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PREFACE 

The Water Research Program at the Oak Ridge National Laboratory, 

sponsored by the Office of Saline Water, U.S. Department of the Interior, 

was authorized in March 1962 under an interagency agr-eE;!ment (14-01-0001-937) 

between the Department of the Interior and the u.s. Atomic Energy Commission. 

Results of the work carried out under this program have been reported on 

a regular basis to the Office of Saline Water, and completed-portions of 

the work were published in the open literature. A biennial report 

cqver-ing the activities under the program for the period Harch 15, 1962 

to March 15, 1964, was issued in a single volume as u.s. Office of Saline 

Water Research and Development Progress Report 302 (ORNL-CF-67-8-55). For 

the second biennium, March 15, 1964 to March 15, 1966, work was divided 

into three categories, "Properties of Solutions," "Reactions and Transport 

Phenomena at Surfaces. Corrosion Studies," and "Separations Processes." 

The report for "Separations Processes" was issued as U.S. Office of Saline 

Water Research and Development Progress Report 508 (February 1970) and 

also issued as ORNL-CF-69-5-41 (SeptemLer 1969) . The report for "Proper

ties of Solutions" for this period was issued as u.s. Office of Saline 

Water Research and Development Progress Report 685 (July 1971) and was 

previously issued as ORNL-CF-70-6-30 (October 1970). The 1964-1966 

biennial reports for "Reactions and Transport Phenomena at Surfaces" and 

for "Corrosion Studies" were combined into a single document because the 

work in these fields was so closely related; a joint report (ORNL-TM-4097) 

is planned, The present report covers work on "Reactions and Transport 

Phenomena at Surfaces" during the third biennium, the period March 15, 1966 

to March 15, 1968. 

In order to retain maximum coherence in subject matter, a sharp time 

distinction has not been drawn. That is, in some cases articles which 

appeared in the open literature after March 1968 but which cover work 

that was done mainly in the third biennium have been included in this 

volume, and, conversely, some work started during this period but developed 

mainly in the fourth biennium is only briefly mentioned in this report. 
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In the interest of economy and completeness of presentation, work 

that was reported in the open literature is given as a direct reproduction 

of the corresponding journal articles. We are grateful to the publisher 

(Elsevier Publishing Company) for permission to reprint the complete texts 

of these articles. A notation of the source appears at the head of each 

reprinted article. Part of the work reported here was cosponsored by 

the U.S. Atomic Energy Commission; such support is acknowledged in the 

individual articles. 

The desalination program at the Oak Ridge National Laboratory has 

two branches: the Water Research Program directed by K. A. Kraus during 

the period of this report, and the Nuclear Desalination Program directed 

by R. P. Hammond. This report is concerned with the Water Research 

Program, Reactions and Transport Phenomena at Surfaces, coordinated by 

Franz A. Posey. 

I 
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SUMMARY 

Numerous technologies, including water desalination, depend on 

favorable kinetic properties of various reactions and transport phenomena 

at phase boundaries. For example, corrosion in its various manifestations 

is frequently one of the most important· factors to be considered in the 

selection of materials of construction for desalting plants. A continuing 

need exists for extension of our knowledge of the corrosion behavior of 

metals, particularly with respect to factors which influence the suscepti

bility of metals and alloys to pitting attack and crevice corrosion. 

During this biennium we have studied both theoretical and experimental 

aspects of the interaction between interfacial and mass-transport reactions 

during pitting and crevice corrosion of'titanium. Other studies of reactions 

and transport· phenomena at phase boundaries have been concerned with funda

mental investigations of the properties of electrode configurations, such 

as porous electrodes, which are designed for optimum interaction of hydro

dynamic and electrochemical parameters.· Such electrode systems have poten

tial applicability for treatmen·t of flowing streams with high efficiency 

and modest power requirements. And finally, other studies have dealt with 

the problem of rapid, precise electroanalysis of the chloride content of 

saline waters. 

In continuing studies of the initiation of pitting corrosion of 

titanium and its alloys in chloride solutions, a number of observations 

were made on relationships among electrode potential, applied current, 

rmn t.imP.. Application of a constant anodic current to a titanium electrode 

causes the electrode potential to increase with time as a consequence of 

formation of a.protective oxide layer (anodization) at essentially constant 

field strength. In the presence of a sufficient concentration of chloride 

ions, the·anodization process is abruptly terminated when chloride ions 

penetrate the passive film and form a pit on the electrode surface. A 

relatively ·simple model was developed to account for the observed regu

larities in·this process. The model assumes that chloride ions adsorbed 

in sufffcient concentration at the oxide-solution interface can migrate 

through the passive oxide layer under the influence of the anodization 



-6-

field. Solution of the appropriate form of the transport equation leads 

to a relation which accounts for the observation that an increase in the 

anodic current causes both a decrease in the initiation time for pit 

formation and an increase in the value of the breakdown potential. Other 

experiments were carried out in which estimates of the thickness of the 

passive oxide layer were obtained at various points along the anodization 

transients by use of capacity measurements. The observations suggest 

that pit initiation actually occurs much earlier during anodization of 

titanium in chloride solutions than had been generally realized on the 

basis of conventional anodization transients. The qualitative significance 

of these and other findings is discussed (Section 1). 

In other studies of electrochemical aspects of the corrosion of 

titanium and some of its alloys in flowing, high-temperature salt solutions 

at temperatures up to 220°C, it was found that a pitting potential exists at 

sufficiently high potentials for all the alloys. Increase of temperature 

greatly affects the pitting potentials of titanium alloys. Plots of pitting 

potential as a function of temperature are reproducible .and quite character

istic of each grade of titanium alloy and show clearly which alloys are 

superior in tendency towards pitting attack. The results suggest an upper 

temperature limit of usefulness for many titanium alloys without risk of 

severe localized attack. Alloys of titanium which contain molybdenum show 

promise for a~plication in high-temperature saline waters (Sectiun 2). 

A theoretical model for the early stages of the initiation of crevice 

corrosion was developed for the case of metals {especially titanium) having 

corrosion products which undergo appreciable hydrolysis. A simple mecha

nism accounts for the existence of an induction period for initiation 

of severe crevice corrosion. Experimental studies showed that over the 

greater part of the pH range, from weakly alkaline and neutral solutions 

down to pH about l, the rate 0f the Annnir. rP.nr.~ion of titanium in the 

passive region {formation of a Ti02 layer) is essentially independent of 

pH. However, in more acidic solutions the rate of the anodic reaction 

depends directly on the hydroqen-ion concentration. Solution of the 

transport equations for this case shows that if sufficient 'acidity is 

developed in a crevice due to hydrolysis of corrosion products the anodic 

process can become autocatalytic. Whether or not this will happen depends 
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on the initial acidity, on the rate constant for the corrosion process in 

acid solutions, and on the ratio o:t; crevice length to thickness, among 

other factors. If the corrosion reaction does become autocatalytic, the 

anodic current which passes through the solution within the crevice can 

easily become large enough to develop an appreciable potential gradient 

in solution, forcing the potential at the closed end of the crevice down 

into the region of active corrosion and resulting ultimately in very 

severe crevice corro'sion. Additional studies involved computer simulation 

of the initiation process by numerical integration of appropriate field

dependent mass-transport equations which define particle fluxes due to 

diffusion, migration, and reaction, together with use of theoretical 

or empirical statements of the rate laws of pertinent interfacial reactions. 

These calculations have been valuable in identifying the important factors 

which control the complex sequence of events which takes place on initiation 

of crevice corrosion (Section 3). 

Experiments on hydrodynamic and electrochemical aspects of oxidation

reduction reactions in porous, tubular, and other "flow-through" electrodes 

were carried out in order to increase our understanding_ of factors which 

contribute to lowered efficiencies at high flow rates. The efficiency of 

redox reactions decreased for flow rates in excess of an optimum value 

which was determined by the length of the capillary or porous electrode 

or the diameter of the wires of screen electrodes. In the region of lowered 

efficiency, the limiting current was controlled by convective diffusion to 

the electrode surface and at sufficiently high flow rates in the laminar 

regime couid be expressed by the well-known Levich equation. A generalized 

expression was derived for the limiting current obtainable from redox 

reactions in porous and tubular electrodes as a function of solution flow 

rate which is v~lid for both low and high flow rates. These results allow 

one in principle to calculate optimum operating points and other parameters 

of interest in the use of porous electrodes for efficient electrolysis of 

saline waters (Section 4). 

