar compounds are present.

FortS found that the nitration treatment could be replaced by a
simpler procedure. Practical grade cyclohexane was fractionally dis-
tilled to remove water and other impurities whose boiling points are not
near that of the solvent. The distilled material was passed through a
four-foot column, the upper half of which was packed with Alcoa F-20
alumina and the lower with 100-200 mesh Davidson silica gel. The
alumina is effective in removing polar material, while the silica gel
takes up unsaturated impurities such as benzene. Fort collected the
cyclohexane at the rate of one drop every six seconds. He checked the
capacity of the column by periodically examining the product at the
maximum ultraviolet wavelength absorbed by benzene. One packed column
was found to be sufficient for several liters of cyclohexane. The
method of purification used by Fort was employed throughout this work.

A1l purified solvent was redistilled over sodium amalgam imme-
diately before use. The distilling apparatus is shown in Figure 3. The
sodium amalgam (80 weight per cent sodium) was liquid at the boiling
point of cyclohexane and provided a fresh active surface as it was
constantly swept clean by the boiling cyclohexane. The distilled cyclo-

hexane was passed through a 6-inch alumina column before it was collected.
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2. E-Nonadecanoic Acid

This long chain fatty acid was prepared by a Grignard reaction
starting with octadecyl bromide and carbon-1l; labeled barium carbonate.
The apparatus and method are described in detail in Appendix I. Allen
selected this acid, and it has been used by subsequent workers. The
acid was labeled to the extent of 1.4l per cent. This gave convenient
counts on the counting apparatus which was used to detect the soft beta
radiation. Due to the long half-life of the isotope, 5568 years,27 it
is not necessary to make corrections for loss by decay. However, it has
been shown by Lemmon28 that electrons ejected during the decay may cause
auto-decomposition. Since the beta radiation is weak, it is short-
ranged, and therefore localized. Lemmon found that decomposition was
greater than would be effected from radioactive decay alone; this was
apparently due to chain decomposition. It was recommended that labeled
compounds be stored in a diluted condition. For this reason stock

solutions were prepared, rather than the pure acid stored.

3. Nonadecanoic Acid Solutions

A stock solution was prepared from purified cyclohexane and
labeled'B-nonadecanoic acid. This solution was designated "S" in agree-
ment with Allen's nomenclature. From this solution, more dilute solu-
tions were prepared as needed for adsorption, desorption, and exchange
experiments. Losses due to adsorption on the walls of the glassware
could have been serious if precautions were not taken:- Accordingly, all
flasks and pipettes used in preparing the dilute solutions were equili-
brated. First, they were cleaned with hot chromic acid, rinsed several

times with distilled, deionized water, and dried. Then they were rinsed,
a0
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while warm, with purified cyclohexane. They were allowed to stand for a
week 1n contact with solution of the concentration to be used in them.
Concentrations of the stock solution as well as the working solutions
are presented in Table II.
For exchange measurements, solutions containing unlabeled n-nona-
decanoic acid were prepared. A stock solution corresponding in concen-

tration to the labeled "S" was designated "50 U."

L. Hexanoic Acid Solutions

A sample of 0.1 mc. of the sodium salt of hexanoic acid, labeled
on the carboxyl carbon, was obtained from the Volk Radiochemical Company
of Chicago. The salt was suspended in cyclohexane. Anhydrous hydrogen
chloride was bubbled through the cyclohexane, but the salt would not
dissolve until two drops of water was added. The mixture was evaporated
to dryness over a steam bath. A stock solution was prepared by the
addition of 500 ml. of cyclohexane. Radiochemical standardization indi-
cated that some of the acid was lost, probably through co-distillation
with cyclohexane. A solution approximating in concentration n-nona-

decanoic acid "A" solution was prepared by dilution. This was designated

solution "H."

D. Adsorption and Counting Equipment

1. Adsorption Cups

These cups were used as containers for the cyclohexane solution.
They were made from the bottom inch of 150-ml. beakers. The edges were

flanged and ground so that a tight seal was made between the inverted
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TABLE II

CONCENTRATIONS OF WORKING SOLUTIONS

Designation Concentration
Tabeled Unlabeled pg/ml. M.

