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I. INTRODUCTION

Tne electrochemical theory of corrosion is the commonly
sccepted explsnation of the sction of & water solutlon of
an electrolyte on s metal immersed in 1t. Corrosion is
caused by local galvanic couples set up between two metels,
the more positive of the metals going into solutlon and
hydrogen being llberated st the surfeace of the other. Solu~
tion of the metal is accompanied by the psssage of an elec-
tric current, external to the aolutlion, equivalent in amocunt
to the metal dissolved. It i3 not necesssry that the couple
be made up of two pure metals, but it may bs composed of a
metel iIn contact with an impurity that is embedded within
the surface, or between two parts of the ssme piece of
metal If the two parts are in different physlecel conditions,
for sxsmple, local cells may be caused by differences in
erystal atructure within the various parts of the metal,
or by one part beling in a state of strain.

On the basis of thias theory, the smount of local cur-
rent determines the amount of corrosion. The amownt of
current is depsendent upon seversal factors, nsmely, the
resistance of the cell, the elsctrolyte, the differencs
in potentlal betwesn the two polea of the cell, and the

potential necessary to libersate hydrogen at the cathode,
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The last of these factors is dependent upon the nature of
the electrolyte and upon the type of masteriel acting as
the cethode. Hydrogen 1s libsrated at a lower voltaege
from an acld solution then from sn alksline solution. With
any glven electrolyte, some metals, such as platinum and
gold allow hydrogen to be liberated at & lower voltasge than
other metels, such as mercury, cadmium, end zinc. This
phenomenon hes been called overvoltsge and is defined as
the electromotive force which is the differsnce of poten-
tisl between & reversible hydrogen electrods and an elese-
trode surface st which hydrogen is being liberated., Over-
voltage acts as a beck elsctromotive force opposing the
elsctrolyzing current and thus tends to prevent its action.
Since the overvoltage of certaln metals ia very high, it
plays an enormous role in the prevention of corrosion. Any
condition that tends to produce a higher overvoltage at
the cathode retards corrosion, while a lowering of the
overvoltasge increasses the corrosion rate.

Overvoltage is affected by many factors, the most of
which have been carefully studied and are generally undere

stoods Factors that heve been thought by ilnvestigators to

affect overvoltage are:
(2) Csthode material.
(b) Current density.

(c) Physical condition of the slectrods.



{d) Length of time of the passage of current.

(e) Pressure and temperature changes.

(2) The maegnitude of overvoltege is dependent upon the
cathode materiale. Caspari (4) has arranged the more common
metals in the following order of their increasing overvol-
tage: P% I[nlatinized), Au, Pt (polished), Ag, Cu, P4, Sn,
Pb, Zn, and Hge.

(b) The effect of increasing the current on overvoltage
hes been carefully studled by s number of investigators.

At low current densities the overvoltage 1s very small, Iin-
creaging rapldly et first with increesed current density
and then grsduelly spprosching a constant velue st higher
currents. Tafel (27) has shown thet when the logarithm of
the currsnt density 18 plotted sgalnst the overvolitege a
stralght line is obtalned. He expressed this relationship
in the equation:

n=a4+blog I
In this egustion, n is the overwvoltege, I is the current
density, 2ad a and b mre constants 6ependiﬁg upon the ma-
terial used for the csthode. Thils work has been confirmed
by a number of men and the values for a and b have been
worked out for most of the pure metals and a number of
glloyse.

(¢) Overvoltege may be effected by a number of physi-~

cal conditions, such as hardness, previous trestment, and



the condition of the electrode surface. An electrode sur-~
face that hss been prepared by electroplating the metel
generally hes a dlffearent overvoltege vslue thsn the pure
cast metels Overvoltage is slweys lower when the electrode
surface 1ls rough than when it 1s smooth, the minlmum over-
voltage for eny metal being produced when the metal has &
spongy surfsce., This 1 thought to be due to a lowering

of the current density becsuse of the Incressed surface,
The overvoltage of a metal contsining impuritles is not the
ssme as that of the pure metal, the directlion and megnitude
of the difference belng dependent upon the nanture of the
Impuritises.

(d) The effect of the length of time that the else-
trolyzing current has been flowlng hes been investigated.
In some cages it was found that the meximum ovsrvoltage was
reached after only a few minutes of electrolysis, while at
other metallle surfaces the value continued to rise slowly
for as much ag four or five houra. DTenina and Ferrero (8)
found thet in sll cases there was a very rspid rise in the
first minute or two and that on prolonged psssing of an
electrolyzing current s maximum was flinally resched. A
slight decremse was noted if electrolysis was continued
for several hours after the maximum had been resched. He
sttributed this decresse to a roughening of the electrode

surface.