In the previous biennium,
1 

a number of one-compartment electrolysis 

1. P. M. Lantz and K. A. Kraus, "Electrochemical Reactions in Flowing 
Streams Using'Porous Electrodes," Section 1.5 in Water Research 
Program Biennial Progress Report for Period March 15, 1964.toMarch 15, 
1966, Reactions and Transport Phenomena at Surfaces. Corrosion Studies, 
ORNL-TM-4097 (in preparation). 
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cells were designed and tested by which various el~ctrochemical reactions 

could be carried out in flowing streams. These cells have a narrow gap 

between the two electrodes and thus can ~e used at high current densit~es 

with modest vol tag.e drops·. In the electrolysis of water to produce acid 

or base, it was found that high current efficiencies could be obtained 

through proper control of the hydrodynamics of the system and of solution 

withdrawal rates. Additional experiments have been carried out.in prelimi

nary evaluation of the feasibility of using valve metals (Al, Zr, Ta, Nb, 

T.:i.., Ti-Mo alloys) as rect·ifying electrodes for AC electrolysis of solutions 

in a one-compartment cell (Section 5) . 

Research has been carried out on the teas1.b1.lity of usiny !:;llvel. 

eler.t.rodP.s in a rapid electroanalytical method for determining the chloride 

content of saline waters. After examination and rejection of several 

alternative methods, a chronopotentiometric technique was found to satisfy 

a number of criteria and detailed studies were carried out on the rapidity, 

reproducibility, and precision of the method (Sections 6 and 7). 
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1 • K I NET I C S 0 F P I T T I N G .AT T A C K 0 F T I TAN I U M I N C H L 0 R I DE S 0 L U T I 0 N S 

F. A. Posey, E. G. Bohlmann, S. S. Misra, and D. V. Subrahmanyam 

In continuing studies of electrochemical aspects of the initiation 

of pitting corrosion of titanium and its alloys in chloride solutions, 

a number o·f observations were made on relationships among electrode poten

tial, applied current, alloy and solution composition, temperature, and 

time. Titanium is one of the modern materials of construction which is 

being considered for use in large desalination plants. Years of accumu

lated experience at low temp~ratures had disclosed no tendency of titanium 

to· undergo catastrophic forms of corrosion, such as pitting and crevice 

attack. However, a number of long-term experiments in dynamic loops on 

corrosion of t{tanium in high--temperature chloride solutions, which were 
. 1 
carried out at ORNL, have demonstrated severe, but sometimes erratic, 

pitting attack at temperatures from 100° to 200°C. 

Typically, the rate of the anodic or corrosion reaction of titanium 

is essentially independent of the ~lectrode potential up to very high 

potentials in such media as sulfate and nitrate solutions. Howeve~, in 

the presence of a sufficient concentration of ·chlo.ride ions, titanium 

and its· alloys exhibit a pitting potential which in some cases is low 

enough to allow pitting attack to proceed spontaneously (i.e•, in the 

absence of externally applied anodic polarization). Pits can form on the 

electrode surface. at and above the pitting potential and exist simultan

ebusly with passive aieas. Experience with this arid other systems shows 

that pitting ·potentials are independent of the pH of the external solution 

but depend significantly on temperature. 

Application of a ·constant anodic current to a titanium electrode 

causes .the electrode potential to increase with time as a consequence of 

formation of a protective oxide layer (anodization) at essentially con

stant field ·strength. In the presence of a sufficient concentration of 

chloride ions, the anodization process is abruptly terminated when chloride 

ions penetrate the passive film and form a pit on the-electrode surface, 

1. See Section 2, this report. 



-10-

whereupon the electrode potential suddenly plunges from a high value 

(breakdown potential) down to a value (pitting potential) which depends 

on the composition of the alloy and on the temperature. The fina~ pitting 

potential is essentially independent of the anodic current over wide 

limits. It was found earlier 2 that the value of the breakdown potential 

depends to some extent on the initial thickness of the passive layer as 

well as on other factors: fresh electrodes with thin films exhibit lower 

breakdown potentials than aged electrodes having thicker films, although 

the final pitting potential is about the same in either case. The studies 

described below were carried out to. extend our knowledge of various aspects 

of the process of initiation of pits on titanium in chloride solutions. 

Figure 1.1 shows some quasi-steady-state anodic polarization curves, 

with breakdown potentials and pitting potentials, for titanium 150A 

(2.8% Cr, 0.3% Fe) in 1 ~ NaCl as a function of temperature. Experimental 

points shown in Fig. 1.1 are not true steady states because of the anodization 

process referred to above; each point shown represents the potential exhib

ited at the current in question after a few minutes. These results (and 

other obtained previously) show that both the pitting potential and the 

breakdown potential drop sharply in a rather narrow temperature range 

near 70°C. Furthermore, much less current is required to initiate pitting 

attack above that temperati.i:r~. These observalluus sugges L that perhaps 

some property of the passive O~ide layer undergoes a relallvely suJJett 

change in the critical temperature range. This property may be concerned 

with the ability of chloride ions to exchange with lattice oxide ions at 

the oxide-solution interface (probably t:he.first step iu plt lnltlalluu) 

or may be concerned with transport of chloride ions through the passive 

layer. 

Addition of sulfate ions to the system markedly increases the value 

of the breakdown potential at any temperature. Sulfate ions probably 

compete with chloride ions for adsorption at the oxide-solution interface 

and thereby affect the kinetics of pit initiation. Especially noteworthy 

2. F. A. Pcisey and S. S. Misra, "Kinetics o£ Pitting Attack of Titanium 
in Chloride Solutions," Section 2.4 in Water Research Program Biennial 
Progress Report March 15, 1964 to March 15, 1966, Reactions and Trans-
pure Plu:!llUluena al 3u!."faLeS. Corro.!iOt"l Studic::~, OU.NL"TM 4097 (in 
preparation). 

-· 
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ORNL- DWG. 66-7909 
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FIG. 1.1 EFFECT OF TEMPERATURE ON GALVANOSTATIC POLARIZATION 
CURVES~ BREAKDOWN POTENTIALS~ AND PITTING POTENTIALS OF 

TITANIUM 150A IN 1 M NaCl. 
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is the observation that in the presence of sulfate ions a sharp drop in 

the value of the pitting potential is no longer obtained in the vicinity 

of 70°C, and the pitting potential varies smoothly with temperature from 

23° up to 80°C, the highest temperature of these measurements. 

The influence of alloy composition on pitting of titanium and its 

alloys is shown in Fig. 1.2, containing a comparison of polarization curves, 

breakdown potentials, and pitting potentials of a number of titanium alloys 

in 1 M NaCl at 23°C. Pure titanium exhibits the highest breakdown and 

pitting potentials and is least susceptible to pitting attack. Titanium 

of commercial purity (type 55A) has a much lower breakdown potential, a 

somewhat lower pitting potential, and requires much less current for initia

tion of pitting attack. Although titanium 150A pits at a lower poten-

tial than Ti-55A, it requires more current for pit initiation, comparable 

to that needed for pure titanium. Titanium llOAT is highly susceptible 

to pitting attack (especially at higher temperatures) and breakdown and 

pitting potentials are both correspondingly low. Polarization curves of 

this type evidently can serve to assess the relative sensitivity of 

various alloys to pitting attack. 

In further studies on phenomenological aspects of the initiation of 

pitting corrosion, a number of observations have been made on relationships 

among electrode potential, applied current, and initiation time. These 

measurements were carried out on titanium 55A electrodes in a high-
3 

temperature, all-titanium loop assembly. As stated earlier, application 

of a constant anodic current to a titanium electrode causes the electrode 

potentjal to increase essentially linearly with time as a consequence of 

a constant rate of formation of a protective oxide layer (anodization). 

In the presence of a sufficient concentration of chloride ions, the 

anodization process is abruptly terminated when chloride ions penetrate 

the passive film and form a pit on the electrode surface. We have observed 

certain regularities in this process, and some preliminary results and 

a provisional analysis are presented below. 

An increase in the anodic current causes a decrease in the time 

required for breakdown of the oxide layer and initiation of a pit. This 

3. See Section 2, this report. 
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FIG: 1.2 EFFECT OF 1IT~NIUM ALLOY COMPOSiTION ON ANODIC 
POLARIZATION CURVES,. BREAKDOWN POTENTIALS, AND PITTING PO

TENTIALS IN 1 M NaCl AT 23~C. 



-14-

effect is shown in the logarithmic plot of Fig. 1. 3. Correspondingly, 

the potential at which breakdown occurs is increased by an increase in 

current, as shown in Fig. 1.4. We find that a relatively simple model 

can account for the observed results. 