B—Nonadecanoic Acid:

s 50 U 131.5 Lokl x 1074
24 2 U 5.26  17.7 x 1076
A U 2.63 8.83 x 106
A/2 u/2 LBl 1.31 x 106

B-Hexanoic Acid:
HS 2.5 2.3 x 1076
H 1.0 9 x 106
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sample and the cup lip (see Figure 2). A seal was also made when a
glass plate was placed over the cup. About 30 ml. of solution was

required to contact the face of the inverted sample.

2. Stirring Board

An assembly of eight small magnets mounted on a frame and all
driven at the same speed was used. The standard stirring rate was
140 r.p.m. Small magnetic stirrers, made by sealing short lengths of

steel wire in glass tubing, were placed in the adsorption cups.

3. Counting Equipment

A Nuclear Instrument Company of Chicago model 165 scaling unit
was used for all radioactive counting. The Geiger tube was a Tracerlab
TGC-2 which was filled with helium and a quench gas at slightly reduced
pressure. These tubes have thin mica windows of 1.6-1.8 mg./cm.z,
because the carbon-1l; beta radiation is very weak. Operating voltages
for the two tubes used were about 1350 volts. The tube was shielded
with a 1/8-inch lead cylinder to cut down background radiation. The end
of the tube was covered with an aluminum mask from which a 1l-inch diam-
eter circle was cut. The sample was placed on foam rubber cushion which

provided a gentle pressure against the aluminum mask.

E. Experimental Techniques

1. Machining
Samples were machined by three methods, each of which allowed

exposure of the freshly cut metal surface to a different environment.

For air machining, the sample was cut in the presence of the room
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atmosphere. In some cases it was desired to machine the sample under

cover of the pure cyclohexane only. In such cases of solvent machining,

the brass cup was attached and the solvent admitted until the sample
surface was about a quarter-inch below the cyclohexane surface. When

solution machining was done, the sample was covered to the same depth

with cyclohexane - n-nonadecanoic acid solution. After the machining
process was completed, the sample was quickly removed from the cutting
machine and inverted over a waste beaker. The brass cup was removed and
the sample with holder placed immediately on the stirred adsorption cup
(Figure 2). This entire transfer operation was performed in only a few
seconds, and the sample surface remained wet with adhering liquid during

the transfer.

2. Adsorption and Counting

Just enough solution was poured into the adsorption cups to make
good contact with the metal sample. Samples were exposed for varying
times, with the recorded exposure time beginning as soon as the machining
was started. When a sample was removed from the cup, a small amount of
liquid adhered to the wetted surface. Evaporation of this would result
in a count higher than that representing adsorbed molecules.. Allen
made a "drainage count® to correct for this. A clean air-machined
sample was immersed in the acid solution and quickly removed before
significant adsorption could occur. After draining the sample, he
counted the sample and added the resulting figure to the background
count. The count was somewhat erratic, probably due to variation in
room temperature, air currents, and slight adsorption. Nevertheless,

the correction agreed with the calculated amount from the estimated
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volume of liquid adhering to the sample. At any rate, the correction
was not large, about 60 counts per minute.

The problem was simplified by McGill, who blotted the sample sur-
face with a photo blotter as soon as it was taken from the solution.
The solution did not have time to evaporate, and the adsorbed acid was
not removed by the blotting. Fort used fresh soft tissue for blotting
and also obtained very reproducible measurements. This was the procedure
used in this work.

As soon as the sample was blotted, it was placed on the rubber
foam pad. The counting tube was lowered until the mask was held firmly

against the metal face. Fifteen minutes counting time was usually used.



CHAPTER III

EXPERIMENTS ON MACHINED METAL SURFACES

A. Introduction

The investigations reported here are extensions of the work of
Allen,h McGill,5 and Fort.6 In analogous experiments with new materials,
the experimental techniques of these previous workers have been followed
in exact detail. Although the behavior of a variety of metals had
already been studied, the anomalous adsorption characteristics reported
by Fort on tin suggested that further work on different metals was
desirable.