{(e) The effects of changing pressure snd temperaturs
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have been investigated. Blrcher, Harkina, and Dietrichson
(2) have reported s slight decrsase in overvoltage with
Increassing temperature. Authors are not in agreement on
the effect of changing pressure. MacInnes and Contieri
{21) have reported a decrease in overvoltsge with increas-
ing pressure. This work has been confirmed by Bircher and
Harkins {1) and by Goodwin and Wilson (1l). Knobel (17)
reports no change in overvoltege over a rather wide range
of pressure changes.

Many materials have been suggested to be added to
solutions that come in contact with 1iron to prevent 1ts
corrosion. The range of materiels is very great, inecluding
many organic compounds, & laerge varlety of collolidal ma-~
terlals, and some inorganiec saltss According to Warner
(28), the inorganic salts that have been the most widely
used and have met with the greatest success are silicsates,
arsenates, chromates, and phosphates. Parr and Straub (26)
have snown thet the presence of sulfates in boliler water
containing a high amount of carbonsate tends to prevent the
deterioration of boiler tubes and plstes. Since there is
a definite relstionship between overvoliage and the extent
of corrosion, it is possible thet a correlation hetween
the salis present in gn slectrolyte and overvoltsgs might
be obtalneds The purpose of thisz Ilnvestigation is to deter-~

mine the effect of the presence of salts on thes hydrogen
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overvoltage of solutions. The effect of adding salts in
various concentrations to 0.1 N sulfurliec acid snd O.1 ¥
sodium hydroxide has been determined at different current
densitieas In sddition, the effect of concentration on
overvoltags was determined by adding various amounts of

pure salts, sulfurlc acid, or sodium hydroxide to distilled

water,



II. REVIEW OF LITERATURE

A vast majority of the numerous studles on overvoltage
have dealt with the effects of electrode materlals, elec-
trode conditiona, and work on testing the many theorles
thet have been advanced to explain or sccount for overvol-
tage. Only a very few studlies on the effect of elsctrolyte
materisl have been reported. Isgerishew snd Stepanor (15)
have investligated thse effect of fluorides on overvoltagse
in both acld and alkeline solutlons using gold, silver,
and graphlte electrodes. They have reported sn increase
in snodic overvoltags as the concentratlion wes increased
untll & maximum velue was reached above which & further in-
crease in concentration of the ssalt caused a lowering of
the reading. This increase was gacrlbed by them to the
formation on the anode of fluorine compounds which ware
soluble in fluorides of higher econcentretlon.

Iofa, Kabanou, Kechinski, and Chistyakov (13) have
measured the effect of mdding potassium chlorlde, potassium
bromide, end potassium lodide to hydrochloric acid solu-
tions using both a large mercury surface as the cesthode and
g dropping mercury electrode. Theilr meesurements have all
been made at the ssme concentration of the salt and acild

solution, that 1s, they hsve noted the ahift 1In overvoltage
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when a2 solution of 0.1 N hydrochloric acid conteined 1

mole per liter of the salt as compared with the overvoltage
in 0.1 N hydrochloric scld slone, They have reported a
lowaering of the overvoltage et these surfaces over a wide
range of current densitles.

The effect on anodic overvoltage of edding certaln
salts to acild solutions has been inveastlgated by
Mazzucchelll and Romani (24). Terchlorates when addsd to
sulfurlec scid solution ceuse a rise in enodlic overvoltage.
They have also studied the effect of adding sodium chloride,
s0dium fluoride, and hydrofluoric scid to & solution of
sulfuric acld. In each case they found an incresse in the
overvoltage when the concentration of the salt wes incressed
followed by a subsequent deerease when higher concentrations
were reached,

Kobozev and Nekrasow (18) have reported thet the addi-
tion of mercuric chloride or hydrogen sulfide produces an
increase Iin the decomposition potentlal st a platinized
platinum electrode,

Lukoutsev, Levina, and Frumkin (20) hsve found that
sodium c¢hloride snd lanthanum chloride when sdded to acid
solutions ceause an increase In hydrogen overvoltage. The
same materisls cause & decrease in overvoltage when added

to an alkaline solutione.

There hss been some specific work done by Chappsll,
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Roetheli, end McCarthy (5) and by Jimeno, Griffoli, snd
Horsl (16) on the effect that addition of certsin orgenie
corrosion inhlbitors to sulfurle acid solutions has on
overvoltage. These organie inhlbitors sasre materisls thst
ere commnonly added to the solutions used in the plckling
of iron. Their function 1s to retard the sclution of the
metal while in the pilckling beth. Organic corrosion in-
hibitors sre also added to boller water and to other solu-
tions that come in contact wlith metals that are easily
corrodeds 1In both of these astudles 1t was found that there
was an lncrease in overvoltage proportlional to ths amount
of material gdded to the secld solutions. Thls work has
been reviewed and extended by Warner (28). His work shows
that small quentities of guinoline, anillne, bases from
petroleum fractions, and bsasea from coal tar oll, s&ll
cause the overvoltage on iron in ecid solution to be in~
creased. Warner's work is summerized by the statement,
"Any substence which will form a lerge, positively charged,
oilj lon, or & positively charged, oily, colloldally dia-
persed partlicle, in scld solution should inhiblt the acid
corrosion of iron if the substance cennot be slectrolyti-
cally reduced.” These posltively cherged particles, it is
thought, migrete to the cathode snd sre there adscrbed on
the surface of the cathode material thus causing the over-