To a first approximation, film formation on titanium may be described 

by the conventional anodization relation given by 

• o [ q+ a+ t.p ( t) J 
J a exp kT • Q.(t) (1) 

where ja is the anodic current density (amp/cm 2
), j~ is a mea~ur:~ uf the 

mobility of charge carriers in the oxide film in the absence of the field 

(amp/cm2
), q+ is the charge on the mobile specie~ (coulombs), a+ is the 

"half-jump" distance (em), kT is the thermal energy (electron volts), 

6¢(t) is the average potential difference across the oxide layer (volts), 

and Q.(t) is film thickness (em). We suggest that chloride ions adsorbed 

from solution at the oxide-solution interface probably exist in equilibrium 

with chloride ions in lattice or interstitial sites at the outer edge of 

the film. These ions can then migrate through the lattice under the 

influence of the anodization field. We may postulate that the flux 

equation for migration of chloride iorts is of the same form as Eq. (1); 

this is shown in Eq. (2). 

. _ [q_a_ l:.<ji(t)J Jc1_(xjt) - - Fk cC1_(x,t) exp , 
- kT • Q.(t) 

(2) 

where jC
1
_(x,t) is the component of the (anodic) current density due to 

chloride-ion migration in the direction normal to the surface, F is 

Faraday's constant (coulombs/equivalent), k_ is a specific rate constant 

(em/sec) which is proportional to the mobility of chloride ions in the 

lattice in the absence of the field, cc
1
_(x,t) is chloride-ion concentration 

(moles/cm 3
) in the lattice at any point (x) and tirue (t), and q_ and a 

are the ion charge (coulombs) and "half-jump" distance (em), respectively, 

for the migration process. At constant current (j ) the film thickness 
a 

increases with time according to 

dQ. ( t) Q ( . . ) 
dt = Ja.- Jdis ' (3) 

wher~ J. is the rate of dissolution of the fjlm in the electrolyte (amp/ em~), 
dis 
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ORNL-DWG.67-5772 

ELECTRODE: 55 A TITANIUM 

SOLUTION~ 1 M NaCI , pH 6 
TEMPERATURE: 150°C 
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FIG. 1.3 RELATIONSHIP BETWEEN APPLIED CURRENT DENSITY AND 
TIME FOR INITIATION OF PITS ON TITANIUM SSA IN 1 ~ NaCl. 
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ELECTRODE: 55 A TITANIUM 
SOLUTION: 1M NaCI , pH 6 
TEMPER~TURE: 150°C· 

ORNL-DWG. 67-5771 

10- 3 10-2 

CURRENT DENSITY (amp/cm2 ) 

FIG. 1.4 RELATION BETWCCN ORCAKDOWN POTENTIAL AND APPLIED 
CURRENT DENSITY FOR INITIATION OF PITS ON TITANIUM SSA IN 

1 M NaCl. 
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and Q is a proportionality constant (cm 3 /coulomb) which depends on the 

molecular weight and density of the film. 

Differentiation of Eq. (2) and substitution from Eq. (1) lead to 

q_ a_ 

k 

which may be integrated subject to the initial condition CCl_(x,O) = 0 

and the bo~ndary condition cc
1
-C£,t) = Cc1- (assumed constant). The 

result of the integration is given by 
g a 

{£(t) - x} J 
k , 

where Z( is the Heaviside unit step function. Since diffusion has been 

assumed to be negligible compared to migration,· this solution represents 

the motion-of a sharp concentration "front" from x =£to x 0. Inte-

gration of Eq. (3) leads to Eq. (6) for film thickness as a function of 

time: 

£(t). = £ + q c· · ) J -]d. t 
o· . a ~s 

(4) 

(5) 

(6) 

where £ is the initial ·film thickness. 
o. 

Solution of Eqs. (5) and (6) for 

the time required for migration of the chloride ions thro4gh the layer leads 

to Eq. (7) for the initiation time as a 'function of the anodic current 

density: 

T = (7) 

Certain approximations made in.the derivation of Eq. (7) imply that the 

velocity' of the migration reaction is cons.iderably larger than the linear 

rate of ;inc-rease. of film, thickness; this condition is fulfilled in the 

pre.sent.experiments. -The form of Eq. (7) accounts for the linearity of 

the logarithmic plot of Fig .. 1.3. 

Solution of Eq .. (1) ,for 4¢(-r) and substitution of e~pressions for 

£(-r) and T .lead to Eq .. (8) for the relation between breakdown potential 
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and anodic current density, provided approximations similar to those used 

in deriving Eq. (7) are made: 

i1<f> (T) (8) 

Equation (8) is of the same form as the results.shown in Fig. 1.4. Further

more, Eqs. (7) and (8) suggest that the breakdown potential and initiation 

time are a function of initial film thickness, in agreement with previous 

experience. 

In other studies, galvanostatic (constant current) artodizat:16n t:ran·

sients were measured on titanium 55A in 1 M NaCl + 10-4 M HCl and in 

1 M NaCl + 10-2 M HCl solutions at 25°C as a function of anodic current 

density for various pretreatments of the electrode surface, Simultaneously, 

estimates of the thickness of the passive oxide layer were obtained at 

various points along the anodization transients by use of capacity measure

ments. Capacities were measured by application of a square wave of current 

to the electrode and observation of the resulting potential "sawtooth" on 

an oscilloscope. Sawtooth potential amplitudes were not allowed to exceed 

a few millivolts in magnitude. Square-wave frequencies in the range 10 3 
-

10 4 Hz were used; no significant' effect of frequency on capacity could u~ 

detected. Film thicknesses were calculated from values of differential 

capacity by use of the conventional parallel-plate capacitor formula. 

A relative dielectric constant of 100 was assumed for the TiOz layer; 

this is the mean value of the normal dielectric constant of rutile. 

A typical anodization transient and corr.esponding measurements of 

the film thickness during the transient are shown in Fig. 1.5. It can be 

seen that film thickness varies linearly with electrode potential during 

the anodization transient; this behavior is typical of meLals uu wl!ldt 

film growth takes place at constant field strength. For the transient 

shown in Fig. 1.5, field strength was close to 10 6 V/cm, and in all cases 

studied the field had the same order of magnitude. After a certain time 

the electrode potential more or less suddenly drops to a potentia.l which 

is called the pitting potential. Stable pit growth seems not to be 

possible at potentials below the pitting potential, and the pitting poten

tial is essentially independent: of t:he cun·enl pass"~u Llauu~l1 Lhe electrL~de 
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surface. Pitting pote'ntials are to be understood as average potential 

values exhibited by an electrode undergoing pitting corrosion. In many 

cases, large fluctuations of potential are detectable on devices, such as 

a strip-chart recorder, which normally possess restricted bandwidths and 

are insensitive to rapid phenomena. Oscilloscopic observations show that 

there are additional potential fluctuations which occur in the milli

second range. The origin of such rapid potential fluctuations is not 

know with certainty; possibly the influence of natural convection and of 

formation of gaseous reaction products on potential and concentration 

distributions inside the pits must be considered. 

The pit-propagation potential shown in Fig. 1.5 is a new name for what, 

in the studies described above, we referred to as the breakdown potential. 

Correspondingly, the time required to reach the pit-propagation potential is 

now called the pit-prop~gation time instead of the initiation time or some 

similar term. The change in nomenclature seems desirable because of the. 

following rather unexpected observations made during the course of the capacity 

measurements. If anodization transients are observed on a recorder, as usual, 

the potential transients seem to be free of potential fluctuations up to 

the pit-propagation potential. The fall of potential which occurs after the 

pit-propagation potential has been reached can be very rapid for high values 

of applied current, and significant potential fluctuations generally appear 

only as the final pitting potential is approached. Therefore it has been 

the practice to associate the sharp fall of potential with initial break

down of the passive layer and the development of the first pit, so that 

use of the terms breakdown potential.and initiation time is rtarural. 

However, we found during the oscilloscopic capacity measurements that 

rapid potential fluctuations, which consist individually of a very fa~L 

drop followed by a somewhat slower return, take place even at potentials 

which are several volts below the final pitting potential. The first few 

events are small in amplitude (only a few millivolts) and may be spaced 

many seconds apart, depending on applied current, ini~ial film thicknes.s. 

etc. As the film thickness and electrode potential increase, the frequency 

and amplitude of these rapid potential fluctuations increase considerably. 

There seems to be no significant change in the rate of increase of fluc

tuation amplitude and frequency as the pit-propagation potential is reached 
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and the system approaches the final pitting potential--the fluctuations· 

merely become larger and more numerous with time until the final pitting 

potential is attained. 

These observations suggest that pit initiation actually occurs much 

earlier during anodization of titanium in chloride solutions than ~ad been 

supposed. Pits formed at low potentials and relatively small oxide layer 

thicknesses appear n?t to be stable, however, and repassivation takes 

place very quickly. The reason for repassivation of pits is not known. 

Our measurements of film thickness show that oxide layers of the order of 

1000 1\ in thickness are formed before stable pit formation becomes possible. 