McGill found that the metals with which he worked fell into a
fairly well-defined pattern. The most active metals, i;g;, aluminum,
magnesium, lead, and nickel, formed soap monolayers by reaction with the
adsorbed n-nonadecanoic acid. Some less active metals also reacted, -
although the free energy requirements for the ordinary reaction,

| Nonadecanoic Acid + Metal - Soap + Hydrogen ,

were not satisfied. Copper formed a full soap monolayer, and silver
formed more than 90 per cent of a monolayer. The activation of the
surface by machining, as shown by its Kramer activity, apparently sup-
plied the required energy. For the inert metals, gold and platinum,
McGill found that monolayers were not attained, but the adsorption iso-
therm showed a maximum, with the amount of adsorbed material becoming
less for exposure times greater than ten minutes. Free energy calcula-

tions indicated that the required energy was above that available from
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the Kramer effect. Analyses of desorbing solutions failed to show the

presence of metal; therefore, it was concluded that acid was physically
adsorbed on these inert metals.

The only unusual trend that was revealed in McGill's adsorption
isotherms was with aluminum (see Figure 4C). Although aluminum is a
very active metal, only with the most concentrated solution, "A," was a
full monolayer formed. This is in contrast to the other active metals
and even some of the less active ones. McGill believed this to be due
to steric resistance to the formation of the aluminum (III) soap. How-
ever, Fort found that indium, which should be less sterically hindered
than aluminum, gave complete surface coverage with more difficulty. Tin
attained only about 4O per cent of a monolayer equivalent and displayed
an isotherm closely resembling those of gold and platinum (Figure 4B).
Cobalt, as might be expected, adsorbed a monolayer.

The anomalous behavior of tin made further investigation worth-
while for two reasons. First, the tin sample used by Fort had a high
lead content, 1.17 per cent; therefore, a new, purer sample was obtained.
Second, the nature of the adsorbed film on tin had not been established.
Being very active, tin should react to form a metallic soap film, but
the nature of the adsorption isotherm indicated that this had to be
proved.

Previous machining techniques have not produced satisfactory sur-
faces on the harder metals. New cutting methods were sought, since many
of the tougher metals are commercially important. Adsorption on these
metals, as well as their behavior under conditions of exchange and
desorption, would be valuable in expanding the data and conclusions

reached by Fort regarding the non-uniformity of the metal surfaces.
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Another basic problem which has not been unequivocally answered

is whether the monolayer films follow the contours of the metal surfaces,
or bridge over the gaps,in order to form a smooth film. If the former
is true, the metal must have a unit roughness factor. While this might
be difficult to believe, it is consistent with the fact that a monolayer
equivalent of metal is desorbed with the film. If, on the other hand,
the film is bridging the irregularities, it is probably supported by the:
cohesive van der Waals' forces between the vertically oriented long
hydrocarbon chains of the soaps formed at the surfaces. The adsorption
of a short-chain carboxylic acid would probably tend to fit the surface

contours more closely if this were the case.

B. Radiochemical Measurements and Standardization

Radioactive isotopes offer one of the most sensitive analytical
methods available. Once a radioactively labeled film is deposited on a
surface, it is then possible to determine the population density from
the ‘number of disintegrating carbon-1l; atgms per minute. However, while
the counts per minute observed with a Geiger-Muller tube are propor-
tional to the_number of disintegrations, several factors must be con-
sidered before a standardization can be made. Effects such as geometry
and sidescattering have been made constant by having a fixed sample
position against an aluminum mask. The tube counting efficiency and ab-
sorption by the tube window must be regarded attentively whenj';he tube is
changed. Standardization was always checked when a new tube was
installed. Self-absorption of the radiatién was observed to be unimpor-

tant in these experiments, since there was a monolayer or less present.
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The largest factor affecting the observed counting rate was the back-
scattering by the various metal substrates.