voltage to incresse.
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The effect of addinp colloidal mesterlal to an acid
bath was studled by Narie (22) and b, Marie and Auduberr
(23)s Tney found an incresse in overvoltage with the
eddition of & eolloide Similar sxperiments have heen
carried out by Isgorishes and Berkmann (14) who have re-
ported that when adding colloldal materisl to sulfurilec
scid solutions the overveltage is increased 1n proportion
to the amount of colloid added. They have attributed the
rise to sdsorption compounds formed between the collold
and the electrolyte lonse.

The effect of hydrogen lon concentration on overvol-
tage has been investigated by a number of men who sre not
in complete agreement ss to the results. Perhaps the most
relisble results were obtalned by Bowden (3) who has deter-
mined the overvoltege of buffered and unbuffered solutlons
over e wlde range of current densities, The buffered solu-
tions were prepared from solutions of sodium phosphats,
citric seid, asnd potessium chloride. iHe has found that for
low current densitles the overvoltsge remains constant re-
gardless of the hydrogen lon concentratlon of the solution.
At highsr current densitles, there 1s a decrease in over-
voltage wlth Incressing hydrogen ion concentration of the
solution. The fact that the effect is different depending
upon the current density used may account for the dissgree-

ment among different smuthora,



IIT. EXPERIMERTAL

A. Wethods for Measuring Overvoltage

Two distinctly different methods have heen used for
the gusntitative measurement of overvoltage., The first of
these, the direct method, was originally developed by
Fachs (10) end has since been the method used in the greater
pert of the work on overvoltasge. The second, the Indirect
or commutator method,wss first used by LeBlanc (19} and has
since been further developed by Wewbery (25), Glessstone
(12),and Ferguson (8). The two methods differ from one
another essentially in that as the firast measures the ex-~
tent of peolarlizatlion of an electrode a3 the polarlizing
current 1s flowing, while the commutator method measures
the bsck slectromotive force of an elsctrode the instant
the current 1s interrupted. When using the direct method,
the electrode being investigated 1s made to serve es the
cathode at which hydrogen is liberated by electrolysis.
This electrode 1s at the seme time connected to eny stan-
dard electrode. The potential aet up by the ecell thus
cregted 1s nmeasured by meens of a potentiometer. The over-
voltage is glven by subtracting from the potentlometer

reeding the voltage messursd between the standaerd electrode
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and 8 reversible hydrogen electrode in the ssme solution.
The indirect method mekes use of a commutator which al-
ternately connects 8 palr of electrodes with & source of
pelarizing current and then connects the cathods and s
standsrd cell to a potentiometer. During the first part
of the cycle electrolysis tskes plsce and the electrodes
become polerized. During the latter pesrt of the cycle ths
current is interrupted and the back electromotive forecs
of the ceathode is measursd by memsns of the potentiometer.
Any standsrd electrode caen be used to measure this voltsge,
the overvoltege being obtalned by subtracting the potential
of the standard cell measured sgainst a reversible nydrogen
electrode in the ssme solution. The two methods do not
give the same numerical results, the direct method in-
variably gilving higher results than the ecommutastor method.
The guestion of which of the two methods gives the true
results has been a source of controversy for many years
during which time hundreds of resesrches have been csarried
out in sn effort to discover the diserepancy. Newbery (25)
and Glasstone {12) have been most active in supporting the
commutator method. According to them an extre resistance
other than that csused by overvoltage exists at the surface
of an electrode and 18 measured by the direct method and
not by the commutator. According to those favoring the

direct method the interrupter does not permit the messurement
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of the total discharge potentisl beesmuse of the rapld drop
in potential during the intervel between the Interruption
of the current and the messursment of the potentiel.
Perguson and others (9) have carried out a series of re-
sgarches in which they have developed & method for messur-
Ing the overvoltage at an slectrode by both methods at the
sameé time. In their work they have shown that the commuta-
tor method glves results thet are aversge end that the
maximum values thus obteined sre the same as those obtained
by the direct method. Ferguson also states thst the direct
method not only glves ths true values for overvoltage but

the results are more rsproducible and are more relisble.