Perhaps such film thicknesses are needed to provide a sufficiently confined 

"column" of electrolyte at sites of incipient pit formation so that the 

interacting forces of diffusion and migration can lead to formation of both 

an acid electrolyte in the pit and a sufficient IR drop in the electrolyte 

phase so that the metal at the base of the pit can remain in the active 

region of corrosion. During the ascending branch -of the anodization tran

sient, the potential is determined almost exclusively by the film-formation 

reaction and by ·oxidation reactions (production of 02 and/or Cl2) at the 

oxide-solution interface. However, as the film thickness increases, repas

sivation of incipient pits becomes more difficult, and an appreciable 

fraction of the applied anodic current begins to be involved in the pit

growth process so that finally the electrode potential is no longer 

determined by the f'ilm-formation process but by the pit-growth process. 

The pit-propagation potential and the pit-propagation time therefore signal 

this change in potential control. 

It is apparent from the curvature of the anodization transient in 

Fig. 1.5 that the film-formation process is not 100% efficient. The capacity 

measurements·have allowed us to study this matter in more detail, and a 

typical set of results is shown in Fig. 1.6. The anodization efficiency 

was computed by dividing the film thickness as determined by capacity 

measurements (assumed to be.the "true" thickness) by the film thickness 

which would have been obtained if the film-formation reaction proceeded 

with 100% efficiency. A density of 4.26 g/cm 3 was assumed for Ti02 in 

the calculation. One sees in Fig. 1.6 that efficiency of the film-
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formation process varies both with electrode potential and with applied 

current density. Other experiments have shown that the pH of the soiution 

is an additional variable. Anodization efficiency is quite low at current 

densities below about 1 mA/cm2 . Use of larger-current densities leads to 

increased efficiency of the film-formation process. The factors which 

affect anodization efficiency .. are not yet known with certainty. The mini

mum in the efficiency - potential curves which appears at 9 to 11 V is 

characteristic of all systems studied. It corresponds to a maximum in the 

current due to the oxidation reactions which lead to formation of gaseous 

· 02 and/or Cl2. Such a maximum in the oxidation current may be a result 

of two opposing tendencies: (a) the rate of an anodic process tends to 

increase with increasing electrode potential; (b) the film thickness also 

increases witH increasing potential and thus may affect transport and/or 

surface concentrations of electrons ,and/or holes which are involved in 

the oxidation processes which lead to formation of gaseous 02 and/or Cl2 

at the oxide-solution interface. At potentials of 12 V or higher, a 

further drop in an9dization efficiency always takes place as the pit~ 

propagation potenti~l is approached. This final drop in efficiency is 

probably associated with the increased fraction of the anodic current 

which is devoted to the pit-growth process in this region of the transient. 

As the potential of the system approaches the final pitting potential, 

most of the current.is then involved in the g~owth and maintenance of 

stable pits. 

A correlation exist~ to some extent between applied anodic current 

density and pit-propagation time. Results from a number of experiments 

are shown plotted· in Fig. 1-.7. A single straight line of· slope= -0.5 has 

been drawn through the points corresponding to experiments run in 1 M 

NaCl + 10- 4 M HCl~ A different line of somewhat smaller (more positive) slope 

may be drawn through the few data obtained in 1 ~ NaCl + 10-2 M HCl. Film

formation efficiencies are much lower in the more acid medium and therefore 

longer times are necessary to grow oxide layers of comparable thickness 

at the same current density. We find that film thicknesses ranging from 

800 - iSOO R are attained at the pit-propagation potential for ali speci

mens which exhibit ~ow anodization efficiency. However, film thicknesses 
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of only about 200 - 300 R are needed at current densities where the film-
. . . 

formation reaction takes place with essentially 100% efficiency. Thus it 

appears that conditions required for stabilization of pit growth are less 

stringent at high currents. 
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[Reprinted from Desalination~, 269-279 (1967)] 

Copyright 1967 by Elsevier Publishing Company and reprinted by permission 
of the copyright owner .. 

2. PITTING OF TITANIUM ALLOYS IN SALINE WATERS~ 

F. A. Posey** and E. G. Bohlmann*** 

SUMMARY 

Electrochemical aspects of the corrosion of titanium and a number of its alloys were studied in 
!lowing, high-temperature salt solutions at temperatures up to 22o·· in a titanium loop facility. 
M.:n;urcd po!1Hi2ution oun'0o ~how th<~t ~ pittinB pntPntinl P~i~t~ M ~••ffir.iP.ntl)l high potentials for 
all the alloys. Increase of temperature greatly atfects the pitting potentials of titanium alloys. Plots 
of pitting potential as a function of temperature are reproducible and quite characteristic of each 
grade of titanium alloy and show clearly which alloys are superior in tendem:y towards pitting 
attack. The results suggest an upper temperature limit of usefulness for many titanium alloys without 
risk of severe localized attack. Alloys of titanium which contain molybdenum show promise for 
application in high-temperature saline waters. 

Titanium is an attractive material of construction which is being considered for use 

in large desalination plants ( 1 ). A number of investigators have established its 

immunity to all forms of corrosive attack in sea water and chloride solutions at 

ambient temperatures (:?-iJ ). Others have shown it to be resistant to attack in most 

chloride media at elevated temperatures ( 4-G ). Howeve~. under certain conditions 

in concentrated aqueous chloride solutions at elevated temperatures (100°-200°C), 

catastrophic attack of titm.1•ium and its alloys in the form of pitting and crevice 

corrosion has been observed (i ). 

Pitting corrosion of titanium occurs rarely at temperatures below about 100°C, 

except in unusually aggresive media, and the metal is JLUI'lllalty !Jassiv~:. Tu unlet fu1 
pitting attack to be initiated, the electrode potential or titaniu111 JILUSL t:!l.l.:t::t::U a L:Cilctiti 

critical value, known as the pitting potentiai (S ). Pitting potentials of titanium 

alloys in chloride solutions at room temperature are usually several volts more 

positive (noble') than the spontaneous corrosion potentials. and pitting occurs only 

ir the metal is polarized up to the pitting potential by passage of anodic current. 

\t~rtain asr.ects of the pitting corrosion of titanium in various media have been 

investigated previously (!J-:!-1 ). We have studied the effect of temperature on the 

polarization behavior of titanium and a number of its alloys in chloride solution, 

and find that increase of temperature profoundly aiTects the value of the pitting 

* Paper presented at the Second European Symposium on Fresh Water from the Sea, May 
9-12. 11)67, Athens, Greece. European Federation ol Chem1cal Engineering. 

** Chemistry Division, Oak Ridge National Laboratory . 
.,.. Reactor Chemistry Division, Oak Ridge National Laboratory. 
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potential. The results suggest that the pitting potential may impose an upper temper
ature limit of usefulness for some titanium alloys beyond which there is ri>k of lo:::alizd 
attack. 

EXPERIMENTAL 

In order to investigate more closely the nature of the localized atLtck, a corro>ion 
loop facility was developed for electrochemicai studies of the behavior of m1terial• 
in flowing, high-temperature salt solutions. The loo;:>; shown schematicJily in Fig. I, 
is constructed entirely of titanium. It is equip;:>ed with a hr::1ter and a pum} c:tpablc 

CAl.OMft. ~ 
REF~~EW;E · 
ELECTRODE--

ACH'I 

I'IH.:.i~Utt[ 

CELL 

CON~~;~~~~~=~MENT~ 

~ LET-DOWN I 5T~~~E 
CALOMEL J , VALVE ! :........0 

ncrcncr~cc , l J wn_oud 
ELECTRODE- .. -

TO 
DRAIN I 

INJECTION 
PUMP O· r·--·-~·~::-"Jn 

'· ·-···J I. 

650-ml LOOP VOL 

Fig. I. High-temperature titanium loop for electrochemical studies of corrosion. 

of circulating the 650 cm3 volume of solution past the electrode surfaces at various 
linear velocities (typically !.< to 24 ftjsec). depending on electrode diameter and the 
pump speed, which may be varied during operation. Provisions are available for 
continuous addition and withdrawal of fresh solution. Other features include a sam;:>
ling valve, a metering pump for injection of various reagents or of acid or base for 
control of pH. and provisions for deaerating. aerating. or oxygenating solutions to be 
circulated in the .loop. Corrosion and polarization studies can be conducted over 
the temperature range 25-225·'C. 

