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I. INTRODUCTION

There is voluminous literature on the subject of adsorption from
solution, Many of the 6002 references in Deitz's extensive Bilbliography
of Solid Adsorbents (1) are devoted to articles in this field, and

Cassidy's Adsorption and Chromotography (2) is largely devoted to solution

adsorption,

An examination of this literature relating to adsorption from
solution reveals that the major portion of the work has been done on
charcoal, silica gel, and similar large surface area substances, There
is a very noticesble lack of data reported for adsorbents with a small

surface area, especially esmall metal surfaces.

The reason that most solution adsorption work has been done on large
area adsorbents lies in the way adsorption from sclution is usually
measured. Adsorption from solution is usually calculated from the
following formula

»

where V is the volume of solution eguilibrated with m grams of adsorbent.
Co and Cf are the original and final concentrations respectively. A is
the surface area, and r is the surface excess,

Unless the surface area A is very large the difference in concen-
tration (Co - C¢) will be so small that it will be unmeasurable., With
charcoal and silica gel the surface areas are of order of magnitude
500 m%/gm., and 80 the measurements can easily be made and the equation

applied. Common metal surfaces have areas of perhaps O.l1 m"’/gm. It,



therefore, becomes evident that unless one can prepare a metal with a

large surface ares this method can not be employed.

Adsorption on metal surfaces has importent bearing on many related
phenomena. Metalllic corrosion is one of the fields in which the results
should prove very valusble, The electrochemical theory (3) is the
commonly accepted explanation for the corrosion of metals in a water
solution, In brief, the theory states that differential seration of the
metal surface causes galvantic cells to be formed whenever the metal is
brought into contact with the electrolyte, That is, different portions
of the metal act as positive and negative slectrodes. The metal dissolves
from the anodic portions, and hydrogen is evolved on the cathodic areas.
Corrosion of the metal will be hindered by any process which alters the

local galvantie cell action,

It has long been kmown that the addition of certain substances
greatly reduces the corrosien rate. Marangoni and Stephanelli (L) first
reported this effect in 1872. The mechanism by which these corrosion
inhibitors reduce the rate of dissolution of the metal is still much
debated. It is generally sgreed, however, that the extent of inhibition
is dependent on the adsorption of the inhibltor on the cathodic aress of
the metals, The debate regarding mechanism centers around whether the
adsorbed films act as mechanical protectors or not. Stud;lu of adesorption
from solution by metal éurfwea would be of value in elucidating on the
mechanism of corrosion and inhibition as well as in permitting prediction
of better inhibitors,



Studies of adsorption from solution by metals should also prove of
value in the field of heterogeneous catalysis. This field has become
increasingly importent in its application to hydrogenation of various
organic compounds. The current opinion (5) is that the hydrogenation
mechanism consists of adsorption of the unsaturated organic compound and

or hydrogen, reaction at the surface, and desorption of products,

From the foregoing discussion, it can readily be seen that any
impurity that is adsorbed irreversibly on the surface of the catalyst will
greatly alter its effectiveness. The remsmvial of these catalytic poisons
constitutes a very considerable industrial coste It is believed that
catalytic poisons ows a great part of their effectivensss to the blocking
of the surface so that the reactants are prevented from reaching the
surface, Adsorption studies should throw light on the mechanism of
catalytic poisoning as well as on catalysis itself,

Lubrication of metal surfaces is also believed to depend on adsorption.

It is generally assumed that polar compounds are adsorbed on metal surfaces
and that these adsorbed layers are responsible for the lubricating
properties of these substances. There are many references in the literature
which deal with lubrication of metals, but few which refer to a study of
the adsorption process in this connection. Greenhill (6,7) in a recent

series of articles has investigated both the lubricating and adsorption
properties of certain substances from benszene solutions and has concluded

that only & small number of adsorbed layers is needed to provide effective
lubrication. Extension of this type of research to other solvents,

especially water, would be of great valus,



Wetting of metals is closely allied to lubrication of metals,
This field has many practical applications, among themt adhesion of
paints of metals, stablization of metal sols, separation of certain
precious metals by the flotation process, adhesion of rubber to metals,
etc, A more thorough understanding of the wetting of metals would be of
great value to each of these applied fields. It is felt that adsorption
studies are of fundamental importance if an adequate understanding of the
wetting of metals is to be found,

A promising method for obtaining adsorption isotherms on small metal
surfaces appears to be available from hydrogen overvoltage measurements,
Hydrogen overvoltage is defined as the potential at which hydrogen is
discharged on a particular metal surface minus the reversible hydrogen
potentials This has 2 non sero value for all substances except platinized
platinum.

The first important contribution to the field of hydrogen over-
voltage was made in 1905 when Tafel (8) published his famous empirical
equation

%a+b Log J

in which) is the overvoltage; j the current density; and a and b are
constants. The surface area dependence of this equation and the effect
of impurities on the overvoltage was noted by seversl early asuthors
(9,10), but they failed to interpret these facts as dus to adsorptions
The earliest published quantitative inference of adsorption from steady
state current~overvoltage measurements appears to be that of Ch'iao and
Mann (11) in 19L7.



Wetterholm (12) pointed out in 1949 that the addition of an orgamic
compound would affect the hydrogen overvoltage in one or more of the
followlng ways:

(1) A solvent effect on the overvoltege changing the over-all velocity

of the hydrogen liberation reaction,Thismgy result in elther an

increase or decrease in potential,

(2) A reduction effect resulting from an alternate hydrogen con-

sumption process at the cathode. This can only lower the potential.

(3) An adsorption effect resulting from the concentration of the

organic compound occurring at the metal-solution interface. This

will increase the potential,

By proper cholce of the organic compound, it is felt that the first
two effects could be eliminated and reasonasbly accurate adsorption isotherms
could be obtained.

A second method of cbtaining adsorption data from overvoltage
measurements results from the early work of Bowden and Rideal (13).
They measured hydrogen overvoltage as a function of time and found that
the initial portion of thé curve was quite linear, They concluded that
the slope of the line should be inversely proportional te the double layer
capacity of the metal-solution interface, and they proceeded to find the

proportionality constant,

Although Proskurnin and Frumkin (1li) warned as early as 1935 of the
marked effect of adsorbable contaminates on the double layer capacity, it
was not until 1940 that Barclay and Butler (15) recognized a quantitative



relation between alteration in double layer capacitance and adsorptione

f’revimly reported adsorption isotherme obtsined by either method
are very few and almost always the adsorption results were not the primary
aim of the research. Ch'iao and Mann (11), although the first to realize
that adsorption isotherms could be obtained from steady state current-
overvoltage messurements, performed their experiments under conditions
far from ideal as far as hydrogen overvoltage measurements are concerned,
Their experimental procedure was open to criticism on several points,
It is well known that dissolved oxygen greatly alters overvoltage results
and no special care was taken to remove oxygen from the electrolyte, in
fact the cell was opened to the atmosphere througheut the experiment. The
electrolyte was also exposed to contamination from several rubber tubes,
and it is expected this would greatly alter the results. For the current
densities employed concentration polarization is an important factor; yet
no special care was taken to eliminate it, in fact the solution was not
even stirred.

A later article by Swearington and Schram (16) is a continuation of
the method employed by Ch'iac and Mann. The apparatus was reported to be
the same, Because of the experimental condition, it is felt that the
results presented in both papers are not too accurate. In falrness it
must be pointed out that the primary aim of each of these articles was not

adsorption but rather measurement of inhibitor efficiency,

The experimental apparatus described by Wetterholm (12) appears to

be carefully designed and adequate for accurate overvoltage measurements.



The experimental results are believed to be accurate; however, for the
particular adsorbates used certain potential changes occur that are
erronecusly described as due to adsorption. (A more complete discussion

of this paper appears in a later section.)

The work of Barclay and Butler (15) on double layer capacitance was
done under very good experimental conditions; however, it was restricted
to one metal, mercury, and one adsorbate, t-amyl alcohol. Subsequent

work by this method is very scattered and none of it was done with the

primary purpose of obtaining sdsorption results.

The need for sdsorption results on metal surfaces coupled with the
scattered availability of such dats in the literature makes thls research
seen warranted. It is felt that the experimental conditione under which
most of the previous work has been done could be improved. By doing this,
the cccuracy of the results should correspondingly be increased, and a
generally satisfactory technique made available,
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II. THEORIES OF OVERVOLTAGE
A. Possible Reaction Paths

Bockris (17,18) lists the possible reaction paths of the hydrogen

evolution as:

+
(1) HO0" + e .slow, MH + HD "
(2) MH + MH fast, A + H,
(1) H3o" + e fast, MH 4 HP ®)
() M + ¥H slow, 2 +H,
+
(1) HO + e .slow, MH + H ©
(2) MH+HO'+e fast H, + HD

(0 Bot + e 2 MH + HO

3 Laty 2 (a)
(2) MH+HO%e slow, Hy + HP
Each of these possible reaction paths will be considered now in some
detail.
Be Summary of the Theories

1, Slow discharge theory

This theory assumes reaction path (a) is responsible for hydrogen
overvoltage and was originally developed by Erdy-Gruz and Volmer (19,20).

The initial postulate is that the discharge of the hydrogen ion is
a slow process requiring an energy of activation necessary for the transfer

of an electron from the metal to the hydrogen ion. Then the number of



nsutralizations taking place per second ist

U

Ny= Xk (0] RT (1)
vwhere kI'L is a constant and [K*] is the activity of the hydrogen ions at
the electrode surface; the subzero refers to the condition that the
electrode is at zero potential., If, however, a potential difference E
exists between the electrode and solutionj then if the electrode is
negatively charged with respect to the sclution, neutralization of the
protons by electrons requires less work by an amount EF per mole. Only
part of this work, however, is realized before the transition state is
reached. As work done on the system after the transition state does not
affect the velocity of the reaction, only a fractional part of this work
is effective in lowering the potential barrier; i.e. an amount 4FF is

effective, where 04« <1, The number of neutralizations now becomes:

{2
N N L

The reverse process, namely the transfer of an electron from a

neutral hydrogen atom to the metal, can be represented as:

- W
Ny =K' [H] ¢ RT” (3)
where W is the free energy of activation for the process, and [H] is the
activity of hydrogen atoms at the interface. If the electrode is negatively

charged, the process will be hindered and consequently the free energy of
activation raised by sn amount QEF where 0<Q{l; therefcre:
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- GEF
- WG EF
Ny=K)' [He - =k [Hle & ()
At the equilibrium potential, ER, the two rates must be equal, that
iss
j EQF - (3EgF
N - o=k 18e =k, [H)s BT ()
One may rewrite this in the forms
(16) EgF
8] =%, [u o BT ()

If one neglects any change in the free energy of the system caused by
alteration of the hydrogen ion activity in the double layer, then the total
free energy change of the system caused by applying the potential Ej is
EgFe In which case o« 4G = 1,

The assumption is now made that the energy barrier is symmetrical, In

which case ¢:=0Cz 0.5,

If a potentisl E, different from E; by an smount?), is applied thent

o(5g + 1 )F - G(Er+1)F
Ny - Hy2gr=ty [ - Xy [t]e (©
or
o« ¥ =Chr_
1=ky [1']e ~ k, [H]e o ()

The magnitudes of k3 and kh appear to be such that for )>0.03 volte
the second term can be neglected in comparison to the first, and under

this circumstance one can writes
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oM F
1=k [H*],e i | (8)

Since one has assumed the activity of hydrogen ions in the double

layer constant,

N=a+b Log 1 (9)
whe = 2sJRT
res b 5

As of = 0,5, this gives the experimentally determined value of b.