B. Appsrsatus

Because 1t has bsen demonstrated that the direct method
glves better results, it has been used In this investigation.
All measurements have been made using a niclkel cathode.
Nickel was chosen because 1ts overvoltaege is high and any
effect produced by the addition of salts to the electrolyte
should be more noticesble than at s metsl having s low over-
voltage. The electrode was made by sealing a& nickel wire,
one milliimeter in diameter, into a glass tube by means of
waXx. A portlon of wire, one end one-~half centimeters in
length, wes exposed as the actlve electrode. The glass tube

served es s mercury reservoir for making the necessary
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electrical connections, The surface of the electrode was
polished by lightly buffing it with fine sandpaper. Since
In this work 1t was the effect of the addltion of sslts
that was Important rather than the aetusl overvoltisge,
further polishing of the elsctrode was unnecessary. The
apreratus was arranged as lllustrated by Dole (7) and is
the conventionsal arrangement when using the direct method
for the measurement of overvoltage.

The source of polarizing current wass o 100 volt direct
current line, Two varisble resistences were plsced in the
line, One contalned eight resistors by means of whlch re-
sistance from 10,000 to 100,000 ohms could be obtailned.

The other wes a Leeds Northrup decade box, 1 to 9,999 ohms.
With this arrsngement, the resistance could be regulated
very accurately to give any desired current over s wide
range of amperages, Currents of 10 millismperes or less
were measured by means of a milliemmeter that was accurate
to 0.01 milliamperes. The hipgher currents were reszd on an
smmeter with en accuracy of O.1 milliemperes. The polariza-
tion potentlals were measured by means of a stendsrd Leeds
Horthrup Student Type potentiometer using & Leeds Northrup
galvanometer as the null point instrument. The positive
pole of the potentiometer was connected to the nickel
electrode and the negetive to a saturated calomel half

cell against which the potentiel of the nilckel electrode



was measured, Connection between the electrolyte and the
calomel half cell wes made by means of a potassiuﬁ chlorids
salt bridges The bridge also contalned agsr-agar to pre=-
vent one solubtion from siphoning into the other and to
minimize dlffusione.

fad & platinum black electrode saturated with hydrogen
in the same elsctrolyte that surrounded the nickel been
used, the voltage resdings on the potentiometer would heve
given the overvoltage dlrectly. Rocause of the difficulty
in maintaining a reproduclble hydrogen electrode and be-
csuse of the ease with which it becomes polsoned, the more
reliasble calomel cell was used. The potentisl difference
between the same calomel cell snd a hydrogen elecirode was
determined in sach of the different electrolytes and these
valuea subtracted from the potentiomster resdings. The
snode for the polsrizing current was s platinum electrode
made by sealing & platinum wire intc 8 glass tube. The
platinum end nickel electrodss and the salt bridge were
mounted by inserting them through holes in s rubber stopper.
The nlickel electrode and the tip of the salt bridge were
close together and slways in the same positicn with respect
to one another. In order to prevent polerization due to
concentration of the electrolyte at the electrodes, the

electrolyte was stirred with a small, glasss, sir-driven

stirrer.
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Ce Procedure for Measuring Overvoltage

At first a serles of solutions eseh containing the
same concentration of sulfuric ascid but differing in the
gmount of & esalt added wus prepared. Hach solution was
then in tu:n mede the electrolyte and the overvoltage deo-
termined st a number of current densitles, The slsctro-
lyte was then repleced with a sclution of e different selt
concentration and the procedure repested. The dats thus
obteined showed very nicely the effect of changing the
current density on overvoltege for esch solution, but were
of little value when sttempting to find the effect of in-
cressing the selt concentration at any one current density.
This was due to ths fact thet hendling the electrods while
changing from one sclution to snother ceussd slight changes
in the elsctrode surface which produced varlations in the
overvoltage resdings« The genersl trend of the results
could be observed but no definite conclusions could be
drawn.

The method thet was decided upon was to plece 8 atsn-
derdlzed solution of acid or base in the electrolyzling
beaker and adjust the current to the desired smpersge.
Kseplng the ampersge constant, the overvoltsge was deter-
mined after the additlion of esch of & series of measured

portions of a standerd salt solutlon. 1In this manner a



seriss of readings for one amperage st varilous concentrage-
tiona of the salt were obtained without the necessity of
moving or in any way disturbing ths electrodes. This
proved to ba & very convenlent method and all the results
reported were obtained in this manner. In order that con-
centration of the original electrolyte should not change,
due to ths diluting effect of the solution being added,
the salt soclution was also made the same normality with
respeet to zcid or base as the original electrolyte. To
obtaln overvoltage resdings for eny seriss of solutions
100 miliiliters of a 0.1 N acld or base solution was
placsd in a 400-milliliter beaker, the electrodes inserted,
and the current regulated to the desired smpsrsge. Sincse
the velue of overvoltage increases with time, 1t was
necessary to let the current flow until constant readings
wers obtained. The constant value 1s reached at a nickel
slectrode in a relatively short time, fifteen to twenty
minutes being required when low current densities were
veed, and slightly longer times when the current density
was higher. The reeding was recorded as soon az it re-
mained conatsnt for one minutes or longer. A messured
’amount of a solution of the salt being studied was then
added from a burette. Enougzh time wass allowsed for the
aolutions to become thoroughly mixed before the second