Details .of the electrode assembly are shown in Fig. 2. The specimens are used as 
hollow cylindrical electrodes through which the solution flows. The assembly contains 
two specimen electrodes in tandem separated by the polarizing electrode. Each 
electrode is insul~1ted from the loop and from the other electrodes by use of silicone 
rubber gaskets. Electrolyte circulates past the interior surfaces of the electrode3 
which were used in the "as-machined" state following standardiz~d cleaning proce
dures. The polarizing electrode, constructed of titanium, is in the center of the elec-
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POLARIZING 
ELECTRODE 

GUIDES AND INSULATORS 

Fig. 2. Test assembly for electrochemical studies of dynamic corrosion. 

trode assembly; titanium rods welded to this central electrode extend axially through 
the electrolyte inside the other two electrodes. This arrangement minimized I R drops 
in solution between the test specimens and the polarizing electrode and promoted 
uniformity of current density. Electrode potentials were measured by use of a high
impedance electrometer-recorder combination with respect to externally situated 
(room temperature) saturated-calomel reference electrodes which were bridged into 
the loop solution by use of an asbestos wick assembly (2:) ). The titanium electrodes 
(cf. Fig. 2, specimen nos. 1 and 3) were polarized by use of a constant current source 
consisting of high voltage batteries ( 135 V) of large capacity in series with high 
resistances or by use of a potentiostat (ORN L Model Q-2003 or Anotrol Model4700). 

RESULTS AND DISCUSSION 

Titanium, in common with many other metallic materials of construction, owes 
its immunity to corrosion to the existence of a passive oxide layer at the metal
solution interface (26 ). Except in strongly acidic solutions, titanium normally corrodes 
spontaneously at a very low rate in the passive region and the cur;·ent density of the 
anodic process (formation of a Ti02 layer) is independent of the value of the electrode 
potential over a wide potential range. However, in solutions containing a sufficient 
concei1tration of chloride ions (also bromide or iodide ions), titanium exhibits a 
pitting potential similar to that observed for aluminum, iron, stainless steel, and 
other metals and alloys which are capable of existing in both active and passive 
states. Fig. 3 shows a typical anodic polarization curve measured for type II 0-A T 
titanium (5.5/~· AI, 2.S:\ Sn) in I M NaCI at 190·C. The rate of the anodic pi·ocess 
is shown to be independent of electrode potential up to about + 0.4 V vs. S.C.E., 
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Fig. 3. Anodic polarization curve of titanium (Type 110-AT) in 1 M NaCI at 19o•c. 

at which point pitting attack can be initiated. In this case the pitting potential is 
quite low compared to that found for commercial titanium at the same temperatu ·e 
(about + 1.0 V). As for other systems where pits can exist simultaneously with 
unattacked, passive areas, the potential exhibited by a titanium electrode which has 
been forced up to the pitting potential by passage of sufficient anodic current is 
essentiflllY independent of the value of the current over wide limits. Pitting potentials 
of titanium, although dependent on alloy composition, appear to be independent 
of the pH of the external solution. Fig. 4 shows the typical appearance of a titanium 

Fig. 4. Pitting corrosion of titanium electrode. 

electrode after undergoing pitting corrosion by passage of anodic current. 
The primary cathodic reat:tion in the titanium-saline water system in neutral, 

weakly alkaline, or weakly acidic solutions is the reduction of dissolved molecular 
oxygen at the oxide-solution interface. Fig. 5 shows cathodic polarization curves 
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Fig. 5. Effect of acidity and temperature on polarization curves 
for the reduction of molecular 0 2 on titanium (110-AT Alloy) in 02-saturated 1 M NaCI. 

for oxygen reduction on type 110--AT titanium as a function of pH and temperature. 
At high current densities a limiting current for convective diffusion of dissolved 
0 2 to the electrode surtace IS observed. At lower current denstbes the reduction rate 
depends exponentially on electrode potential in the usual manner; in this region the 
rate-determining step is thought to be the interfacial charge-transfer process. Increase 
of temperature accelerates the rate of the reduction process. Computations based on 
these data show that the oxygen reduction reaction is first order with respect to 
hydrogen ion concentration over the pH range studied. 

Schematic polarization curves which summarize the electrochemical behavior 
of titanium in chloride solutions are shown in Fig. 6. Regions of active corrosion, 
passi-ve corrosion, and pitting corrosion may be distinguished; which type of attack 
will occur in practice depends on experimental conditions. In strongly acid solutions 
the rate of the anodic process in the active region increases with increasing hydrogen 
ion concentration (11. 13. 16, 23, 27-31). A numhcr of wMkers have prr:se ~ ·~tr.d 

evidence showing that trivalent titanium ions are formed as the initial product of the 
anodic process for active corrosion in acid solutions (19, 29, 32-37 ) . The primary 
cathodic process which occurs during spontaneous corrosion in the active region in 
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Fig. 6. Schematic diagram of polarization curves for corrosion of titanium in chloride solutions. 
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acid solutions is the reduction of hydrogen ions (not shown in Fig. 6). With increase 
of pH the rates of anodic and cathodic processes in the active state decrease con
siderably until a stable corrosion state can be attained only in the passive region. 
The corrosion potential in the passive region is determined by the pH, the dissolved 
oxygen concentration, and the rate of the anodic process (cf. points A and Bin Fig. 6). 
Under these conditions the metal maintains its passivity and corrodes at a very low 
rate. However, at sufficiently high temperatures, certain tita·nium· alloys may exhibit 
pitting potentials which are low enough so that the metal can corrode at the pitting 
potential (cf. point C in Fig. 6). 

The effect of temperature on the pitting potentials of a number of titanium 
alloys is shown in Fig. 7. These data were obtained by variation of the temperature 
of the loop solution while titanium electrodes were polarized to their pitting poten
tials by passage of a constant anodic current. Commercial tubing, type 55A, and 
alloys with small amounts of added elements (e.e;., the 0.15% Pd alloy) show high 
pitting potentials (9-ll V) in the vicinity of room temperature. With increasing 
temperature the pitting potentials of these m::~terials decrease more or less uniformly 
to values of the order of + 1.0 V at 1/5°-200°C. A relatively sudden change in the 

12.0 

11.0 

10.0 

w 9.0 
(.) 

<li 

~ 8.0 

-7.0 _, 
:;! ,_ 
z 6.0 
UJ 
1-
0 
Q. 5.0 

~ 
:: 4.0 
n 

3.0 

2.0 

1.0 

Symbol Alloy 
-o-o- 55 A 

-·-·- 0.15'Y.Pd 
-o-o- I";. AI 

----·- 1"/0 Mo 
~ 1";.Sn 

-·-·- 2%Ni 

·---· "---· 
""' ----· 

...... 

0 o 25 5o 75 100 1~5 1~0 17~ 200 zz~ 250 
TEMPERATURE ("C) 

Fig. 8. Effect of small percentages of alloying elements 
on the pitting potential of titanium in I M NaCI. 



-33-

pitting potential of the 0.15% Pd alloy_ occurs in the vicinity of 125°C. The type 
150A alloy (2.!S% Cr, 0.3% Fe) shows a very sharp drop in the value of its pitting 
potential in the vicinity of 7G0 C; the pitting potential changes about 2.5 V over a 
temperati11·e range of o1ily a few degrees. Pitting potentials of the type II O-AT alloy 
(5.5% AI, 2.5% Sn) are quite low, attaining values of only about + 0.4 V at 190°C. 

Effects ·of relatively small percentages of alloying elements on the pitting potential 
of titanium are shown in fig. 8. Additions of AI, Sn, and Ni increase the value of the 
pitting rotential significantly at temperatures below about 100°C. In the region 
from 100° to 150°C, the pitting rotentials of these alloys drop sharply Lo values 
somewhat less tha·n that of commercial titanium (55A), and at temperatures above 
175''C the pitting potentials of these alloys are more noble than that of 55A titanium. 
Above 125°C the pitting potential of the I /., Mo alloy is significantly more positiv_e 
than those of the other alloys; this material should be quite resistant to pitting 
corrosion under most circumstances (cf. Fig. I 0). The addition of 0.15% Pd to titanium 
does not greatly afl'ect the pitting potential (cf. fig. 7). At a temperature of 220°C 
the pitting potential of 55A titanium is quite low, and the possibility exists that 
pitting corrosion could be initiated spontaneously at this and higher temperatures, 
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Jepending on solution composition and acidity. It can be seen from these results 
that even small percentages of alloying elements can exert important effects on the 
tendency of titanium to undergo pitting corrosion at elevated temperatures. 

Pitting potentials or a number of titanium-aluminum alloys are shown in Fig. 9. 
Addition of I %AI has a generally beneficial effect on the pitting potential of titanium 
at both low and high temperatures, but further increase in aluminum content causes 
the pitting potential to drop to low values. These results suggest caution in the use 
of materials with high aluminum contents in solutions having high chloride and 
hydrogen ion concentrations. Solutions of low pH could cause these m~terials to 
corrode spontaneously at the pitting potential (cf. point C in Fig. 6). 