Gurney (21, 22) developed essentially the same theory from a cuantum
mechanical background,

Frumkin (23,24,25) has enlarged upon the Erdy~Grus Volmer theory by
considering the structure of the double layer. Frumkin uses the Stern
theory of double layer; that is he considers a Gouy diffused layer in
addition to a Helmholts non-diffused layer.

Frumkin also considers the activity of the hydrogen lons in the double
layer in relation to the bulk ionic activity. In this way, he is sble to
predict the effect of foreign electrolytes on the overvoltage, as well as
the pH dependence of overvoltage.

Eyring (26) proposed that the rate determining step is the transfer

of a proton from a solvent molecule in solution to a solvent molecule
attached to the cathode surface. It is generally agreed that this process
involves the discharge of hydrogen ions; therefore the theory is grouped
with the slow discharge theory. This theory 1s an advance over the original
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theory in that it gives us a suggestion as to the cause of the energy of

activation,

In a recent article Van Rysselberghe (27) gives a very excellent
discussion of the slow discharge theory. He makes use of chemical and
electrochemical potentials to develop the theory. In this article he
gives a more detailed discussion of the transfer coefficient of Erdye
Gurs and Volmer. He also proceeds to calculate the free energy of the

discharge process and shows that the mechanism is entirely plausible,

2_. Catalytic combination theory

From the historical point of view this is the oldest theory of over~
voltage. It assumes reaction path (b) is the cause of overvoltage. After
Tafel (8) discovered his empirical equation, he immediately attempted a

thearetical explanation,

He assumed reaction 1-(b) was fast and reaction 2-(b) was slow and

essentially irreversible. The rate of formation of hydrogen atoms can be

LB s ] )

where lr1 and k2 are the rate constants for the respective reactions and of

writtens

is the kinetic order of reaction 2-(b),.

If one now assumes a steady state; i.e, -%-%-:0, then:

1
(u] -.-(—%1)7:1:31'%' (2)
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The Nernst Equation requires:

pe el rog [Bh - B re B] (3
Substituting equation (2) into (3) gives
3 |
B =¥ lespiy ()

At equilibrium equation (3) can be written

where Ep refers to the reversible potential.

According to our definition of overvoltaget

"]:E-—ER ‘ (6)
therefore ons can say:
_ BT k 1
heoye e gt - B Les gy
or
’)’:_.%?.Log _[ﬁkj".gq +_?R_§_ Log 4 = a+b Log & (7

Since the experimentally determined value of b is 0.118, of must
equal 0050

This theory was modified somewhat by Glasstone (28) by taking into

account the reverse of reaction 2-(b), His modification eliminated one of



il

~the disadvantages of the theory by not allowing to decrease indefinitely

a8 1 is reduced to sero,

The slow diacharge theory was given its last ma jor revision by
Hickling and Salt (29) in 1942. Their treatment was essentially the same
as that given above except that the concentration of atomic hydrogen as
calculated from equation (2) was related to the pressure of atomic hydrogen
in equilibrium with the electrode by the Freundlich isotherm:

Lel= k P ==

It 1s then sssumed that [H] in equation (3) should be replaced by
([H] /%)™ 1n 11ght of this relation,

In order to obtain the correct value for the Tafel constant b, it was
necessary to assume a value of li for the empirical constant n in the
Freundlich equation, This is a2 very reasonable value in view of the data
availsble for adsorption of gases,

This latest revieion eliminates one of the main difficulties of the
slow discharge theory in that it allows the reaction to be second order in
atomic hydrogen’ in f)laee of half order as required by the original Tafel
tresatment,

3¢ Slow discharge - electrochemical thecry

According to this theory reaction path (c) is responsible for the
overvoltage phenomena. Although the possibility of such a mechanism has
been noticed by several suthors (2L,29), it was not until the work of
Bockris (17) that it was thoroughly investiga‘ted,
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The rate determining step 1s the same as in the slow discharge
theory, and so the Tafel equation can be derived in an analogous manner.

There are, however, some differences in the two theories.

To release one molecule of hydrogen gas, reaction path (a) requires
two acts of the rate determining step while for reaction path (c) only
one act is required. This is an important difference lmplying different

rate constants in the two cases.

At sufficiently high currents the slow discharge step must become
fast compared to the other reactions. If these experimental conditions
are realizable, then the rate determining astep becomes either:

¥H 4+ ¥H ~— }12

+
lﬁH-i-HBO + e —Hy + 320
Under these conditions, reaction path (a) degenerates to reaction path
(v) and reaction path (c) into (d). It should, therefore, be possible to
distinguish between them.

Bockris has pointed out in several papers (17,18,30,31) that with the
data ordinarily available it is impossible to distingulsh between the two

theories.

Le Electrochemical theory

This theory was originally developed by Horiuti (32,33) in Japan and
Frumkin (24) in Russia around 1937, It assumes reaction path (d).
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The following reactions are considereds

1130++ e —3 MH (1)
¥H — 330"-;- e (1)
MH + 330*+ 6 — Hy+H0 (111)

If the electrode is negatively charged, the following rate equations
can be written:

Ry= Iy (1 - Lﬁl) [57e T (1)
- EF
Ry = k) Lﬁl e = (2)
.
Ry= k3-[%]- (1] o (3)

where n is the number of adsorption centers on the surface; [H] is the
concentration of atomwic hydrogen on the surface; and [_H'] is the activity
of the hydrogen ions in the double layer.

This treatment is similar to the slow discharge theory; in fact the
value of the constant of in the Erdy-Grusz and Volmer theory is assumed to
apply in this case. It is for this reason that in the preceding rate

equations the exponential terms sre raised to the -ig‘%— power,

At a steady state me can writet

; 5 = -5
o (- ) B WL R L,



[m] _ o 5]
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n

iy [+ ke

For strong polarizationt

(yriey) [8]20%,

therefores

..EEJ_

n

As one has assumed reaction (iii) is rate determining:

—-—
—

3 3

+ Ky k]

ky

kl+k3

EF
AT

EF

1= Ky -[;ﬂ[n*]a =

Now substituting equation (7) into equation (8) gives us:

EF

iz fﬂiﬁ [H+]e T

ky + k3

According to our definition of overvoltages

E=7

L

Combining equations (9) and (10) gives us

oF ki k
i 13

T ——————
-

kl-l-k3

(]

Eq F
2RT

e

aAr_

2RT

(5)

(6)

(1)

(8)

(9)

(10)

(11)
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’?]:-a-f-bLogi

Bockria (17,30,31) developed this theory according to the absolute
rate theory of Glasstone, Laidler and Eyring (34). This method differs
from the above treatment in that it doee not introduce the Erdy-Gruz
Volmer constant of « A term for the electrochemical free energy of
activation is introduced, and this must be evaluated from experimental
data. It is not, therefore, certain whether the derivation is an improvement

cver the one given or not.

Salsburg and Schuldiner (35) have criticized the development of the
theory by Bockrisj however, it is felt that much of the criticism is
unjust. Bockris (36) in his reply to the above authors has carefully
answered most of the questions raised and is convinced that in some

instances this mechanism is responsible for the overvoltage curves.
Ce General Discussion of the Theories

All of the theories presented in the preceeding sectiona indicate
that the true picture of the hydrogen overvoltage phenomena is still
unclear. Certain experimental evidence can be advanced to support each
of the theoriesj however, each theory has its own drawbacks.

The slow discharge theories (a) and (¢) give a qualitative explanation
of foreign salt and pH effects on overvoltage. They also explain the fact
that the initial growth of hydrogen overvoltage is directly proportional
to the quantity of electricity passed. It is claimed that the slow discharge
theories lead to the correct "b" constant in the Tafel equation; however,
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as was indicated, this derivation involves sn adjustable constant, and
this is given a value that will give the correct value for the constant

Nbl’ .

The slow discharge theories fail to explain the marked depeandence
of hydrogen overvoltage on the cathode materialj that is they fail to
give even g qualitative explanation of the Tafel constant "a", The
second drawback to the slow discharge theory arises from the fact that
the discharge of most other ions proceeds without marked overvoltage. It
is unclear why the discharge of protons should be exceptiongl in di'acharge

mechanism,

The catalytic combination theory, on the other hand, suggests a
relation between the cathode material and the Tafel "a" constant. The
theory also tends to do away with the idea that hydrogen overvoltage ia
a specisl electrochemical process. Hickling and Salt (29) assert that
their revision of the theory eliminates the chief difficulty of the
original theory by giving the correct value of the Tefel “b"® constant.

It should be pointed out that as with the slow discharge theory an adjustable
constant is introduced into the calculatione, and it is given an appropriate
value to obtain the desired result,

The catalytic theory has its main difficulty in explaining certain
“golution effects™ of hydrogen overvoltage; such as the effect of foreign
salts and pH. It must also be pointed out that the pressure cf atomie
hydrogen needed to account for an overvoltage of 1 volt is only 10~17
atmospheres. This suggests that a physical meaning can not be attached
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to the term atomic hydrogen pressure, but we are referring to:the activity
of the hydrogen atoms.

The electrochemical theory is really an attempt to combine the slow
discharge and catalytic combination theories., It does not explain the
observed pH effects, and the relation between electrode material and the
Tafel "a" constant is rather vague, Like all of the other theories, this
one is rather qualitative, and so it can not be unequivocally tested by

experiment,

Several experimental quantities might give some insight as to the
true mechanism of overvoltege. The so-called stolchiometry number, which
is defined as the number of acts of the rate determining step required to
release one molecule of hydrogen, would be of great value in illustrating
the mechanism. For path (a) the stoichiometry number is 2 while for paths
(b), (¢) and (d) the stoichiometry number is 1. Bockris and Potter (37)
have indicated that this cuantity in principle can be determined

experimentally.