reading was taken. It was found thet when the addition



of = salt caused any change in the overvcltage the change
was slmost instantaneous and that readings could be taken
just as scon as the mixing of the two solutions was com=-
pletes. The addition of small porticns of the salt solu-
tlon, followed by recording of the potentiometer reading,
was contlinued until 50 millillters of solutlion had been
addeds In obteining the voltsge of the calcomel cell
measured agalnst a reversible hydrogen slectrode in the
same solutlon, & similer procedure was followed. MNost

of the materials sdded were not neutrsl salts but hydro-
lyzed to form sither an acid or basic solution. Thus, in
most cases the pH of the original electrolyte varisd over
e wlde raengs. Since the electromotive force of = hydrogen
electrode 1s dependent upon the pH of the elsctrolyte, the
voltages difference between the calomel and hydrogen elec-
trodes had to be determlined over the entire range of cone
centrations for each solubion., To do this, 100 milliiliters
of the desired solution, 0.1 N sulfuric scid or 0,1 N sodium
hydroxide, were placed in & 400~milliliter bottle, A rub-
beyr stopper carrying a platinum black slectrode, a salt
bridge for connecting with the same calomel cell used in
the other measurements, an inlet tube for bubbling hydrogen
into the solution, and a short tube through which the salt
solublon could be added wes Iinserted. The two electrodes
were connected to the potentiometer and hydrogen paased

through the solutlion until 1t was saturated. This was
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indicated by the fact that the voltage of the cell became
constant. A meassured smount of the selt solutlon was then
added from & burette and after sllowing time for ssturation
of this new solution with hydrogen the voltage was agein
read. The potential of the ec#ll was determined in this
manner over the same range of concentratlions that had been
used in the previous messursmentss The veluve of the over-
voltage at each concentration was obtained by subtracting
the elsctromotive force of the calomel cell measured
sgainst the hydrogen electrode in any given elesctirolyte
from the potential remd when hydrogen was being liberated

at the nickel electrode in the seme solutions

D. Results

The effects of the addition of ten different materials
to gn acid electrolyte were studied., In sanch cass the ma-
terial added was in the form of a concentrated solution of
known molarity. The szlts used were scdium sulfate, tri-
sodium phosphate, potassium oxelate, sodlum formate, sodium
acetate, sodium fluoride, sodium dichromate, sodiim niltrate,
and sodium chlorate., The solutions were elther 1 moler or
OS5 molar. They were prepared by adding ths calculated
welght of the Resgent Grade of the salt to a l~liter volu-
metric flask, then adding exuctly 100 milliliters of 1 N

sulfuric aecid, and diluting to one liter. 1In addition to



the salts mentioned, the effect of adding 1 molar sodium
hydroxide to the sulfuric acid wes determined. The data
cbtained from these studies are presented graphlically by
Flgures 1 through 10. These graphs heve been prepared by
plotting the overvoltege In volts agelnst the milliliters
of solution added at esnch: of slx different smpersges. Ths
curves on any ons page represent the effect of the same
salt on the overvoltage, each curve representing the eflfect
at a different amperage.,

igure 1 shows the effect of adding a 1 molar solutlon
of sodium sulfate to 100 mllliliters of Q.1 N sulfuric seld,
The effect was & gradusl lowering of the overvoltsge st
every current densltys. The data obtalned from the addi-
tion of each of the following, 0.5 molar trisodium phosphate,
1 molsr potessium oxslate, 1 molar sodium formete, 1 molar
sodium acetate, and 1 molar sodium fluoride to 100 milli-
liters of 0.1 N sulfuric acid are represented in Figures
2, 3, 4, 5, and 6, respectively. These graphs c¢sch show a
marked similerity, thet is, a sharp incresse in the over-
voltage with lncressing concentration of the salt until a
maximum 1s reeched followed by s subsequent decreasse with
the addition of more of the salt, The meximum in sach csase
comes very close to the point at whicn the equivslent
amounts of sulfuric acid end salt are present in the solue

tion. The salts that produced this effect have been dacidedly



hasic in =all but two ceses. Potasslum oxalate and sodium
fluoride produce neerly neutrasl solutions but whenladded
to 0.1 ¥ sulfuric acld csuse & decided rise in the pi.
Since these salts have the gbility to neutrsellze an scid,
the effect of the addition of a 1 melar sodium hydroxlde
solution to 0.1 K sulfurie acld was determined and the
date presented 1ln Figure 7. The same general type of
curve 1s produced, showing a audden rise to a meximum
followed Ey a decrease In the overvoltage as the concen-
tration was fuwrther increased,