The influence of molybdenum additions on the pitting potential of titanium is 
shown in Fig. 10. The addition of as little as 1% Mo has a significant effect on 
the pitting potential at temperatures above l25°C (cf. Fig. !:!). Further increase 
in molybdenum content lowers the pitting potential ?lt temperatures below i\.hout 
150"C, with little improvement at mc_,re elevated temperatures. 

Qualitatively, the curves of Figs. 7-10 suggest that in general the presence of small 
percentages of an alloying cleme:nt~.:auses a signiflcant increase in the prtting potential 
of titanium at low temperatures and a smaller but important increase at high temper
atures. Larger percentages of AI, Mo, and Cr decrease the pitting potential of 
titanium; this is consistent with observations of Fischer ( 18) on effects of various 
surface treatments and of intentionally added impurities on the initiation of titanium 
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pitting corrosion. The pitting potentials of titanium alloys with small percentages 
of alloying elements are probably high enough so that pitting attack may never be 
a serious problem under conditions of spontaneous corrosion up to about 200°C 
in concentrated chloride solutions. However, it seems clear that pitting can be expected 
to occur at high temperatures on alloys which have high percentages of added elements 
(except Mo) under certain conditions of pH and oxygen concentration or in the 
presence of oxidizing agents. 

Differences in the pitting potentials of various alloys of titanium probably originate 
from specific effects of additives on the ionic conductivity of the passive layer (rutile, 
presumably). The total applied anodic current is the sum of the current due to growth 
of pits and the current due to the ionic transport processes in the unattacked portion 
of the passive oxide layer. The pitting potential should therefore reflect the impedence 
properties of both the transport processes inside the pits (interfacial reactions at the 
pit wall and transport processes in solution inside the pit) and the transport processes 
in the film. Conductivity proJ:erties of rutile are l::elieved to be determined in large 
part by oxygen vacancies which exhibit large values of diffusivity and are influenced 
significantly by the presence of impurities; large effects of ionic drift are observed 
in rutile under applied fields (38, 39 ). The influence of small amounts of added 
elements and the general trend of pitting potentials with temperature are. probably 
associated with corresponding charges in the ionic transport properties of the passive 
layer. 1m purity concentrations in rutile- tend-to saturate at a few mole per cent ( 40 ). 
Possil::ly the small changes in the value of the pitting potential observed on increasing 
the Al or Mo conte'nt of titanium alloys above a few per cent can be attributed to this 
factor. 

Other exJ:eriments have shown that crevice corrosion of titanium can be initiated 
at temperatures much lower than those at which pitting is an important mode of 
catastrophic attack (7 ). Several alloying elements seem to be effectiYe in preventing 
the initiation of crevice corrosion without at the same time shifting the pitting po .. 
tential to very low values. Fractional percentages of Pd or Ni or somewhat larger 
percentages of Mo seem to be effective in this respect. The results of Fig. 8 show that 
the presence of these same elements confers increased protection against pitting 
corrosion, so that it seems possible to develop titanium alloys which are resistant 
to both pitting and crevice corrosion attack up to at least 200°C. 
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3. KINETICS OF INITIATION OF CREVICE CORROSION OF TITANIUM 

F. A. Posey and D. V. Subrahmanyam 

Crevice corrosion is one of several manifestations of localized 

attack of metals and alloys by electrolytic solutions. Other modes of 

localized attack include pitting, stress-corrosion cracking, attack at 

points of contact of metals with dielectrics, and attack in three-phase 

regions such as at menisci (water-line attack). The possibility of 

crevice corrosion exists in a solution when contact between metals, or 

between metal and insulator or dielectric, creates adjacent to the metal 

a more or less stagnant region of the electrolyte in which molecular and 

ionic transport are hindered. Common sites for this type of attack are 

small holes, crevices associated with gaskets, lap joints, bolts and nuts, 

.and in some cases surface deposits such as scales or corrosion products. 

Many metals, particularly those which can exist in both active and passive 

states, are subject to crevice corrosion; these include iron and stainless 

steels, aluminum, copper, titanium, and other pure and alloyed metals. 

During this biennium we have analyzed an idealized model of the early 

stages of initiation of crevice corrosion, with special reference to the 

case of titanium, on the basis of macroscopic mass-transport theory. 

Interest in this approach arose as a consequence of some high-temperature 

measurements carried out previously and subsequent detailed investigation 

by Griess
1 

on crevice corrosion of titanium and some of its alloys .. 

Certain predictions of the model are in substantial agreement with many 

qualitative observations on the early stages of initiation of crevice 

corrosion of titanium and may also be useful in understanding the sequence 

of events which takes place during crevice corrosion of other metals and 

alloys: 

Because of the complexity of the series of events which lead to 

severe crevice corrosion of titanium in chloride solutions, it was necessary 

to restrict a kinetic analysis to the very early stages of the process and 

to make a number of approximations and assumptions. The processes of oxygen 

1. J. C. Griess, Jr., Corrosion kk• 96 (1968). 
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reduction and buildup of acidity within a crevice were treated on the 

basis of a simplified one-dimensional model. Thus, a liquid-filled crevice 

of length 1 and thickness 8 (8 << 1) is considered to contain dissolved 

oxygen at an initial concentration C~ and dilute hydrochloric acid, the only 

electrolyte present, at an initial concentration C~Cl As time proceeds, 

oxygen diffuses into the crevice and reacts at the metal surface, and 

hydrogen ions are produced (100% efficiency for hydrogen-ion production 

is assumed) as a result of the anodic process on titanium in the passive 

state. Concentrations of ionic and molecular species are assumed to be 

constant at the mouth of a crevice (x = 0) and equal to bulk concentrations. 

The current densities, the concentrations, and the potential of the solution 

phase wit.hin the crevice [9S(x, t)] are in general functions of both position 

and time. The appropriate mass-transport relations (Nernst-Planck.equations) 

were solved explicitly for several interesting cases; both transient and 

steady-state· behavior were examined. The relations presented and discussed 

below contain the following symbols: 

c~, c~cl' c~ 

CH(x,t), CCl (x,t) 

DH, DCl' DO 

F 

j (x, t) 
a 

j (x, t) 

k 
a 

n 

+ initial concentrations of H , HCl, and 02 
· (moles/cm 3 ) 

ion concentrations at position x and time t 
+ -

diffusion coefficients of H , Cl , and 02 
(cm 2 /sec) 

Faraday's consranr (coulombs/equivalent) 

inirial current density of the corrosion 
reaction, pH-independent rate (amp/cm2

) 

total anodic current density 

net current density (difference between anodic 
and cathodic current densities) 

formal hete~ogeneous specific rate constant of 
the pH-dependent anodic reaction (em/sec) 

number of electrons 

3.1 Oxygen Reduction in a Crevice 

The ultimate distribution of dissolved oxygen within a crevice, due 

to the competing influences of diffusion from the bulk solution into the 

mouth of the crevice, diffusion through the electrolyte within the crevice, 
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and reaction at the metal surface, is given approximately by: 

with 

cosh [/Y (1 - I)] 

cosh (/Y) 
(1) 

(2) 

The dimensionless_parameter y may be regarded as a measure of the relative 

rate of removal of oxygen by reaction at the surface compared to the rate 

of diffusion of oxygen within the crevice; For large values of y (greater 

than about lO) the effective depth of penetration of oxygen into the 

crevice in the steady state is given approximately by £//Y. Also, the 

final oxygen con-centration at the base of the crevice [C~/cosh(fy)] is 

proportional to crevice thickness and bulk oxygen concentration and 

inversely dependent upon corrosion rate and on the sq.uare of the crevice 

length. Thus Eq. (1) may be useful in predicting semi-quantitatively the 

oxygen level to be expected within a crevice during the important early 

stages of the initiation process, since in general the distribution of 

oxygen within a crevice approaches a steady state well before the acidity 

within the crevice changes substantially. 

3.2 Buildup of Acid Within a C~evice 

Figure 3.1 shows experimental data on the corrosion rate of passive, 

zone-refined titanium, held potentiostatically at an electrode potential 

of +0.5 V vs S.G.E., as a function of hydrogen-ion concentration and 

temper-ature (10- 6 amp/cm2 equals approximately 0.34 mils/year forTi). 

In spite of considerable scaiter of the data, our expectations were 

confirmed that the corrosion rate is practically independent of acidity 

up to about 0.1 ~ HCl, beyond which the rate increases proportional to the 

hydrogen-ion concentration. · Lines of unit slope were drawn through the 

d-ata at high acidity in Fig·. 3(.1. Measurements of this type are quite 

difficult to make because of problems of reproducibility and of the time 

required to es-tablish steady states. A minimum of 24 hours was allowed 

for the attainment of a steady state for each poirtt in Fig. 3.1. As noted 
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above, the corrosion rate begins to depend directly o"n hydrogen-ion con

centration at about 0.1 M HCL In a confined area·, this is the acidity 

which would have to be attained in order· for the corrosion reaction to 

become autocatalytic, as discussed below. There seems to be no clearly 

defined variation of this transition region with temperature. Such data 

are in qualitative agreement with observations made previously in high

temperature autoclave experiments
1 

that solutions contained in highly 

corroded crevice regions attain acidities as high as 1 M HCl. 