The stoichiometry number arises by considering an unspecified rate
determining step from the theory of absolute reaction rates (3L).
Essentially this theory was followed in the development of the slow
discharge mechanism of overvoltage; however, the theory was modified to
the particular slow discharge mechanism by considering that only one
electron is involved in the rate determining step. To release one molecule
of hydrogen requires the over-all reaction to involve two electrons;
therefore, the passage of one unit of reactants in the rate determining
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step to obtain one molecule of hydrogen involves "‘?X' electron charges
where A is the stoichiometry number. Equation (5) of the slow discharge
section now becomes

2« B F : - 20EF
1, e AR 1 -

where i, is the current flowing at the equilibrium potential, Equation

(6) becomes
29((Ex + N)F - 2Q(Eq+N)F
d=i [ ART -k, [H] o ART (2)

If one combinesthese two equations and apply the restriction o +08=1

[ 2 4 NF - 2(1-4)111']
ART ART
i= io e - @ (3)

At small overvoltagesare can take the first two terms of the exponential

one finds

expansion and the ecuation becomes

1:10[1+3;7%’-£ -11-4-35%2— -..?_:;(.__}gf..] (k)

i__._?%ggl_?_ (L)

If one differentiates this equation one has

r =B (<) (5)

1—»> 0
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It is easily seen that the application of equation (5) requires
measurenents at very low current densities where overvoltage values are
very difficult to obtain. An extrapolation is also required to #bviain
the 1, value. As the article points out, the errors are difficult te
assess, and one is probably blased toward high values. If a cleaner
experimental method could be devised to obtain the information, this

would be of great value in our discussion of the reaction mechanism.

The extent to which atomic hydrogen covers the surface of the cathode
would be of value; however, an unambiguous method of its determination
is not at present available. Reaction paths (b) and (d) would require a

larger surface coverage of atomic hydrogen than paths (a) or (¢).

The effect of pH on overvoltage is important. The qualitative
nature of all the overvoltage theories makes the expected pH variation
obscure, and so observed effecta are difficult to interpret in light of
the mechanism.

At sufficiently high current densities the surface must become
saturated with atomic hydrogen. If the slow discharge mechanism is rate
determining, then a change in mechanism would be expected at sufficiently
high current densities. As has been mentioned earlier, this ;;ornit.l 8
distinction between reaction paths (a) and (c). If no break occurs it would
indicate that the slow discharge mechanism is not responsible for over-
voltage. It must be born in mind that accurate overvoltage values at
" high current densities are very hard to make owing to the presence of

concentration and resistance polarisation. To completely eliminate these
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at high current densities is impossible, and so certain corrections are

introduced into the results that render them less accurate.

The prerequisite for any theory of overvoltage is that the Tafel
equation must be derived from it. The correct value of the Tafel "b*
constant is also required for an overvoltage theory to be accepted.

Each of the four theories presented satisfy these requirements, but are
derived from different points of view, These theories are very intriguing
and the whole overvoltage phenomenon is mechanistically curiocus. It is
not, however, the primary sim of this research to attempt to explain the

mechanism of hydrogen overvoltage.

The method employed to obtain adsorption isotherms from steady state
current~overvoltage measurements requires only that the Tafel equation be
valid. As @ll of the theories of overvoltage satisfy this, the results
should be correct regardless of the true overvoltage mechanism, In the
same light, results obtained from double layer capacitance should be
independent of the mechanism,
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III. OBJECTIVES

The introduction section indicated that adsorption results on
metal surfaces are very scarce and that a rapid method of obtaining such
results was not avallable. In view of this, the primary aim of this
research was to develop a suitable method for obtaining adsorption

isotherms on small metal surfasces,

A quantitative measure of adsorption of organic compounds on silver
and copper has not previocusly been reported. The homologous series of
acids were chosen in an effort to determine the effect of chain length
on the adsorption process. By comparing the adsorption lsotherms of
normal acid, alcohol, and aldehyde, the effect of the functional group
on the adsorption process could be determined,
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IV, MATFRIALS
A+ Adsorbents
1, Silver

The silver cathodes were obtained from Eastern Smelting and Refining
Corporation and were listed as 99.94 per cent pure. They were approximately

L em® in geometric area.

The silver cathodes, prior to inclusion in the apparatus, were heated
to 700° C in air, cooled in nitrogen, and immediately placed in the
apparatus., Cathodes prepered by vacuum sputtering and by outgassing in
vacuo at 700° C, in both cases bresking bulbs containing them under the
solution to avoid all contact with air, gav'; the same results within

experimental error as those prepared by the simpler technicue,

2. Copper

The copper electrodes were obtained from A, D. ¥ackey Incorporated
and were listed as 99.97 per cent pure. The geometric ares was approxie
mately the same as that of the silver electrodes.

The copper cathodes were cleaned with l:1 nitric acid to free
dissclution and washed thoroughly with water before placing in the

apparatus,

Bes Hydrogen

Hydrogen was purified by passage over copper turnings at 600° C,
followed by passage through charcoal at 77° K, This purification
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treatment has been studied by Winslow (38) and has been found to reduce

the oxygen content to less than 0.0001 per cent.

Ce Organic Compounds

All the organic compounds used were the central fractions obtained
from distillation of Eastman's best grade chemicals (except for n~caproic
acid and n-heptaldehyde which were Eastman's practical grade) through a
30-plate Oldershaw column at 10-1 reflux ratio. The boiling points of
the fractions used includes

Boiling point Pressure
Acetic acid 117.0 = 117.500 739 mme Hg.
n-caproic acid 202 - 2040 C 745 zme Hge
n-Heptylic acid 221 - 222°¢ 73L mme Hge
n~Cctanoic acid 18] - 183°¢C 70 am. Hge
- Heptanol-l 176 - 177° ¢C 760 mm, Hge
n-Heptaldehyde 150 - 1510 ¢ 740 mm. Hge

The heptaldehyde was distilled immediately before use to minimize
air oxidatione
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V. EXPERIMENTAL METHOD
A, General Overvoltage Apparatus

In order to obtain reliable results, it was necessary to include
in the apparatus design all ths precautions necessary for reliable over-
voltage measurements, These precautions are extensive and have been

well summarized by Bockris and co-workers (39,L0,41).

The apparatus designed and used iri this research is illustrated in

Figure 1, The procedure used in this research was as follows:

Perchlaoric acid was placed in the still compartment D, and it was
sealed off., The suxiliary cathode E and the cathode K, both of the metal
under investigation and sultebly prepared, along with the reference
electrode ¥ (silver-silver chloride) were placed in the spparatus. The
U-tube U; was frozen, and the standard tapered joints Ty, T, T3 were
sealed with mercury. The apparatus was then evacuated through stopcock S5y.

After the evacuation was completed, the apparatus was filled with
hydrogen which entered the system through stopcocks S, and Sg. (These
stopcocks were isolated from the spparatus by means of charceal, liquid
nitrogen traps N, and 1‘2.)

When the apparatus was filled with hydrogen, the U-tube Ul was
unfrozen ad distilled water was allowed to flow through the reducing
ion exchange column A designed to remove dissolved oxygen (L42) and
thence into the water still compartment B. When sufficient water had

entered the still compartment, the U-tube was refroszen.
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The systen was re-evacuated, and the water and perchloric acid were
distilled into the pre-electrolysis chamber C, The U-tube U3 was frosen
during this period to keep the water in the chamber, Hydrogen was now
bubbled through the solution through stopcock S3, and the pressure in
the apparatus restored to atmospheric,

The auxiliary anode compartment F was now evacuated through stop-
cock Sy The solution in the pre~electrolysis chamber C flowed through the
porous plugs P and into the auxiliary encde chamber. After the chamber

was filled, U-tube U, was frozen at about -10° C. The solution was now

2
pre-electrolysed for vat least 12 hours at 10~3 amperes. The electrolysis
was carried out between the suxiliary cathode ¥ and an auxilisry platinum
anode in F. The elaborate precautions for the separation of the anode
and cathode compartuments were necessary in order to insure that none of

the oxygen released at the snode mixed with the cathode solution,

Following the pre-electrolysis, the U~tube IJ3 was unfrozen. Due to
gravity, the solution entered the reaction chamber He After the solution
entered the reaction chamber H, the anode compartment G was evacuated
through stopcock Sh’ and it was filled with the solution in the same
manner as Fo The anode compartment was separated from the reaction cell

by means of two porous plugs Pe

A concentrated potassium chloride solution wes now added to the
reaction chamber by means of a hypodermic syringe plercing the small

rubber diaphram L which was covered with mercury.
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During all the measurements, a reasonable efficient stirring was
obtained and concentration polarization thereby reduced by bubbling
hydrogen from stopcock Sg through a porous plug into the solution in the
neighborhood of the electrode surface. Excess hydrogen was relessed

from the apparatus by means of a mercury bubbler,

All the measurements were made with reference to the silver-silver
chloride electrode M, The solutions were approximately O.1 N in perchloriec
acid and 0,001 N in potassium chloride,

B¢ Current Source

Current was supplied from a 250 volt source with suitsble resistances
in series, so that variations in current due to opposing polarisation as
well as the resistance of the solution were negligible, The opposing
polarization would have to be larger than 2.5 volts to reduce the current

even 1 per cent,
Coe Steady State Methed

The current source was connected to the cathode K and the platinum
anode in G and the specified current applied. The potential of the
cathcede K was measured with reference to the silver-silver chloride
electrode ¥ by means of a Leeds and Northrup No. 7552 potenticmeter.
The potential was measured periodically until it changed less than 2
millivolts in 30 minutes (about three to four hours). This appears to
be commen practice in overvoltage measurements (39,L3); it is admittedly
unsatiefactory, and results from the fact that the overvoltage actually
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increases steadily, although in a emall amount, over a period of days,
and it is uncertain whether this increase is attributable to the basic

electrode process,

Without switching the current off, a measured cquantity of adsorbate
was added to the reaction chamber by means of & hypodermic syringe piercing
the rubber diaphram L. The potential was again followed until constant
in the same sense (about one hour)s. The process was repeated at all the
desired concentrations. The polarizing currente employed were 5 x 10-5
and 5 x 1074 amperes,

De Double Layer Capacitance Method

In measurements of double layer capacitance, a 30 minute electrolysis
at the current subsequently used for measurement was carried out for the
purpose of reducing any oxides on the surface of the cathode K. The
potential was then allowed to decay to gero within experimental error.
(Tnis required from 30 minutes to one hour.)