When a carbon-1lli atom on the surface of the metal disintegrates,
the radiation is isotropically distributed. The portion of the radia-
tion going upward strikes the counting tube window directly above it. A
fraction of the radiation directed downward is reflected back up into
the tube. This backscattering is much more pronounced with electrons
than with heavier particles. The reflected intensity increases with
metal thickness until the thickness becomes about one-third of the range
-of the electron saturation. In these experiments,‘the energy of the
carbon-1l beta emission is so small (0.15 mev.) that the thickness of
the metal sample is of no consequence. The backscattering factor has
been shown to increase with atomic mumber?? and surface roughness.3o’31
In general, a rough surface gives a higher reflection than a smooth one.
Another consideration of weaker radiation, such as carbon-1ll beta emis-
sion, is that the reflected particles which are scattered back to the
counter are of lower energy than the directly emitted ones. Many cannot
penetrate the mica window, so the observed effect is less pronounced

than would be found with a windowless counter.

1. Experimental Procedure

Because of the difference in the backscattering factor of differ-
ent metals, it was necessary to standardize each metal. The surfaces
used in calibration were made as identical as possible to the experi-
mental conditions. The following procedure was employed.

The metal was machined in the same fashion to be used in experi-

ments under a pure cyclohexane cover. After the sample was blotted dry,
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0.50 ml. of solution "A" was pipetted onto the surface. An inverted

glass cup was placed over the sample for one hour, then removed. After
the cyclohexane had evaporated; the sample was placed under the counter
tube and the count observed. When the standard solution was pipetted
onto the surface, the sharp edges around the periphery produced by the
machining usually retained the solution on the surface. Occasionally
the solution leaked over and the run was spoiled. The 0.50 ml. of "AY
was satisfactory for most metals which were 1.5 inches in diameter.
Some samples were smaller, so smaller volumes had to be used. For
example, only 0.30 ml. could be pipetted onto a 3-cm. diameter tin
sample without leakage.

This calibration procedure assumes that the radioactive acid is
uniformly distributed over the face of the metal. This may not be
entirely true. To correct for this possible error, several samples were
run for each metal, and the counting tube mask was moved over different

areas of the sample.

2. Results

The counts obtained with the metals used in this research are
given in Table III. These were used to calculate the standardization
factors which are tabulated in Table IV. The 1l.5-inch diameter samples
have a geometrical area of 11.L4 em?. With this size sample, 0.50 ml.
of "A" solution (8.83 x 106 M.) was pipetted onto the surface. The

number of molecules per 100 82 of apparent area would then be,

0.50 x 10-3 x 8.83 x 106 x 6.02 x 1023 x 'ﬁ_ﬂ'l%)m = 2.33 .
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TABLE III
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1020
Tin Copper Titanium Vanadium Zinc Steel Cadmium
Counts per 518 702 758 535 848 L1 938
minute: v 807 811 540 878 673 894
523 779 816 579 806 701 933
527 7.9 818 485 807 658 883
580 770 611 882
536 531
508 535
514
-
Average 529 761 891 861 8LL 693 913
Area, cm.2 7.07 11.h 1.4 8.04 1.4 11.4 11.4
Solution
volume,
ml. 0.30 0.50 0.50 0.40 0.50 0.50 0.50
Machiming :
technique 1lathe 1lathe lathe end mill 1lathe 1lathe lathe
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Population Density
per 1000 counts/min.,

Monolayer Equivalent,

Metal molecules per 100 A2 counts/min.
Tin Le27 976
Copper 3.06 1362
T4tanium 2.91 1433
Vanadiun LBl 861
Zinc 2.76 1511
1020 Steel 3.36 1241
Cadmium 2.55 163k
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If, as in the case of copper, 761 counts/min. were observed, the number
of molecules per 100 12 corresponding to 1000 counts/min. would be,

2.33 x lg%g = 3,06

From the cross~sectional area of a fatty acid molecule, it is known that

a monolayer has L4.17 molecules per 100 Kz, so the counts equivalent to a

monolayer would be,

hr']j% x 761 = 1362 counts/min.