Pigures 8, 9, end 10 show the effect of adding oxi-
dizing sgents to sulfuric acid solution. One molsr solu=-
tions of sodium nitrate, sodlum chlorste, and sodium di-
chromate were added to O.1 N sulfuric aclde The result in
escil case was & lowering of the overvoltage. With sodium
nitrete snd sodium chlorate, the additlon of a very small
amount of the salt cesused a raplid drop in cvervoltage
followed by a very gradual lowering as the concentration
was Increased. In the case of sodlum dichromate the lower-
ing was very great with very smsll concentrstions when the
current density was zmalle. With 1incresasing currents there
was still a lowering of the overvoltage but the concentra-~
tion of the selt had to reach a higher value before the
effect was noticeable. At higher current densitles thers
was a slight rise followed by az lowering that took the
velue below that of the original acld solution.
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The effect of adding ssalts to a solution of sodium
hydroxide has besen gtudled for four different salts. 1In
eacn case the orlginal electrolyte was Q0.1 N sodlum ay-
droxide and the salts were either 0.5 molar or 1 molar
solutions which had been made 0.1 N with respect to socdlum
hydroxide. The determinastions were run in exsactly the
sgme manner ag when sulfurlc ascid wes used zs the electro-
lyte. Flgures 11, 12, and 13 show the results of addlng
1 molar sodium sulfste, 1 moler potassium oxelelte and Ced
molar triscdium phosphate to sodium hydroxide. 1In esch
case there was e gradual decrease in the overvoltage as
the concentration was increased. At low amperages the
affect was less pronounced than when the current wes higher.
The effect of adding sodium dichromats to sodlum hydroxide
soclution was a samall rise ln overvoltage followsed by =
decresse as the concentration was further incressed. These
results are presented In Figure 14. This 1s tle same type
of curve that was produced when basic substancea were sdded
to sulfurlc ssid. Sodium dichromaste hydrates to produce
primery sodium chromaste which is an scld salt and thus acts
to neutralize the sodium hydroxide.

The effect of increasing the concentratlon of a pure
electrolyte hag been studied for sulfuric sscid, sodium
hydroxide and slix different salts. In these determinations,

100 milliliters of distilled wsater were put into the



electrolyzing besker, e measured volume of the salt solu-
tion wes added end the emperage adjustede When the resdings
were constant, more of the same solution was added and the
voltage read sgeine. The rssults of these determinations

are shown in Filguwres 15, 16, 17, 18, 18, 20, 21, end 22.

In every cese there 1s a very high overvoltage when the
concentration of the solution is very low. With increasing
concentraetion the overvoltage drops very rapidly et first
and then more slowly.

In addition to the graphicel presentation of the data
three tables have been included. These are typlcal data
sheets, selected from each of the three conditlions under
which overvoltaeges were measured, namely, the addition of
a salt to sulfuric smcild, the addition of a gslt to sodium
hydroxide, and the sddition of a salt to water. Table I
was obtained by edding sodlum scetate to sulfuric aecid,
Tgble II by sdding sodlum phosphete to sodium hydroxide,
snd Table TII by adding sodium sulfate to water., These
same results are shown graphleslly in Figures 5, 13, and
17, respsctively. The flrst column of each table indicates
the milliliters of salt solution added to 100 milliliters
of the original slectrolyte or water.

Eseh of the other columna gives the overvoltege vslues
at a different amperage. Each vertical column shows the

effect of increasing the concentration of the salt at thsat
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current. Horizontally the effect of increasing the current

at sny given concentration ias given.
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TABLE I

Addition of 1 Moler Sodlum Acetate
fo 100 Milliliters of O.1 K Sulfuric Acid

: - Overvoltage —
¥illi=:" et 5 at 10 at 15 at 20 at 30 at 50
liters: milll=- millie- milii~ millie millle millie
added : gmpereg smperes amperss Ampares amperes amperes

0 0,555 0.688 0.822 0.946 1.206 1.318
1 0.566 0.701 0.8456 0.980 1,259 1.402
2 0.576 0,730 0,873 1.010 1,317 1.491
3 0.588 0,747 C.902 1,082 1.376 1.596
4 0.601 0.769 0«930 1065 1,450 1.701
o) 0.816 0796 0.968 1.187 1.532 1.851
6 0.6356 Q.821 1.005 1.197 1,636 2.088
7 0-654 0.88656 1,057 1.279 1,775 2,371
8 0.678 0.892 1,124 1.387 1,924 2.577
g 0,712 0.948 1.224 l1.462 2.194 2,732
i0 0.761 1.012 1.310 1,547 2.230 2.824
1l 0,795 1.045 1+325 1.5562 20310 2.875
iz 0768 1.014 1.283 1l.513 2,250 2.654
13 0.741 0,980 1.238 1.462 2,204 2.653
14 0.735 0.970 l.226 1.420 2.159 2.553
15 0,730 0.959 1.221 1.415 2.154 2.548
17 O.722 0.9842 1.199 1.377 2.003 2.462
20 0.708 0.914 1,128 1.331 1.983 2,359
25 0.682 0.872 1,068 1.254 1,833 2233
50 0,669 0.8489 1.032 1.211 1.788 2.115
355 0.664 0.833 1,006 1.182 1.887 2.042
40 0.656 0.817 0,972 l.147 1,661 1.970