The potential was followed as a function of time by connecting
electrodes K and M to the Y input of a Dumont 304-H oscillograph. The
current of either 5 x 10'5 or 5 x 1070 amperes and the oscillographie
sweep were triggered with a simultaneous Western Electric 275 E mercury
relay switch, and a photo of the sweep taken. The initial portions of
the potential-time sweeps are quite linear, and little difficulty was

encountered in computing their slope.

The oscillographic sweep 1s calibrated with reference to time by

means of time markers introduced to the oscillograph from a time generator
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by means of the Z input. Each picture was calibrated for potential by

measuring a known potential applied to the Y input immediately after the

above sweep was made.

A measured amount of adsorbate was added and after one hour the
process was repeated. Although physical adsorption is rapid (Lk),
approximately one hour was required for the cathode to return to its
equilibrium potential. For this reason, sbout one hour was required

between each capmcity measurement. The process was repeated at all the

desired concentrations.
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VI. METHOD OF CALCULATIOR
A, Steady State Method

Inference of adsorption from solution from steady state current-
overvoltage measurements depends on the sssumption that the adsorbed
materisl acts only as an inert blanket on the electrode surface; so that
if A denotes the original electrode surface area and O the fractional
coverage by adsorbed material, then an area A(l -0) remains to contribute
to the steady state rate of hydrogen evclution. The steady state

dependence of overvoltage on current is given by the Tafel (8) equation

N=-a+bd Log J (1)

in which ) is the overvoltage; J the current density; and a and b,
constants.

A given overvoltage implies a fixed current density; assuming that

the accessible area is A(1l -G ) there results

i
=] - -
e T (9 £ixed) (2)

the currents being measured at the same overvoltage. Measurements at

several overvoltages then permit a check for self consistency.

If the overvoltages are measured at constant current, one :obtagins

A‘z
B-1-c¢ (1 fixed) (3)
DY represents the difference in overvoltage due to introduction of
adsorbate. Measurement at several currents then permits a check for

self consistency,



3L

Ch'iac and Mann (11) used equation (2) to determine their adsorption
isotherms. In order to apply this equation, several current-overvoltage
curves must be determined and an equal potential line drawn on the
resulting graph. Because several curves must be determined experimentally,
the method is time consuming, and the experimental conditions cen not be
kept at the optimum,

All of the steady state current-overvoltage results were obtained
by means of equation (3)s The constant b was taken as 0.051 = (0.118/2.303).
The change in overvoltage caused by addition of the adsorbate could sasily
be measured with a potentiometer, and so the results could be rapidly
obtained without plotting the experimental results,

Be Double Lgyer Capacitance

Inference of adsorption from double layer capacitance measurements
depends upon the same basic assumption as that for steady state current-
overvoliage measurements; namely that the adsorbed material acts only as

an inert blanket on the electrcde surface,

The double layer capacltance is measured by the initial rate of
increase of potential with current, thus

c=-$ -

(L)

28

since this cgpacity is assumed proportional to the area of surface free
from adsorbate there follows immediately
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e (5)
9= 0
Apparent fractional surface coverages were obtalned from double

layer capacitsnce measurements by means of equation (5).
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VII, EXPERIMENTAL RESULTS
A, Overvoltage Values

The object of this research was not so much to determine the over-
voltage itself but the potential changes on the addition of organie
compounds, It is, however, felt that the observed overvoltage values
may be an indication of the cleanness of the experimental method,

The overvoltage values for silver smd copper as measured in this
rescarch are compared in Tsble 1 with velues obtained by other workers
in this field, Most athors assume that the geometric surface area of
the electrode is equal to the trues one when calculating current density,
Thie assumption was also made in computing the overvoltage values in
this work. As the geometric area is different from the true surface area
by an amocunt dependent on the particular electrode used, the true current
densities are in error, and consequently the overvoltage values reflect
the somewhat erroneous current densities used. For this reason the
results presented in Table 1 show considerable variation depending on the
particular worker. As the workers cited in Table 1 are experts in the
field, it is felt that the major portion of the variation is due to
incorrect current density values. The observed overvolisge values are

believed to be in reasonable sgreement with those of other workers,
B, Adsorption on Silver

The experimental results for the adsorption of the various organic

compounds on silver as determined from steady state current-overvoltage
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Reported Overvoltage Values

Current

Electrode density "] Literature reference

Silver 1x 105 169 Kortum and Bockris (LS)
+220 Bockris and Conway (L6)
o245 Wetterholm (12)
250 Hickling and Salt (L3)
«250 This Research

Silver 1x 10"5 «260 Kortum and Bockris (LS)
30k Bockris and Conway (L6)
0329 Wetterholm (12)
330 Hickling and Salt (43)
«338 This Research

Silver 1 x 107k «299 Kortum and Bockris (LS)
«340 Bockris and Conway (L6)
«364 Wetterholm (12}
«366 This Research
.370 Hickling and Salt (43)

Copper 1x 10"5 o2 Bockris and Pentland (18)
285 Wetterholm (12)
328 This Research
«354 Kortum and Bockris (k5)
360 Hickling snd Salt (L43)

Copper 1x 1075 267 Bockris and Pentland (18)
350 Wetterholm (12)
o1l This Research
W36 Kortum and Bockris (Ls)
J4ko Hickling and Salt (43)

Copper 1x10°h 322 Bockris and Pentland (18)
«378 Wetterholm (12)
AN This Research
L72 Kortum snd Bockris (ks)
80 Hickling and Salt (L13)

*Overvoltage in volts,
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measurements are presented in Tables 2 through 7. The change in the

reversible potential was zero except in the case of acetic acid,

Corresponding results from double layer capacitance measurements are

presented in Tables 8 through 13,

The results as obtained by both methods are presented in Figures 2
through 6, Pé:lnts on the graphs are the observed points. With the
exception of the n-heptaldehyde, it is felt that the points obtained by
the two methods agree within experimental error; and therefore only one
curve is dramn through them. With the n-heptaldehyde system, it is felt
the deviation between the two methods was sufficient to warrant the drawing

of two curves,
Ce Adsorption on Copper

Experimental results obtained for the adsorption of various organic
compounds on copper as determined from steady state current-overvoltage
measurements are presented in Tables 1l through 17.

Double layer capacitance results are compiled in Tables 18 through
21,

The results as obtained by both methods are presented in Figures 7
through 10, Points on the graph are experimental points. Adserption of
all the organic compounds on copper gave slightly different results by the
two methods. In light of this, two curves were drawn to indicate the
adsorption isotherms as determined by the two methods,
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Table 2, Adsorption of Acetic Acid on Silver

Current a¥ AE AE rev, % surface covered
(ampers) (volts) (volts)

5 x 107> .05 017k +0170 1%

5 x 107 .09 .0300 .032ly L%

5 x 1075 Q1 +0340 0345 -1%

*%ctév%ty dataare from F. A, Miller, Phe Do Thesis, Iowa State College
1953
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Table 3¢ Adsorption of n-Caproic Acid on Silver

Current ¢/Co AE # surface covered
5 x 1070 .06 0027 5
5 x 1075 J13 .00l - 8
5 x 1072 26 0076 1k
5 x 1070 A5 0113 21
5 x 105 .61 0133 2L
5 x 105 o7k 01447 26
5 x 10~k 05 +0050 10
5 x 10°b 16 .0070 13
5 x 10k 29 «0090 17
5 x 107k o2 .0100 20
5 x 10-b oS5 0111 22
5 x 107k 68 0117 23
5 x 10~k 82 0121 23
g x 10~k «55 0122 23
x 1073 .0 .00
§ x 1072 1:{ .oogg 13
5 x 1072 022 0076 1k
5 x 1075 ¢33 0106 19
5 x 1072 . +0133 23
5 X 10.5 056 001139 25
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Table L. Adsorption of n-Heptylic Acid on Silver

Current C/Co AE ¢ surface covered
5 x 1075 .03 0029 6
5 x 105 07 .0050 10
5 x 1075 .16 0080 15
5 x 1075 32 Ol 25
5 x 10~ o3 018k N
5 x 1074 .05 00k 9
5 X 100%: 015 00078 15
5 x 10" 25 .0108 19
5 x 10~ 35 .01Lk 26
5 x 10~U 4S 0159 28
5 x 10-1’: 55 .0189 32
5Sx 10"!1 «65 .0191 32
5 x 10" o715 »0201 33
S p lo-h 085 00205 31-'
5 x 1o~ 95 «0216 35
x 1075 a1 007k 1k

5

5 x 1072 2 0120 21
é x 1o-§ ﬁ .g}gg 238

x 10 ° °

S x 10~5 o5 .0188 32
5 x 1075 % 0190 32
5 x 1072 o7 0205 3k
5 x 1075 .8 .0213 35
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Adsorption of n-Octanoic Acid on Silver

Current c/c, AE % surface covered
5 x 1072 0l7 0040 8
5 x 1o~§ .097 .0076 15
5 x 1072 .150 0119 22
5 x 10™ «290 «019) 33
5 x 1070 .380 .0222 36
5 x 1075 480 +0235 38
5 x 1072 670 40290 ik
5 x 1070 860 +0322 X
5 x 107k .10 .005 1
5 x 10k 215 0096 17
5 x 107k 25 .0153 26
5 x 107k 10 $02442 39
5 x 10-b 60 0303 L7
5 x 1072 .05 0045 9
5 x 107 019 019 26
5 x 10~5 o34 0222 36
5 x 10'-§ o8 0257 Lo
5 x 10 67 +0290 Ls
5 x 1079 .86 0291 L5
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Table 6, Adsorption of Heptancl-l on Silver
Current c/Cq AE % surface covered
5 x 107 .06 006k 12
5 x 10~k 12 .0128 23
5 x 107k o2h .0203 3k
5 x 10k 37 0253 Lo
5 x 107l 52 0273 L3
5 x 1074 67 0293 LS
5 x 10~k .82 .0310 L7
5 x 107 07 .0070 1
5 x 1072 Al 0119 25
5 x 1075 o27 0179 30
5 x 1o~§ 43 +0209 35
5 x 10 60 0257 10
5 x 1075 o717 +030k 3
5 x 1075 oSk 0349 50