By way of comparison, it might be noted that McGill obtained

1357 counts/min. for a monolayer equivalent on copper. Values obtained
with titanium, vanadium, cadmium, and zinc should not be compared with
the other metals, since these were found after a new tube was installed.
The new tube counted 25 per cent higher than the previous one. Since
the geometry was fixed and tube efficiencies do not usually vary sig-
nificantly, the difference is presumed to be due to different window
thicknesses. At any rate, no error was introduced, since standardiza-

tion and experimentation on a given metal were done with the same tube.

C. Adsorption Isotherms

One of the first steps in the investigation of a metal was the
determination of its adsorption isotherms. As soon as a machining tech-
nique was developed which produced a satisfactorily smooth surface and
the metal was standardized for backscattering, its adsorptive behavior
was observed. The general procedure was to machine the metal under
n-nonadecanoic acid solution and transfer it to a stirred cup of acid

solution, where it was left for varying exposure times. The sample was
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removed and blotted dry with soft tissue before counting. A new surface

was used for each point on the isotherm. The adsorption cups were not

precisely thermostatted, but all runs were carried out at 25° % 2°.

1. Adsorption on Tin

Fort has reported the adsorption isotherm on a tin sample which
had a high lead content. The tin did not reach a full monolayer, and
its isotherm exhibited a maximum, after about ten minutes exposure time,
at approximately LO per cent coverage. Because of this anomalous behav-
ior and the lack of purity of Fort's sample, the isotherms were redeter-
mined on a new, purer specimen. Tﬂe results, shown in Figure 5, were an

almost exact duplication of Fort's findings.

2. Adsorption on Titanium

The isotherms for adsorption of n-nonadecanoic acid on titanium
were determined and are shown in Figure 6. From an "A" solution, about
35 per cent of a monolayer is the maximum adsorbed, if unit roughness
is assumed. The amount of nonadecanoic acid coverage decreases with
time. From a solution twice as concentrated, "2A," a full monolayer is
still not obtained. Here only about 50 per cent of a monolayer is
present after a three-minute exposure time, with the amount decreasing

to LO per cent in a six-hour period.

3. Adsorption on 1020 Steel

The adsorption isotherms have been determined for adsorption on
1020 steel. This material was used rather than pure iron because the
highly purified metal was so tough that the available machining methods

were not satisfactory. The surfaces on which the isotherms shown in
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Figure 7 were obtained resulted from lathe machining, with the exception

of one point. The adsorption from an "A" solution, after fifteen minutes
exposure, onto an end-milled surface is shown to be consistent with the

other data.

L. Adsorption on Cadmium

Cadmium was machined easily on the lathe, and adsorption of nona-
decanoic acid on its surface was found by the standard procedure. On
the basis of its high activity, cadmium would be expected to react to
form soaps. The formation of a monolayer is confirmed by the adsorption

isotherms (Figure 8).

5. Adsorption on Zinc

When the zinc sample was machined on the lathe, a pattern of deep
fractures radiating from the center of the sample was observed. Machin-
ing on the milling machine gave a smooth, continuous surface which was
thought at first to be more suitable. When adsorption measurements were
made on the surface, high, erratic values were produced. After two
hours exposure time, as much as 148 per cent of a monolayer was apparently
on the surface. This was puzzling, since no more than a monolayer equi-
valent has yet been observed on "solution-machined" metals. It had been
noticed that with end-milled samples an appreciable amount of metal
powder was formed during the milling process. Some of this powder was
unavoidably transferred with the sample to the adsorption cup. It is
believed that the fine powder deposits on the surface, especially after
long exposure times. Since the powder adsorbs a considerable amount of

aclid, the radioactive count of the sample would be raised.
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Evidence that the large count was due to adhering powder was

obtained by rinsing the surface. The surface was covered with about

1 ml. of pure cyclohexane, then it was immediately blotted dry. This
was done five or six times, with the count being taken after each rins-
ing. The count decreased with each washing, but gradually approached a
value slightly above the monolayer equivalent. This led to the conclu-
sion that a large portion of the acid was not attached to the surface as
firmly as the monolayer film.

A series of similar runs was made on cadmium to see if the same
thing happens. Cadmium also produces a fine powder when end-milled.
Adsorption on end-milled cadmium also showed high results which were
reduced by rinsing. Lathe-machined cadmium forms only a monolayer
equivalent when exposed to the same acid concentration.