50 0.651 0.812 0.960 l.126 1.628 l.892
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TABLE II

Addition of 0.5 ¥olar Sodium Phosphate
to 100 Milllliters of O.1 N Sodium Hydroxide

: _ Overvoltage _ —
¥11l3-: a8t & et 10 at 15 at 20 8t 30 at 50
l1iters: millie millie milli- milli- milii= miili=-
added : smperes amperes amperes Samperes amperes smperes

0.366 0515 0.€E28 O0.724 04880 1.199
Qe 366 0+515 0.623 0720 0.878 1,192
0.368 0.518 0.622 Q.719 C.874 1.177
0.366 0.514 0.621 0,715 0.867 1.158
06366 0511 Ce617 0,711 0.860 1.141
0,366 0.510 0.616 0. 701 0853 1,134
04366 06509 0.610 0700 O« 847 1.120
0. 366 0.508 0.609 0.69%7 0.836 1.109
0.564 0.506 0,606 C.694 0.832 1.100
0.3564 0.5056 0.602 0.890 0.B2¢ 1.076
0364 0.503 0+601 0.687 0.821 1.068
0.364 0«502 0.598 0.882 0.81¢ 1.068
00364 0500 0+595 0.681 0.814 1.062
G»364 0.500 0.583 0.878 0,810 1.055
0.364 0.499 0.591 0677 Q.807 1.048
04364 0.498 0.58¢ 08675 0.808 1,041
O.364 0495 0.587 0.670 0794 1.024
Ve 35658 0.490 0,583 D664 0,792 1,014
0363 C.489 0577 0.658 0772 1.000
Oe361 0,488 0.5873 D.8435 0.768 0.975
0361 0.485 Q+870 0.648 0.758 0.965
04380 0.484 0.56% 0.644 0750 0,969
03560 0.482 0:565 03655 0- 745 0.956

Y el ol
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TABLE III

Addition of 1 Molar Sodlium Sulfste
to 100 ¥Milliliters of Water

: . Overvoltags _ o
Milli-: at ® at 10 at 15 at 20 at 30 at 50
iiters: millie milile  milli-  millle milli- milli-
added : amperes samperes amperesg amperes asmperes amperes

1 1.354 10989  memcs | ccmes o mewems coee-
0.880 l.221 1.597 1.827 2.316 o o

0833 1.113 1.389 1.610 2.034 -
0797 1.04¢ 1.291 1l.478 1,929 - e e
0775 0,999 1.215 1.384 1.684 2.271
O+761 0.968 1,162 1.312 l.582 2.12C
D.746 0.941 1.117 1.288  1.499 1.988
0. 737 0,921 1.085 1.218 l.444 1.898
0730 0905 1,063 1.179 1.400 1.816
Q.729 0.891 1.041 1.156 l.362 1.746
0.724 0.881 1.017 1.135 1.328 1.693
0.718 0.873 1.001 1.116 1.294 1.644
07186 0.861 0.991 1.098 1.267 1.598
0.714 O«853 06977 1,079 l.246 1.5%2
06707 0.843 0. 960 1,085 1.211 1.509
0700 0.828 0.834 1.027 1,167 1437
0.691 0.813 0.908 0,994 1.121 1.388
0,689 0.804 0.882 0.973 1.088 1.309
0.684 0.786 0.88%7 0,955 1063 1.269
0.680 0.782 0.866 0.941 1.044 1.238
0.6786 0.776 0.861 0.924 1.018 1.197

b b e B
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IV. DISCUSSION OF RESULTS

It csn readily be seen from the results obtained by
increasing the concentration of a pure elsctrolyte; that
for the materials studied, there is a direct relationshilp
between the concentration of the soclution and the overvol-
tege. This is true for salt solutions, sulfuric acid, and
sodium hydroxide. At low concentrations the overvoltage
is high, dropping repidly st first and then more gradually
as the concentration 1a inecreased.

An entirely different effect is produced by the addle
tion of basic materlals to sulfuric scild solution. In
every csse of this type there has been a declded increase
in overvoltage to a maximum followed by a decrease as the
concentration was incressed. There ere, in all proba-
bllity, two factors at work producing this effect, namely,
(a) reduction of the hydrogen=-ion concentration duve to
neutralization, and (b) increaszing the %total concentration
of the ions Iin the solution. The firast of these two fac-
tors should ceuse an incresse in overvoltage snd the second
should cause it to decresse. At first the effect of neu=
tralizsetion of the scld 1s more predominent and the over-
voltage value incresasses. This continues until the effect

of incressing the concentratlion of the materisl being sdded



has the grester effect and causes the resdings to drope.