Table 7. Adsorption of n-Heptaldehyde on Silver

Current C/Cq AE % surface covered
5 x 1070 .0l5 0216 25
$ x 1075 «09 0219 Lo
5 x 1075 o135 .0287 Lk
5 x 107> .18 .0362 52
5 x 1075 .27 JOll;2 59
5 x 1070 e39 $0534 6l
5 x 1075 61 .0590 70
5 x 1075 .84 .0606 71
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Table 8. Adsorption of Acetic Acid on Silver

Current § x 107 Current 5 x 1074
A Capacity x 10™0 % surface Capacity x 10~k % surface
(Farads) covered (Farads) covered

0,000 1.359 1,136
0,000 1.361 1.1

OL7 1.361 0 1,092 5
110 1.56l -15 1,316 -15 .
0.000 1.162 9710
0.000 1,140 975k

«OL7 1.008 13 «9290 5
08k 1.290 -11 «9910 -2
110 1437k -18 1.015 -4

*?etivg.ty data @re from F, A, ¥iller, Ph. D. Thesis, Iowa State College
1953) .
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Table 9, Adsorption of n~Caproic Acid on Silver

Current E x 10~5
Capacity x 107 % surface

Current 5 x 107 L

C Capacity x 10~k £ surface
[ covered covered
0.00 hom 3‘%8
0400 3.982 3.046

<0l 3.712 8.0 2.9U7 346

.10 3.58L 11,2 2.87h 6.0

21 3.329 1745

31 3.287 18.5 2,510 17.%9

52 2.979 2642 2.482 18.8

o713 2.892 28,4 2.1 2042

93 2.888 2845 2.aL 2140
0.00 34933 3.070
0,00 3.960 2,999

0L 3.623 8.2 2,799 Te8

«10 3.423 13,2 2.643 12,9

21 3.361 1.9

31 3.188 19.2 2.556 15.8

52 3.13 20.7 2.136 20,0

073 3'0914 210’4 2.38? 21.3

93 3.117 21.1 2.400 20,9
0e0 L.237 2.5802

<Ok 3.885 845 2.731 3.1

010 30626 1’4.6 N 2.651 6.0

21 2,611 10.0

31 31437 19.1 2.427 13.9

52 34399 20,0 2.312 18.0

73 3,406 19,8 2.250 20,2
93 3.283 22,7 2,250 2042
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Table 10, Adsorption of n-Heptylic Acid on Silver

e Current Capacity x 10°k % surface covered
[(+]

0,00 5 x 1072 L.140

<07 5 x 1070 3,710 10.L
R B %
o Ay 3870 30.7
66 5 x 1075 2,790 32.6
493 5 x 10~ 2,870 30,7

0,00 5 x 1073 34200

0,00 5 x 100 3,200

05 5 x 105 3.090 3.k
.05 5 x 1o'§ 2.780 13.1
911 5 x 10 20690 1509
.21 5 x 1075 2.520 21,2
o i 21300 7.8
.85 5 x 105 2.310 27.8

1,00 5 x 1070 2,290 28k

0,00 5 x 107k 2,420

0.00 5 x 107k 2,1,20

.02 g x 107l 2.350 3.0
ok 5x J.o-",;l 2,220 8.3
+06 ) 5 x 10™ 2,220 803
.09 g x 107k 2.110 12.8
ok 5 x 1o~t 2.1183 5.8
) 10~ 2.0 .0
.%g g x 10°k 1.810 25,2
L6 g x 1074 1.680 10,
65 5 x 107k 1.660 31.6
.8 5 x 107k 1,660 31.6

0.00 5 x 1075 2,230

0,00 5 x 1070 2.290

000 g x 10'§ 2.230

.02 5 X 10'. 20170 306
.‘05 é X igg io?&) iéog
:% 2 x 1075 1.830 18.7
.28 5 x 1075 1.810 19.6
A7 5 x 1075 1.670 25,8
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Table 10, (continued)
c_ Current Capacity x 1074 % surface covered
o
56 5 x 2078 1,620 28,0
o7k 5 x 1075 1.590 29,5
93 5x 1o-§ 1,590 2945
93 5 x 10™ 10590 2905
93 5 x 1070 1,590 29,5




Table 110
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Adsorption of n~Octanoic Acid on Silver

‘%" Current, Capacity x 107l % surface covered

[+

0,00 s x 107k 6620

0,00 5 x 107k 6,680

0,00 g x 107k 6,680
s ;G 41
. X . .
»11 5 x 10. 50530 17.0
.18 5 x 1074 5,140 22.8
v29 5 x 10-'3 L.750 28,7
o3 5 x 10” L.620 30.6
57 5 x 1074 4,200 3740

0,00 5 x 10~ 2,690

0,00 5 x 1073 2,670

0,00 5 x 109 2,740
905 5 X 10"5 20930 - 805
.10 5 x 1072 2,600 3.7
15 5 x 1075 2.160 20,0
.20 5 x107 2,015 25,44
25 5.x 1075 . 1910 2943
A £ B %
. X ° 'Y
.50 5 x 100 1.570 i1.9
.60 5 x 105 1,820 32.6
. o« WD 1.el§0 .
.90 5 x 1075 1.310 51,5

1,00 5 x 100 1,210 5L.2

0.00 5 x 1075 2.520
.i,g g x 10'? 2,250 10.7
. x 10~ 2,020 19.9
SO T B 53
. X . N .
.29 5 x 1072 1,790 29,0
SO £ B 2
. X . .
A 2 L 0
® + 1. *
.72 5 x 1075 1,440 429
B
. X Y e

1.00 5 x 1075 14370 15 .6

0400 5 x 1070 2,750

0.00 5 x 107k 2,750
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Table 11, (continued)
.-%. Current Capacity x 1074 % surface covered
(+]
.10 5 x 10-k 2.560 649
20 5 x 10'& 2.010 26.9
030 5 X 10- 1081‘0 33.1
o0 5 x 107k 1,780 35.3
.60 5 x 107b 1.6L0 10.1;
70 5 x 107l 1.540 L3.0
.80 5 x 107k 1,520 3.7
.90 5 x 10k 1,150 1643
1.00 5 x 107l 1,350 50,0
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Table 12, Adsorption of Heptanol-l on Silver

Current 5 x 10°5

Current § x 107%

£ Capacity x 1074 % surface Capacity x 1074 £ surface

Co covered covered

0.00 5.615 ko323

0.00 S«740 .195
06 L.696 16,3 3.611 15,3
12 L.305 2ke2 3.160 25.8
21 3.690 35.1 2.889 32,2
»30 3.381 40«5 2.6L5 37.9
oli7 3.332 k1.3 2.58L 39.3
67 3.332 hl.3 2.584 39.3
«87 2.916 4847 2,267 4648

0.00 5.271 L.021

0,00 5271 3.966
.06 4+920 6.7 3.272 18.1
12 3.97h 2Li.6 2.890 276
21 3.638 31.0 2,690 3ke7
«30 3.589 32,0 2.445 38.8
oii7 3.333 36.8 2.Lis 38.8
67 3.323 36.8 2.439 38.9
«87 3.010 L2 2.416 L0.0

0,00 L6212 34355

0.00 L 696 3.306
06 Le132 11.2 24733 18.0
12 3.270 29.8 24575 22,7
21 3.228 30,7 2.225 33.2
30 3.110 - 33.2 2,033 39.0
7 2.916 37.k4 2.104 36.9
67 2.916 374 2.071 37.8
«87 2.777 Lok 1.950 k1.5
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Table 13, Adsorption of n~Heptaldehyde on Silver

Current § x 1075 Current 5 x 107k

£ Capacity x 10~ % surface Capacity x 10~k % surface
Co covered covered

0,00 2.836 2,269

0.00 2.836 2.302
005 10663 hlt,-‘ 10505 31402
«10 1.377 51.5 1,231 k6.1
«1h 1.176 5846 1,039 5ke5
20 1.071 61,2 «9076 60.3
«30 1,026 63.8 9372 59.0
L0 1.052 63.0 1087 6043
58 1,016 6l.2 8519 62.7
15 1.016 6he2 «8L5S 63.0
93 WM 6548 +8L55 63.0

0.00 2,143 1.906

0400 2,192 1.863
05 1,303 LO.0 1.151 3849
«10 «9098 5840 9271 50,8
b J117 64,0 +7698 59.1
«20 o153k 65,2 6789 6L.0
«30 <7091 673 6632 6Li.8
40 7097 6743 6Lla 65.8
58 «7097 67.3 +6L91 65.6
o715 #7097 67.3 6367 6642
93 7097 6743 <6367 6642

0.00 2.2443 2,174

0.00 2.296 2,116
+05 1.377 39k 1,204 L3.9
10 1.176 L8.2 9172 572
o1l 77178 6547 8948 59.0
«20 8173 64,0 7185 6645
+30 <7653 6643 6953 67.6
40 «7577 66.6 +6815 68.2
58 7577 66.6 6619 69.1
75 « 7642 66k +6970 6745

93 o577 6646 6970 6745
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Table 1li. Adsorption of n-Heptylie Acid on Copper

Current c/C, AE % surface covered
(ampers) (volts)

g x 107k Ol 0015 3
5 x 10k +10 0027 5
5 x B..w 22 .00k 9
5 x 107 .34 0066 13
m b 4 “er og .§N ;
g it o1 A

X . .