The temperature coefficient of the corrosion rate was measured at 

various acidities in a separate series of experiments. These results are 

shown in Fig. 3.2. Although considerable scatter of data is evident, it 

appears that the corrosion process at the potential +0.5 V VS S.C.E. 

requires an overall activation energy of about 20 kcal/mole. This value 

is in line· with activation energies of other solid-state transport 

processes of a similar nature. At high acidity, the corrosion rates are 

shifted to larger vaiues, but the slope of the line, and thus the overall 

activation energy, seems to be about the same as at low acidities. 

These results support a rather simple mechanism which accounts for 

the existence of an induction period for the initiation of severe crevice 

corrosion. As noted abovei ovei the greater patt of the pH range, from 

weakly alkaline and neutral solutions down to pH about 1, the rate of the 

anodic reaction of titanium in the passive region (formation of a Ti02 

layer) is essentially independent of pH. However, in solutions of stronger 

acidity, the rate of the anodic reaction depends directly on the hydrogen

ion concentration. The current density of the anodic reaction in the 

interior of a crevice is therefore given by 

j (x,t) = j + n F k CH(x,t) . 
a o a 

(3) 

Potential gradients, migration, and natural convection may be 

neglected to a first approximation compared to diffusion and reaction in 

the early stages of initiation of crevice corrosion. At constant potential 

the buildup of acidity in a crevice is described approximately by 

a CH (x, t) 

dt 
(4) 
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Assuming that the initial hydrogen-ion concentration is C~ and that this. 

concentration is maintained constant at the mouth of the crevice (x = 0), 

Eq. (4) may be integrated with use of the dimensionless distance variable, 

s = x/~, and the dimensionless time variable, T .= DHt/~2 , to give the 

solution 

In Eq. (5) the dimensionless parameters ¢1 and 'l' are given by: 

jo 
(~) 

n F k co 
(i) ¢1 'l' a H 

= 
[FDHC~/~] 

; 
[FDHC~/~] 

. 

If enough acid is developed in the crevice due to hydrolysis of corrosion 

products, the anodic process will become autocatalytic. Whether or not this 

will happen is determined by the magnitude of the 'l' parameter. If the 

reaction does become autocatalytic, the current can easily be.come large 

enough so that, in later stages, a substantial IR drop will develop in_the 

solution phase and force the potential at the closed end of the crevice down 

into the re~ion of active corrosion; the result is very severe crevice cor

rosion. 

Figure 3.3 shows solutions of Eq. (5) for various values of the 'l' 

parameter. It plots the relative increase in acidity at the closed end 

of a crevice as a function of time. For small values of tte catalysis 

parameter 'l', the ultimate acidity is determined largely by the rate of 

the anodic reaction in the pH-ind~pendent region, as expressed by the 

¢1 parameter. Thus, for 'l' = 0, we have CH (1, 00)/C~ 1 + ¢1/2. For 

'l' f 0, the ultimate acidity is given by 

1 + (1 + ¢1/'l')[sec(/W) - 1] (6) 

Solutions of Eq. (6) exist for 'l' < TI
2 /4; for 'l' ~ TI

2 /4, diffusion of hydrogen 

ions out of the crevice is insufficient to permit attainment of a steady 

state and the buildup of acidity and corrosion current would inevitably 

lead to severe ercvico att:ick. The timP n~qni.rf.'.n for a signif;icant increase 
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of the acidity in the crevice is of the order of o/k · the thinner the 
a' 

crevice and the larger the rate constant of the anodic reaction, the 

shorter will be the time required for initiation of crevice corrosion. 

3.3 Effect of Migration of Reactants and Products 

Here we present results of integration of the transport relations for 

the case where reduction of dissolved oxygen and accumulation of hydrogen 

ions in a crevice due to diffusion and reaction are considered simultaneously. 

In addition, the effect of migration of reactants and products on the initia

tion process is included. Consequently it is possible in this case to 

estimate both the distributions of-hydrogen ions and dissolved oxygen in 

a crevice and the distribution of potential in the aqueous phase as a function 

of various kinetic and geometric parameters. However it should be noted 

that the effect of autocatalysis of the anodic reaction, treated in Section 

3.2, is not included in the present case. 

In the early stages of the initiation of crevice corrosion, the net 

current density at any point (x, em) in the crevice and time (t, sec) is 

given to a first approximation by 

j (x, t) 

jo 

In the case of titanium the anodic process consists of the formation of 

(7) 

a Ti0 2 passive layer with simultaneous production of hydrogen ions according 

to the appropriate stoich:iomet.r.y, while the cathodic process is reduction of 

molecular oxygen to form hydroxide ions which can neutralize hydrogen ions 

formed as one of the products of the anodic process. In crevices of the 

proper dimensions, diffusion of 02 from the external solution into the 

crevice is insufficient to maintain the supply of cathodic reactant. With 

time hydrogen ions accumulate and chloride ions are transported into the 

~revice to preserve electroneutrality, the net anodic current density becomes 

appreciable, and a significant potential drop develops in the solution 

phase. If the acid concentration and potential drop are large enough, it 

is then possible for the system to transform to the mode of active 

corrosion (nnt. treated here), in which the metal corrodes with hydrogen 

evolution in the absence of the protective oxide layer. 
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The rate of accumulation of hydrogen ions in the crevice is given 

approximately by 

a <I> (x ' t) Jl + j (x , t) • 
ax ;J F cS 

The dimensionless potential variable <I>(x,t) is equal to <f>s(x,t) F/RT 

where RT/F is the thermal volt equivalent (volts) and <P (x,t) is the 
s 

Galvani or inner potential of the solution phase (volts). The rate 

accumulation of oxygen in the crevice is given by 

ac
0

(x,t) 
• D 

a zco (x, t)_ jo c
0 

(x, t) 
--.-......... ,. __ ,,_ 

::.x:z C" ()!- 0 n F 0 
0 

of 

where n is the number of electrons involved in the reduction reacti_on, 

The rate o£ accumulation of chloride ions is given by 

(8) 

(9) 

acCl(x,t)- ~2CCl(x,t) a (, a<I>(x,t)Jl 
at - DCl [ ax -ax tCCl (x,t) ax ) , (10) 

- -

Equations (8), (9)", and (10) must be solved simultaneously with the 

electroneutrality restriction, CH(x,t) = cC1 (x,t) = CHCl(x,t), and the 

following initial and boundary conditions: 

CCl(x,O) = CC1 (0,t) 

c0 (x,O) = c0 (0,t) 

X = 5I, 

acG.l (x,t) 

ax X = 5I, X = 5I, 
= 0 

In these boundary conditions, the length of the crevice is denoted by 

(11) 

5I, (em). and concentrations of hyclr.ogen ions, chloride iono, and oxygen 

are maintained constant at their initial values (C~ = C~l = C~Cl and C0) 
at the mouth of the crevice. 

The general solutions of Eqs. (8), (9), and (10) with the. boundary 

conditions of Eq. (11) give the transient behavior of the system in terms 

of relations involving Jacobian theta functions. The behavior or these 

general solutions is somewhat difficult to visualize without resort to 
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numerical.methods, and the distributions of concentration and potential 

attained in the ultimate steady ~tate are of more direct interest. 

Equations (12) and (13) give the steady-state distributions of Hel and 02 

in the crevice as a function of the various parameters. 

eHel (x) = 1 + 2. o / ~ CO . x (Q, - ~) - ..,.;-D_o"-:~:-;;~,--- ( 1 - cosh [/P (.Q.-x) ]} 
C~el H Hel DR Hel ( cosh [/P t] 

, (12 )' 

and 
cosh [IP (t - x)] 

cosh [/P t] (13) 

The parameter Pin Eqs. (12) and (13) is given by j
0

/(o n F D
0 

e~); the 

quantity l/(P) 1
/

2 is a measure of the depth of penetration of oxygen into 

the crevice in the steady state. 

The distribution of"potential in the aqueous phase inside the crevice 

is given by 

O(x) - 0(0) = ln rHCl (x) /C~CJ, (14) 

where the ratio eHel (x)/e~el is given explicitly by Eq. (12), In a 

manner common to other problems of this type, the potential drop in the 

crevice is composed of two components. One of these is an ohmic potential 

drop, the magnitude of which may be obtained by multiplying Eq. (12) 

by the ratio 2 DH/(DH + De1). The other component is a junction potential 

due to differences in mobilities of the hydrogen and chloride ions; this 

component may be calculated by multiplying Eq. (12) by the ratio (Del - DH)/ 

(DH + DCl). 