The maximum velus is in most cases very close to the equlva-
lent point, that is, the point at which the normal concen-
trations of the mesterlal sdded &nd the sulfuric acid sre
the same. This need not be true in all cases., This may
cccur at any point before the scld had been completely
neutrallzed. After the equivalent point has been passed
the effect 13 the same as incressing the concentration of
the solute. In the ceses that an seid salt, sodium di-
chromate, 1a added to sodlum hydroxide, the same two fsc-
toré are at worke.e There 1s an incresse at first due to the
neutralizing of sodlum hydroxide followed by e decrease as
the concentration increased.

The addition of neutral sodium sulfete to sulfuric
acld produced & gradusl lowsring of the overvoltage., Since
there was no neutrelizing effect, the only factor that was
producing eny change was the increase in the total concen-
tration. Simllar results were cbtained when neutral szmlts
or salts of weak acids were sndded to sodium hydroxide solu-
tlone The asdditlion of the sslt of & weak acid has little
effect on the pH of a 0.1 N sodium hydroxide solution;
thus the concentration of the solutlon was the most impor-
tent factor in these casea.

A striking simllarity 1s seen between the curve pro-

ducsed when a neutral salt of & weak acid was added to



sodium hydroxide end to the curve obtainsd when & salt was
added to pure water. Ths curve obtained 1n the latter csass
shows a rapld drop, at concentrations less than O.l N,
followed by a more gredual lowering of overvoltage. This
original rapid drop is not seen when a salt is added to
godium hydroxide, but in thls case the concentration of the
solution was O.1 N at the beginning. At corresponding
total concentration, however, the curves are very similar.
The addition of oxidizing agents to gn acld electro~
lyte produces & decided drop in the overvoltage. Thils would
indicates thet oxidation of hydrogen was taking plasce at the
cathode surfsce thus decressing 1ts polasrization. The fact
that negstive values for overvoltage were obtalned at low
current densities 13 not at all unressonsble. With no
oxldizing sgent present hydrogen would be libereted from
the electrode in the gsseocus form. The extent of polarlzsg-
tion of the electrode would bre dependent upon the potential
necesgary to liberste hydrogen iIn thia form. With e strong
oxidizing sgent, such as the dishromate ion, hydragen ecould
be oxldized while sti1ll in the astomic atate. It could in
this wey be liberated at a lower potentiels Very little
hydrogen ls liberated when the current density 1ls low and
2 low concentrsetion of the oxidlzing agent is sufficilent
to produce guite a laerge depeclerlzing effect. At higher

currents hydrogen 1ls libersted more rapidly and a grester



- 55 =

coneentration of oxidizing agent is regquired to produce

eny notlcesble depoclarizstlon.



V. CONCLUSIONS

1. Hydrogen overvoltege at a nickel electrode is af=-
fected by the concentrstion of the slectrolyte. With sul-
furic aeid, sodium hydroxide, snd salt solutions the ovar-
voltage 18 high In dilute solutions and decresses as the
concentration 1s increased.

2. The addition of salts of wesak acids to sulfuric
acid cguges an increase in overvoltege followed by a de=
erease a8 the concentration is further increased.

% The addltlion of sodium dichromate, s salt which
hydrates to produce an acld, to sodlum hydroxide causes
an increase in overvoltage followed by a decresse at
higher concentrations.

4. Increasing the concentraticn of a neutral salt,
sodium sulfate in sulfuric acld, causes a gradual lowering
of the overvoltage.

5« Az the concentration of a neutral salt or the salt
of & wesk scid in sodium nydroxide ls increased the over-
voltege 1s lowered.

6. Oxidizing sgents 1ln sulfuric aecld sclution produce

8 decided lowering of overvoltage.
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VI. SUMMARY

1. In this investlgation the dlrect method for determining
overvoltage in a number of solutlions at a nickel elec-
trode has been used.

2« By adding concentrated solutlons of various salis to
sulfuric acld, sodlum hydroxide, or water, the effect
of the presence of salts on the overvoltage of asoclu-
tions was determinede.

3« In acid soclution:

a. The gddltion of & neutrsl salt produced a slight
lowering of the overvoltage.

b. The additlion of & basic materlal csused an Increase
in the overvoltage followed by a decrcase as the con-
centration was Increased.

ce Uxldizlng agents caused the overvoltage toc bhe low-

erad,

19
.

In sodlum hydroxide solutlon:

. The addition of a neutral salt or sslt of a wesk
acld caused a slight lowering of the overvoltege.

be The zddition of sodium dichromate cauvsed the over-
voltasge to rise followed by s lowering as the con~-

centration was further increassd.



5. At low concentrations of sulfurie seid, sodlum hydrox-
1ds, or a selt in pure water, the overveoltage is wvery
highe The vslue drops very rapldly at first end then
more slowly es the concentration of the solute is in-

creasad.
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