5 x 1070 .06 0027 s
5 x 1070 a1 0029 3
5 x 1075 22 .00k 8
m X Hclm our ..Oomm 12
5 x 103 L5 .0061 12
5 x 10> 68 0076 15
5 x 105 +90 +0099 19
m 4 H.Olm og -OOMW m
5 x 1070 A2 0048 9
5x Ho..m a7 0051 10
5x 103 23 0066 13
m x 10~ cwm .OSW H,m
5 x 1072 58 0050 17
5 x 1075 81 0115 21




Table 15.
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Adsorption of n-Octanoic Acid on Copper

Current c/co AE ¢ surface covered
5 x 1o‘ﬁ .05 .0020 L
5 x 10" 015 «0102 19
5 x 10-’13' 25 .0108 20
5 p. o lO"'h ohl 001137 25
g x 10-11: J1 0213 35
5 x 10™ .86 0221 35
5 x 10-? «10 .00L1 8
5 x 10™ 015 o°°7h 1’4
g x 10‘? «20 +0099 19
5 X 10-5 025 <0111 20
S x 207 6l L0142 26
S X 10. 08}4 00167 30
5 x 1075 +05 0033 7
g x 10-? .128 %8’3‘ Ji16
x 10~ N .
5 x 1o-§ o35 0107 19
5 x 10" A9 0128 23
S b 4 10"5 069 00165 31
5 x 1075 .89 .0203 3L
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Table 16. Adsorption of Heptanol-l on Copper
Current c/C, AE % surface covered
5 x 1075 .06 0039 8
5 x 1075 .12 .0085 16
5 x 10 25 010k 19
m x 107 o».vo .OU.WW Nm
5 x 105 55 .0169 29
5 x 1072 12 .0183 32
5 x 1070 91 0240 39
5 x 10~U 07 <0065 12
5 x 10=h o 0090 17
5 x 107l 22 011k 2
5 x 10~b .36 0117 26
5 x 107k 50 016} 29
5 x 107k 65 0199 33
5 x 10~k .80 .0218 16
5 x 107k 07 .0082 15
5 x 1074 ol .0108 20
5 x 10-b 022 0136 2l
5 x 107k .36 0171 29
5 x 10~4 .50 L0184 3l
5 x 10k .65 021}, 35




Table 17 '
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Adsorption of n-Heptaldehyde on Copper

Current ¢/Co AE % surface covered
5 x 1073 .03 0026 [3
5 x 10> 07 0072 1l
5 x 102 12 0153 26
5 x 1o-§ a7 .0190 32
5 x 10" 25 «0309 L7
5 X 10.5 035 oOhoo 55
5x 10-5 o5 +OLLk 59
5 x 1075 .66 0459 61
5 x 105 .86 0L6S 61
5 x 1074 05 002 8
5 x 107l Q1 .0136 2k
5 x 10°h .16 0201 33
5 x 107k 2 0266 I2
5§ x 107k 32 +0369 53
5 x 10-'1,: o3 .OLl2 59
5 x 10" 53 0477 62
5 x 10~k .75 +OL79 62
5 x 107k 96 0483 63




Table 18,

60

Adsorption of n-Heptylic Acid on Copper

Current § x 1075
Capacity x 107 % surface

Current 5 x 1()"h

c Capacity x 107 4 % surface
Co (Farads) covered (Farads) covered

0.00 L.193 3.413

0,00 1,193 3.354
«05 3.857 8.0 3.153 6.8
10 3.709 11.6 3,018 10.8
«31 3.215 23.k 2.577 23.8
oli5 3.215 23.h 2.577 23.8
05,4 30215 23.h Eadand ——
N 3.1 25.9 2157 27.h
84 3.215 23.h 2.457 27.4

0.00 h.38k 3.762

0.00 h.592 3.912
«05 .38k 2.h 3.706 3.5
.10 L.018 10,5 3.521 8.3
16 3.857 1.1 3,107 19.6
31 3.709 17.h 3.018 2l
oli5 3.572 20.5 2.934 23,6
oSk 3,215 284 2,780 27.5
3N 3.215 28,4 2,780 27.5
8L 3.215 284 2,780 27.5

0.00 k.38 3.5hly

0.00 ko384 3.581
05 .018 Bkt 34301 Tl
<10 L.018 8k 3,201 10,2
16 3.709 15.h 2,894 18.8
31 3.32% 2l.2 2.6l1 25.9
oli5 3.325 2h.2 2.708 24.0
o5k 3.215 2647 2.6k1 25,9
6L 3.215 2647 2,608 26.8
8L 3,215 2647 2,608 2648
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Table 19. Adsorption of n-Octanoic Aeid on Copper

Current 5 x 10‘5

Current 5 x 10~h

¢ Capacity x 10™ L 4 surface Capacity x 10~4 % surface
-E; covered covered
0.00 Le3k2 3.13L
0,00 4.383 3.276
+06 34757 13.9 2,755 1.1
13 3.682 15.6 2.656 17.1
«26 34255 25.4 2,150 23.6
C39 3 0158 27 06 2 [ ] 227 30.5
51 2.839 3kL.9 2,194 31.5
071 2.851 3’4'7 n— -
«90 2.851 347 2,066 3548
0.00 Le911 3.Lbib
0.00 5.009 3.398
006 h‘m 11.9 3'057 1007
13 L0685 18.0 2,811 1749
26 34369 32.0 2.539 25.8
39 3.L485 297 2,152 28.4
+51 3,325 33.0 2,302 32.7
71 3.187 35.7 2.196 35.8
90 3,187 35.7 2,200 35.8
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Table 20, Adsorption of Heptanolel on Copper

Current 5 x 10"5

Current 5 x 10~k

C Capacity x 10°h % surface Capacity x 10~k % surface
—5; covered covered
0,00 4,337 3.890
0,00 Le337 3.828

<05 3.32% 2343 3.326 13.8

«10 3.328 2343 3.102 19.6

«20 3.025 3043 2,732 29.2

.hO 2.7?1 3601 20h95 3503

55 2.494 h2.5 2.h27 37.1

72 2.558 hlhy 2.427 371

«50 2.9k 42,5 2.326 39.7
Oooo 30695 3'375
0.00 3'695 3'362

+05 3.7 15.7 2.799 16.L

»10 2,850 22,9 2.608 20,0

+20 2.494 32.5 2,318 30.8

ols0 2,267 38.7 2,086 37.8

«55 24267 38,7 2.042 39,0

o712 2.169 1.3 2,012 39.0

«90 2,169 13 1.99h L0.5
0,00 3.837 3.586
0.00 3.837 3.478

005 3.117 1808 30101 1203

10 2.93L 23.6 2,732 22.7

«20 2,771 27.8 2,522 28.6

40 2,625 31.6 2.295 35.0

55 2,558 33.h 2,236 36.7

o72 2,375 38.1 2.236 36.7

+90 2.375 38.1 2.204 3.6
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Table 21, Adsorption of n-Heptaldehyde on Copper

CurrenthlO"s

Current 5 x 10~k

¢ Capacity x 104 % surface Capacity x 10~} % surface

T; covered covered

0,00 4,508 3.090

0,00 L.508 3.141
05 3.945 12,5 2,813 947
10 3.264 27.6 2.298 2643
«20 2.9 Lli.8 2.142 31,2
o35 2.152 5243 1.682 46,0
«50 1.932 57.2 1.523 51.1
70 1.932 5742 1.4k9 53.5
090 1-932 57 02 IOW 53 '05

0.00 3.787 3.094

0.00 3,915 3.0L6
«05 3.381 12,6 2,267 2642
«10 2,559 33,9 1.990 35.2
«20 2.367 38.8 1.625 h7.1
o35 1.721 555 1.166 5243
50 1.753 She7 1.250 5943
.70 1.479 61.8 1.189 61.3
.90 1.113 6345 1.196 61.1

0.00 L.508 3.247

0.00 }.508 3.305
«05 3.381 25,0 2.377 27.5
.10 2.958 3hh 2.166 34.0
«20 2,630 L1,7 2,031 38.1
035 1.970 5643 1.598 51,2
50 1.856 58,9 1,535 53.2
.70 1.893 58.1 1.L77 5540
90 1.8 59.7 1434 5643
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D, Solubilities

The solubilities used in this research are given in Table 22,
All the values were determined experimentally except the value for
heptanol~l which was determined previcusly at this laboratory.

The solubility of the various orgsnic acids was determined interw
ferometrically (Lk), The solubility of n-heptaldehyde was estimated by
preparing solutions from 0.220 to 0.240 weight per cent in increments of
0,0025 weight per cent and visually inspecting the solutions to note
the concentration at which two phases appeared,
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. Tgble 22, Solubility in 0.1 N Perchloric Aeid at 25° C

Solute Molarity Weight %
Caproic acid +0872 1.012%
Heptylic acid .0201 0.261°
Octanoic acid .0051 0.073L4¢
Heptanol-1 0118 0.17264
n-Heptaldehyde 0202 0.230 ©

&alues for pure water includes 1,018 by R. P. Craig, Ph. D. Thesis,
Iowa State College (1952)3 1,018 R. S. Hansen, Fh. D, Thesis,
University of Michigan (1948).

byalues for pure water include: 0,281 by R, P. Craig, Ph, D. Thesis,
Iowa State College (1952); 0,291 W. D, Harkins and Y. C, Cheng,
Je Am, Chem., Soc, BA, 35 21921)0

®>. N. Eggenberger, F., K. Broome, A. W. Ralston, H, J. Harwood,
J. Orgsnic Chem, 1l, 1108 (1949) obtained 0,07 for pure water.

Ovalue used was that determined for pure water by R. P. Craig,
Phe D. Thesis, Iows State College (1952),

®N. D. Harkins and Y, C. Cheng, J. Am. Chems Soce 43, 35 (1921)
obtained 0,235 for pure water,
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VIII. DISCUSSION

A. Evaluation of Experimental Data

1, Other types of overvoltage

Every effort was made in this research to eliminate concentration
poliriution (overvoltage csused by the solution surrounding the cathode
being at a lower concentration than bulk concentration) and resistance
overvoltage (a potential ‘eausod by the resistance of the solution between
the cathode and reference electrode)s, For the current densities employed,
it has been reported (31,39,L1) that both of these effectg are negligible,

Resistance overvoltage should rise instantaneously with time and
should, therefare, be detected as a vertical line at the beginning of the
oscillographic sweep. This was not observed except for the 'In test runs
made at 5 x 1073 superes. Even if resistance polarisation was present, it
is difficult to see how it could affect the double layer capacitance
measurements. The slope of the curve after the instantaneous rise is the
portion of the curve we are interested in and should be unaffected,

The results obtained by steady state current-overvoltage measurements
should likewise be independent of resistance polarization. The method
of calculation requires measurement of the change in overvoltage caused
by addition of the adsorbate., It is difficult to conceive that the addition
' of a small amount of adsorbate would apprecisbly alter the resistmce of
the solution. As the resistance of the solution is approximately the same
before and after addition of adsorbate, the resistance polarization must
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be spproximately the same. The change in overvoltage is computed by
subtracting the two potentials; and so if the resistance polarization is
the same in each case, it will not affect the potential difference.