In order to eliminate the powder trouble, the zinc was lathe-
machined with a cut-off tool. This gave swarf as continuous curls. The
isotherms obtained indicate that slightly more than monolayer is adsorbed
(Figure 9). This is probably due to adsorption in the radiating cracks

on the surface or to a slightly low radiochemical standardization factor.

6. Adsorption on Vanadium

Adsorption isotherms (Figure 10) on end-milled vanadium show that
this metal does not take up nonadecanoic acid easily. The adsorptive
behavior resembles that of titanium. It was more difficult to obtain
good reproducibility with vanadium than with most metals. This is prob-
ably because the surface was end-milled. In general, end-milled sur-

faces properties are harder to duplicate than lathe-machined ones.
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D. Radiochemical Exchange Rates

McGill® has established that once a monolayer is attained on many
metals, a monolayer equivalent remains for long periods. For example,
copper was found to have a full monolayer after seventy hours of expo-
sure to "A" solution. Fort® found that when a sample which had been
allowed to adsorb a monolayer of labeled acid was placed in an unlabeled
acid solution, the sample lost part of its radioactivity. This indicated
that the metal soap monolayer was not a static film but was continually
undergoing a desorption and readsorption process. He also discovered
that the rate of activity loss from a copper soap monolayer was inde-
pendent of the concentration of the unlabeled solution as long as there
was sufficient acid to replenish the monolayer.

Fort made exchange rate determinations on copper, magnesium,

silver, and aluminum. The rates varied widely.

l. Quantitative Treatment

Consider an equilibrium exchange-producing reaction,
AX + SX* = AX* 4+ SX (1)
in which X* represents the radiocactive form of X. When the concentra-
tions are designated as follows: (AX) + (AX*) = a, (SX) + (SX¥*) = s,

(AX*) = x, and (SX¥) = y, the rate of exchange is written,

dx TR=X _ oXB8~
E'E-Rs a Ra ) 5 (2)

Thus, the rate of formation of AX* is given by the total rate of reac-
tion between AX and SX regardless of labelling, R, times the fraction

occurring between active SX molecules, %, and inactive AX molecules,

a-X

. The rate of destruction is obtained by multiplying R by the
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fraction of the reaction in the reverse direction which occurs with

labeled AX molecules, é’ and inactive SX molecules, & =3, 1In the
s

present study the observed change is:

Adsorbed Labeled Adsorbed Unlabeled
Unlabeled + Acid in - Labeled + Soap in + Hydrogen
Soap Solution Soap Solution

This reaction is irreversible so that the second term in equation (2) may
be neglected, provided readsorption of the soap does not become important.

The rate of radioactive pick-up then becomes,

F-riz-X | (3)

where R 1is the rate of soap desorption.

The observed data are reported in terms of O to 100 per cent radio-
active surface rather than the actual O to 1.4l per cent. In other words,
the true fraction of radioactive surface is only 1.4l per cent of the

reported labeled fraction; that is,

x = ; X ; (L)
therefore, % = R a—g-z . (5)

Fort found that the rate of desorption, R, could be found by
measuring the amount of metal desorbed as soap by using microanalytical
methods. The relation,

Metal desorbed = b 1n t + constant, (6)
was found to hold for all metals studied. The rate of desorption reduced

to the expression:

R : (7)

. d[metal desorbed] _ b
dt t
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Equation (5) now can be written,
dx ba-x

®"T- 8 ° °F

-1n (a - x) = 2 1n t + constant . (8)

This is in agreement with Fort's experimental observation that a plot of
log (exchange time) versus log (fraction of surface not covered by radio-
active molecules) yields a straight line. From slopes of these lines,
the value of b can be calculated, since{

b = a + slope = 100 * slope .

2. Exchange Experiments

The procedure used to measure the rate of radioexchange was as
follows. The sample was machined under unlabeled nonadecanoic solution,
"J," and transferred to an adsorption cup of "U" for a total expos<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>