A similer line of reasoning can be employed to show that even if
concentration overvoltage is not completely eliminated it will not affect
the steady state results. This, of course, requires the assumption that
the concentration polarization is the same before and after addition of
sdsorbate. This may not be a strictly valid assumption as the surface
tension of the sclution is greatly altered by addition of adsorbate; and
consequently the size of the bubbles of hydrogen gas stirring the solution
is altered,

Concentration polarisation would be less likely to be a factor in
the double layer capacitance measurements as the current is only applied
for a fraction of a second, and the solution in the neighborhood of the
electrode is only slightly disturbed from the equilibrium condition. If
concentration polarization were present it would cause the initial build
up curves to be non linear. As all the curves were reasonsbly 1imar it
is concluded that the effect is not present,

2, Highly soluble adsorbates

No apparent adsorption of acetic acid, within the limits of
experimental error, was observed up to concentrations of 2.5 molar
(activity 0O.11). This is in conflict with observations of Wetterholm (12).
As Table 2 indicates, an increase in cell potential was observed but was

compensated for within limits of experimental error by a corresponding
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increase in reversible potentiale. It would appear from Wetterholm's
discussion that he did not correct for this effect,

This carrection will be important whenever the adscrbate concentration
is sufficient to alter the dielectric properties of the solution. The
change in reversible potential was found to be negligible in the systems
involving slightly soluble adsorbates.

In addition to the change in reversible potential, Bockris (L7)
found that the actual overvoltages on copper and lead were lowered by
acetic acid, The lowering in the case of copper was (estimated from a
figure given by Bockris) about 7 millivolts per per cent increase in
acetic acid concentration. This reflects a lowering of the Tafel "a"
constant, contrary to assumptions used in deriving equations (2) and (3).

The double layer capacitance measurements for acetic acid are
irreproducable as seen in Table 8, When the acetic acid activity is
0,11, it 15 felt that the capacity of the double layer is somewhat greater
than for pure water. This conclusion receives some support from the work
of Bowden and Crew (L8), who found the double layer capacitance on mercury
was about 234 times larger in pure formic acid than in pure water.

The double layer capacitance results tend to support the conclusion
that no adsorption of acetic acid takes place, and that the observed

effects are due to alteration of the dielectric property of the solution,
3« Reference electrode

The potential of the silver-silver chloride electrode depends on
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the concentration of chloride in solutione. In order to insure that the
concentration of chloride ion remains essentially constant, a small amount
of potassium chloride was added to the solution. The solution wes usually
about 0.001 N in potassium chloride; however, no speclal csre was taken

to obtain exactly this normality. The potential of the reference electrode
is immasterial as the interest is in the potential difference caused by
sddition of adsorbate,

The silver-silver chloride electrodes were prepared by the thermal-
electric method (49)., In testing the reliability of the method, it was
found that none of the electrodes deviated more than 0.1 millivolt from

the average potential of the group of 6 electrodes prepared.

- It is not likely that the addition of slightly soluble adsorbates
affects the activity of the chloride ions. If the adsorbate covers part
of the surface of the reference electrode it should not affect the
potential, as the potential of reversible electrodes is independent of
surface area. These conclusions were verified in that the reversible
hjdrogen potential (with reference to a silver-silver chloride electrode)
was unaffected by addition of slightly scluble adsorbates.

L. Experimental errors, steady state current~overvoltage

The most perplexing problem connected with steady state current-
overvoltage measurements is that a steady state never actuslly exists.
As was mentioned previcusly, the procedure followed consisted of following
the potential until it increased less than 2 millivelts in a half hourj
then adding the adsorbate and following the potential until it was
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constant in the same sense., This is admittedly an unsatisfactory procedure
becsuse of the difficulty of separating the potential rise caused by
addition of adsorbate snd the potential rise associated with the so-called
steady state condition, Despite the difficulties llsted a better method
of procedure is hard to devise,

It is felt that in the measuwrement of the potential difference caused
by addition of the adsarbate an uncertainty of 5 millivolts exists. This
uncertainty will be reflected as a maximum error of 10 per cent in the
apparent surface coverage. An uncertainty of 5 millivolts, of course,
will reflect itself as a much smaller relative error at high solution

activity,

The steady state method should be independent of the current employed.
Steady state current-overvoltage measurements at three different current
to geametric area ratiep:are shown in Figure 1ll. The fact that the lines
sre parallel demonstrates that for the system illustrated the data are

sslf~consistent,

Se Experimental errors, doubls layer capacitance

On 211 but the verj latest oscillographs, measurements are complicated
by the slight curvature of the screen. Because the screen is non-planar,
straight lines will appear slightly curved on a photograph of the sweep,
Unless the measurements are made in the center of the screen, some

inaccuracy is introduced into the results.

Every effort was made to make the measurements in the center of the

screen} however, it is felt that an uncertainty of 1 millimeter exists in



Figure 11, Steady State Current-overvoltage Valuee at Various

Current Densities for the System Silver-octanoic Acid
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each measurement made on the photographe. The greatest part of this
uncertainty is due to the curvature of the oscillographic screen,

An estimation of the relative error introduced tc the apparent
surface coverage was made by the spproximation of differentisls technique
(50), assuming that each measurement of the photograph had an uncertainty
of 1 millimeter, It was found that an error of 8 per cent was introduced
into the apparent surface coverage, A large part of this error could be
eliminated with an oscillograph containing a planar screen.

As with the steady state method, the double layer capacitance results
should be independent of the current used. Although the results indicate
& slight variation of capacitance with the two currents employed, the
adsorption results appear to be independent of the current employed
provided G° and G'G =20 are msasured at the same current, The dependence
of capacity of the double layer on currsnt density has besen noted by other
workers (18,37,48); however, the physical significance of this has not
been determined., It is not surprising that the dependence cf capacitance
on current density does not affect the adsorption results, since a change
in current density by a factor of ten alters the capacity by only 15 per
cents Changes in current density caused by addition of adsorbates are
small, and so the effect on capacity is correspondingly small, It is not
believed that this effect causes any major error in the results,

Be Comparison of the Results Obtained by Steady State Current-
overvoltage and Double Layer Capacitance Measurements

Figures 2 through 6 indicate that for silver, with the exception of
n~heptaldehyde, sdsorption results obtained by the two methods agree
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within limits of reproducibility. The results for copper, as seen in
Figures 7 through 10, show that slthough the limiting coverage is the same
for the two methods, the shapes of the adsorption isotherms appear to
differ significantly,

This difference on copper may be most simply explained by assuming
that slthough the steady state potentlal at the time of measuremsnt has
become constant in the same sense that it was before addiuén of the
adsorbate, the potential rise ceused by the addition of sdsorbate has not
been completed, This would say that any adsorption point cbtained by the
steady state current-overvoltage method would be somewhat low; however,
if one waited a longer period of time, the adsorption point would appear
to be increased because of the increass in potential associated with the
steady state. It is for this reason that the steady state adsorption
isotherms show a gradual rise even when the corresponding portions of the
adsorption isotherms obteined from double layer capacitance have leveled
off,

The chief difficulty with this explanation is that it is hard to
account for the difference in behavior of copper and silver elsctrodes,
It might be pointed cut, however, that copper has a higher hydrogen over-
voltage than silver, and the rate of attainwent of steady state conditions
after addition of adsorbate may be related to this.

Physical adsorption is usually rapid (LL), and the reason the steady
state potentials require apmroximately one hour to return to the original
condition is not clear. It should be pointed out that if hydrogen



19

overvoltage is dependent on the smount of atomic hydrogen on the surface
of the cathode, 11". may require some time for this equilibrium to be re~
established after being disturbed by addition of the adsorbate. The

rate of attainment of steady state conditions after addition of the
adsorbate may be used as evidence to support the hypothesis that hydrogen

overvoltage 1s dependent on the extent of surface coverage by atomic
hydrogen,

Ce Uss of Reduced Concentrstions

The abscissas in Figures 2 through 10 are reduced concentrations.
This was made necessary as activity data for slightly scluble organioe
compounds were not available. To be strictly valid, this spproximation
requires Henry's law to hold and water to be completely insoluble in
the organic compound., For the substances employed, reduced concentrations
are a very close approximation to absclute activity,

For easier comparison of the adsorption of different members of a
homologous series of arganic acids, the data of Tables 3, L, 5, 1L, and
15, have been plotted with all members of the series on a single graph
for a particular metal, These plots are shown in Figures 12 and 13, In
Figures lh and 15 are collected the data of Tables L, 6, 7, 1k, 16, and
17, showing the adsorption of various C; compounds on silver and coppers
As in the other figures, the abscissas are reduced concentrations,
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De Reservations Regarding the Results

1. ngéral discussion of the results

The results presented in Figures 12 through 15 are in general
reasonable, Figures 12 and 13 indicate that in none of the eliphatie
acid-water systems was an apparent coverage greater than 50 per cent
observed, A similar result can be computed from the work of Bockris and
Conway (51)s As the activity approaches unity, it is generally believed
that close to a monolgyer coverage (l.es © =100%) of the surface will

occur; however, this was not observed.

An unambiguous interpretation of these results as well as the results
presented in Figures 1, and 15 is not possible at this time. Thres possible
explanations of the results are:

(1) The results are incorrect becmse of hydrogen discharge through

the adsorbed layer,

(2) The results are correct, snd there is an actual increase in the
energy of adsorption with chain length.

(3) The results are correct, with the adsorbed monolayer containing
an amount of water proportional to the saturation concentration
of water in the organic adsorbate.

Each of these possibilities will now be discussed in some detail,

2, Intc:.?retation of the results if the adsorbed layer is not completely

emas——

The low surface coverage at unit activity leads us to suspesct the
validity of some of the assumptions used to determine the adsorption

isotherms from hydrogen overvoltage measurements. The two methods employed
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gave spproximately the same results., Thls suggests that the assumption
that is error is one held in common by the two methods. Both methods
assume that the adsorbed layer acts as an inert blanket, and it 1s believed
that this is the assumption that may not be strictly valid. Any current
carried by reduction of, or hydrogen discharge through, the adsorbed layer

would lead to an spparent surface coverage less than the actual coverage.

Figures 1l and 15 indicate a marked progression in apparent adsorption
of the form, n-heptaldehyde > heptanol-l > n~heptylic acid. This again
suggests that the adsorbed layer may not be acting as an inert blanket.

The addition of a strong acid to pure solutions of organic scids,
alcohols, and aldehydes is believed to give rise to the ions RCOOH,®,
ROHz"', and RCH20* (52,53)« A small mmber of these are very likely
present in the adsorbed layer. It is reasonable to believe that the
ease of hydrogen removal from these ions would be in the order, acid >
alcohol > aldehyde. Direct evidence to support this assumption is lackings
however, indirect evidence, at least for the acid, is available from

polarographic data.

Polarographic work indicates that aliphatic acids give a reduction
wave at the dropping mercury electrode due to the discharge of hyxdrogen
from the acid molecule (5L). An attempt was made to repeat and extend
this wark to solid microelectrodes; however, the results were not

reproducible,

Reduction of aliphatic aldehydes ls possible at a dropping mercury
electrode (54). This is probably not extensive at the high acidities
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employed. This work was repeated and it was found that a pH of 10 or .
above was required to obtain an aldehyde reduction wave on a dropping
mercury elsctrode. Work on solid microslectrodes gave irreproducible

results,

The above discussion appears to offer a reascnable explanation fer
the low spparent surface coverage of the adsorbed molscules and for the
observed behavior of sldehydes, alcohols, snd acids. The observed effect
of chain length on the adsorption of aliphatic aclds is very difficult to
explain, The results would seem to indicate that the longer the chain
length the more difficult the reduction of the RCOOH,icms,

It seems reasonable that a certsin number of hydrogen iones would
have sufficient energy to penstrate the alkyl part of the adsorbed layer,
If we represent the number of hydrogen ions penetrating the alkyl part of
the adscrbed layer as

where k is a constant, and d is the thickness of the adsorbed layer,
then
kl

oapplrent: oactuul (1 - d )
where the O's refer to the fraction of the surface covered. Assuming
that the adsorbed layer consists entirely of adsorbed acid molecules
(1.4 Opoiyg1 =1) and that the limiting values of O, ... corresponds
to the complete coverage, the following values for the constant k' were
obtained for the aliphatic acids,
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Number of
Acid Ogpparent (1imiting) Carbon Atoms k'
n-caproic 0.22 [ he7
n=heptylic 0435 7 L6
n=octancic 0.8 8 k.2

It is not necessary to assume the adsorbed layer consists entirely of acid
molecules to evaluate the constant k', One needs only to assume that the

surface fraction covered ie the same for all acids in the homologous series,

It is thus possible to formulate a reasonable explanation for the
obaerved effect of chain length assuming that the adsorbed layer is not
completely inert.

3« Interpretation of the results with reference to the energy of adsorption

Figures 12 and 13 indicate that with incressing chain length a some-
what larger mmber of acid molecules will bs adsorbed at a given activity.
The fact that there is a greater surface coverage by CB molecules than by
Cg molecules indicates that the Cg molecules are in a more ordered state
(i.es they have a lower entropy) than the Cg molecules st the same solution
activity; consequently the energy of adsorption must be correspondingly
greater,

Figures 1l and 15 indicate that variation of the function group
causes a large alteration in sdsorption properties of aliphatic compounds
of the seme chain length. The order, aldehyde? alcohol > acid suggests
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that this is the arder of the heats of adsorption of these compounds on

metal surfaces,

The indicated effect of functional group and chsin length are in
agreement with the work reported by Zisman (55) on the adsorption of long
chain acids and alcohols by platinum from organic solvents, Zisman
observed the effect of temperature on the formation of olsophobic films
adsorbed from organic solvents. He found that for a given concentration
of polar solute C a critical temperature T existed above which oleophobic
£41ns no longer farmed. A plot of Log C against ~— resulted in &
straight line, The heat of adsorption was estimated from the slope of
this line. A plot of the heat of adsorption for a homologous series of
compounds sgainst the number of carbon atoms was essentially linsar,

indicating that the results could be represented by the foarmula

U=z U,+Nu
where U is the heat of adsérption end N the number of carbon atoms in the
campounde U, 18 the energy of adsorption assocliated with the functional
group and u ths energy of adsorption associated with each methylene group.

An spplication of this formula to the particular compounds employed
in this research gave the following values for the heats of adsorptions

n-caproic acid 7480 calories/mole
n-heptylic acid 7680 calories/mole
n~octanoic acid 7890 calories/mole
heptanol-1 7920 calories/mole

These values seem very reasonable and the effect of chain length and
functional group are in conformity with the results of this research.
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An interesting fact regarding the heats of adsarption obtained by Zieman
is that the heats of sdsorption of n-octanocic acid aad heptanol-l are
approximately the same. One would, therefore, expect the adsarption
isotherms to be similer. This is again in conformity with the results

of this research,

The part of the adsorption energy associated with the polar group
(1.ey Ug) may be due to the interaction of the dipole and the metal
surface. A simple treatment for this interaction energy consists in
calculating the forces involved between & dipols and its mirror image,
The following formula results:

Up = oy

Lr3

vherew, r, and N, are the dipocle moment, the distence of the dipole from
the surface, and Avagadro's number, respectively. The dipole moments are
in the order, aldehyde ) alcohol ) acid; therefare, if the dipoles are the
same distance from the surface the adsorption energies would be in the
observed order. Assuming reasonable valuss fa the distance from the
surface, calculsted adsorption energies were of reasonable magnitude only
in the case of the aldehydej calculated adsorption energles for alcohols

and acids were oo low,

The lateral interactlon of the methylene groups ie probably the
reason for the observed effect of chain length on the energy of adsorption.
This lateral interaction may be estimated by the following formula:

2
U:-ﬁ— -ﬁ-;'é-—
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where E, o, and r are the ionization energy, polarisability, and distance
of closest approach, respectively, The polarizability is related to
the molar refractivity [R] by:

[k] = No "%" o «
where N, is Avogodro's number. Cmbining these squations givess

0.0k27 [K]?E
N, 26

The interatomic distance r can be estimated from the work of Langmuir

U =

(56)s He found the cross-sectional area of monomolecular organic adsorbed
films to be 20,5°A., It is also known that the molar refractivity shows a
constant increase of 7.6 for each methylene group added. Substituting
these values into the equation, a lateral interaction energy of 280
calaries/mole is obtained for each methylene group. This is in reasonable
agreement with the value of 212 calories/mole found by Zisman for organic
acid molecules,

In the discussion of the energles of adsorption, it has been assumed
that the adsorbed molscules are oriented perpendicular to the surface
with polar end adjacent to the metal surface. Craig (Lk) investigated
the adsorption of nommal aliphatic acids snd alcohols on various carbon
based adsorbenta. He found that at a given solution acitivity the |
amount adsorbed was independent of chain length. He slso observed that
variation of the functional group on an aliphatic chain has only a
secondary effect on the amount of adsorption at carbon surfaces from

agqueous solutions of the organic substance at a given activity. He
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concluded from his work that the interaction between the organic adsorbate
and a carbon surface involves primarily the alkyl rather than the functional
group. Ths results on metal surfaces as seen in Figures 12 through 15
differ from those found by Craig on carbon surfaces, and it is, therefore,
reasonsble to assume that the orientation on metsal surfaces is different

from that on carbon surfaces,

ke Interpretation of the results with reference to the structure of the
monolayer :

One might consider that an adsorbed monolayer has the same composition
as & saturated solution of water in the orgenic adsorbate. If one considers
the adsorbed layer to have a thickness t, then the adsorbed volume is
t/cn? of surface. This sdsorbed volume will contain et moles of water
where ¢ is the saturation concentration of water in the organic adsorbate,
If one considers all the water in the adsorbed layer to be on the surface,
then the ares occupied by the water will be ct times the area occupied
per water moleculs., Assuming water has a cross sectional area of 10 22,

the fraction of the surface covered by water in a monolayer is

f£= 0-006 ct
where ¢ is expreased in moles/liter and t in angstroms.

The thickness of the adsorbed layer can be estimated by multiplying
the number of carbon atoms in the compound by 1.3+ Craig (LL) determined
the solubility of water in n~caproic acid arnd n~heptylic acid. Substituting
the appropriate values into the equation givess:

n-caproic acid £= 0.006§3.0) (7.8) =0.1h
neheptylic acid £ =0.006(1.3)(8.1) =0.07.
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If one callsthe fraction of the surface covered by acid saturated
with water Op.gq, then

] real (1=-£).

apparent™ °©
If one computes Q,,49 for the two acids, he finds the isotherme are much
nearer coincidence. It is felt that Craig's solubility date are somewhat
low, and so the calculated surface fraction of water in a monolayer of

acid may be samewhat low,

This explsnation makes plausible the observed effect of chain length
without recourse to adsorption energies, The explanation seems reasonable,

and in certain respects it is preferable to the adsorption energy treatmemt,

S5¢ Suggested extensions of the work

Further experimentation in the field of polarography would be of
great value to our discussion of the possiblity of hydrogen discharge
through the adsorbed lgyer. Study of the reduction of organic acids. and
aldehydes at so0lid microelectrodes is especially needed. Investigation
of the effect of pH on the half wave potentizl of these compounds is also
needed.

Extension of the methods developed for obtaining adsorption isotherms
to non-aqueous systems would be of interest. There is nothing in the
theory of the two methods that hinders their application to non-aquecus
systems. Certain experimental difficulties are present in non-aqueous
solvents that are lacking in water, but they could be eliminated by
modification of the apparatus,
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The effect of highly charged salts on the adsorption results would
be of interest. If the adsorption process is dependent in some manner
on the dipole moment of the adsorbed molecules, then ths adsorption of a
highly charged ion on the surface of the electrode would greatly alter
the amount of adscrption of the organic coni)oundl.



0
IX. SUMMARY

l, An apparatus has besn developed for obtaining adsorption dats
on small metal surfaces, In principle two independent methods of procedure
are set forth for obtaining such datay however, both methods are dependent
upon the hydrogen overvoltage phenomsna. The first method depends upon
steady state current-overvoltage relationships; while in the second method
the double layer cspacity of the metal~solution interface is measured.

2+ The two methods have been employed to obtein adsorption isotherms

for the following systems; sllver - n-caproic, silver - n-heptylic acid,
silver - n-octanoic acid, silver - heptanol-l, silver ~ n-heptaldehyds,
copper - n-heptylic acid, copper - n-octanoic acid, copper - heptanol-l,
copper - n-heptaldehyde, The results by the two methods agree within
limits of reproducibility for most of the silver systems investigated,
Results by the two methods on copper give slightly different curves;
however, the same limiting surface coverage is obtained by both mthod.s.

3¢ All of the results appear to be reasonable in order of magnitude;
however, two points cause some concern. First, in no fatty acid-water
system was an spparent coverage greater than 50 per cent observed.
Secondly, the marked progression, n-heptaldehyde > heptanol=l » n-heptylic
acid, 48 in contrast to results for the adsorption of these compounds by
carbon. Three possible interpretations of these facts are presented.

he The application of the methods to highly soluble adsorbates is
complicated by the alteration of the dielectric properties of the solution.

In this case, care must be taken to correct for change in reversible cell
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potential. With slightly soluble adsorbates the dieslectric properties
of the solution are not appreciably altered and the methods can be more
simply applled.
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