The importance of the present derivation lies principally in the use 

of Eq. (14) to estimate the potential drop developed in a crevice. It 

follows from Eq. ·(i4) that the difference in interfacial potential dif

ference [6~(x)] between the mouth and the base of a crevice is given by 

6¢(0) - 6¢(i) r . i2 

RFT ln -1 + -:-4---:::-s: -J--'o"---:::e""o
u F DH Hel 

secli [IP t]l (15) 

The interfacial potential difference at the base of the crevice is polarized 

negatively by the passage of anodic current due to the corrosion reaction 
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through thP. solution phase. If the potential is low enough and if the 

hydrogen-ion concentration attains a sufficiently high value, then active 

corrosion of the metal can commence. 

The relations presented above may be used to estimate the ultimate 

acid concentration and potential drop developed in a crevice. Table 3.1 

contains results of such a calculation using Eqs. (12) and (15) which we~e 

25 

50 

100 

150 

200 

TABLE 3.1 

ESTIMATES OF ACID CONCENTRATION AND POTENTIAL DROP 
DEVELOPED IN A TITANIUM CREVICE AS A FUNCTION OF TEMPERATURE* 

2 x 10-8 

4 x 10-8 

2 X 10- 7 

7 X 10- 7 

2 X 10 6 

DH (cm2 /sec) 

9.3 x 10- 5 

1.35 X 10-~ 

2,1 X 10-1+ 

2.7 X 10-1+ 

3.5 X 10-1+ 

c~c1 (£,)(~) 

5.57 X 10""' 2 

7.68 X 10-2 

2,47 X 10- 1 

6.72 X 10-1 

1.48 X 10° 

ll<j>(O) .... ll<j>(£,) (volts) 

0.221 

0.244 

0.325 

0.405 

0.485 

*Assumed values of parameters: o 1 em; C~Cl = 10- 5 M. 

based on certain assumed values of parameters thought to be typical of l:ht! 

titanium ::;ystem. Values of corrosion rate (j ) as a function of tempera-
o 

ture were estimated from available experimental data. Estimates of the 

diffusion coefficient of the hydrogen ion were obtained from values of 

the limiting equivalent conductance reported by Quist and Marshall
2 

with use of the Einstein relation between ionic mobility and diffusion 

coefficient. Crevice thickness was assumed to be approximately equal to 
3 the mean surface roughness of polished metal sut'faces. Other measurements 

on the influence of hydrogen-ion concentration on polarization curves of 

titanium, and numerous observations on crevice specimens in autoclave and 

loop experiments, show that the hydrogen-ion concentration must be of the 

2. A. S. Quist and W. L. Marshall, J. Phys. Chern. ~, 2984 (1965). 

3. American Society of Tool Engineers, Tool Engineers Handbook, McGraw
Hill; New York, 1949, p. 1330. 
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order of magnitude of 1 M and the potential drop in the crevice must be of 
I 

the order of 0.5 v before severe crevice attack in the active mode of 

corrosion can be initiated. 
1,4 

The results of Table 3.1 show that tempera-

tures of 150°C and above are required to fulfill these conditions for 

crevices of.the assumed dimensions. This conclusion is in good agreement 

with accumulated experience in corrosion testing of titanium crevic~ 

specimens.· The increase of corrosion rate with temperature determines 

principally whether or not su~ficient acidity and potential drop can be 

developed in a crevice· t'o allow initiation of active corrosion of pure 

titanium. 

4. F. A. Posey .and E. C. Bohlmann, unpublished observations. 
I . 

I 
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4. EFFECT OF FLOW RATE ON EFFICIENCY OF OXIDATION-REDUCTION 
REACTIONS IN POROUS AND TUBULAR ELECTRODES 

F'. A. Posey and F. Nelson 

As a result of interest in the possibility of development of new, 

economical methods for treatment of saline waters, some experiments were 

carried out on hydrodynamic and electrochemical aspects of oxidation

reduction reaction in porous, screen, and tubular electrodes in order to 

increase our understanding of factors which contribute to lowered reaction 

efficiencies at high flow rates. Measurements of polarization curves as a 

function of soiution flow rate through the electrode were made on several 

types of porous (National Carbon Company, grades 25, 45, and 60) and 

capillary electrodes operating with equimolar pot:assium ferricyanid.e

ferrocyanide (10- 5 to 10- 3 M) in 2 ~ KCl supporting electrolyte. 

Deoxygenated solutions were pumped through two porous carbon electrodes· 

of equal length (0.25 to 1.0 em) and diameter (0.5 em). The electrodes were 

held firmly in a section of Tygon plastic tubing and separated by use of 

a 1-mm glass-wool spacer. Solution entering the back side of one electrode 

was oxidized or reduced depending upon the polarity of the applied current 

while the reverse process occurred in the other porous electrode. The 

current through the cell corresponding to each precisely controlled flow 

rate was measured with a galvanometer, and the electrical potential differ

ence was determined by use of a potentiometer, in a manner similar to that 

used in conventional two-electrode polarography. 

The current due to the oxidation-reduction reaction was observed to 

increase with increase in cell pot:ential until it attained. a limiting 

value which depended on the flow rate of the solution. The limiting current 

per capillary could be computed from Faraday's law for flow rates less than 

5 x 10- 3 cm 3 /min (per capillary) in capillaries having diameters in the 

range 3.3 x 10- 3 to 6.4 x 10- 2 em. The efficiency of the redox reaction 

decreased for flow rates in excess of an optimum value which was determined 

by the length of the capillary or porous electrode or the diameter of the 

screen wire. In the region of lowered efficiency, the limiting current 

was controlled by convective diffusion to the internal surfaces of the 

electrode and at sufficiently high flow. rates could be expressed by a 
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1-3 modification of an equation derived by Levich. This relation is given 

by 

(1) 

where iL is the limiting current due to convective diffusion of the 

reacting ions (amp), n is the number of elec.trons involved in the redox 

reaction, C is reactant concentration (moles/cm 3 ), D is the diffusion 

coefficient (cm2 /sec), tis capillary length (em), and Vf is volume flow 

rate (cm 3 /sec). It is noteworthy that capillary diameter has no effect on 

the limiting current. 

The results of Fig. 4.1 show how the current (per capillary) varies 

with solution flow rate for both porous electrodes and a single capillary. 

The number of capillaries effectively equivalent to a porous electrode was 

computed from data supplied by the manufacturer. At low flow rates the 

current efficiency is 100% and the current is given by the expression 

i = n F C Vf, where i is the current per capillary (amp) and F is 

Faraday's constant (coulombs/equivalent). At higher flow rates the 

efficiency decreases with increasing flow rate and the current varies with 

the cube root of the volume flow rate in the laminar flow regime [cf. Eq. 

(1)]. The Levich equation: describes the data well in the region of high 

flow rates where the ~ate.of the redox reaction is controlled by con

vective diffusion. Currents. (per capillary) calculated for the grade 

25 carbon lie below the Levich line because the value of the average pore 

cross section supplied by the manufacturer was too high. 

We have ·derived a generalized expression for the limiting current, 

obtainable from redox reactions in porous and tubular electrodes as a 

function of the solution flow rate,which is valid for both low and high 

1. V. G. Levich, Physicochemical Hydrodynamics, Prentice-Hall, Englewood 
Cliffs, N. J., 19G2, p. 112, 

2. W, J. Blaedel~ C. L. Olson, and L. R. Sharma, Anal. Chern. ~· 2100 
(1963). 

3. W. J. Blaedel and L. N. Klatt, Anal. Chern. ~· 879 (1966). 

I 
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--THEORETICAL YIELD- FARADA'1''S LAW 
--CALCULATED BY Eq.(l) FOR 

I em (Al, 0.5em(B), AND 0.25em (C) 
0 0.25em, W.-45 CARBON 
X 0.25 em; # 25 CARBON 
6 0.5cm, '11'25 GARRON 
• t.O cu1 <lRAfliHITt: CAPILLAHY (U.06em DIAM. l 
e CALCULATED BY Eq. (2) FOR 

0.25 em LENGTH 

V, ( ml I min- co pillory) 

1.0 

FIG. 4.1 LIMITING CURRENT FOR 10-4 FERRTCYANIDE-FERROCYANIDC 
AS A FUNCTION OF VOLUME FLOW RATE IN POROUS CARBON ELECTRODES. 
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flow rates. This relation is given by 

i 
I, ~ 5.3 
L- e F 

D.t 2/3] (-) 
vf . 

Points calculated by use of Eq. (2) are shown in Fig. 4.1 for the case 

of electrodes of 0.25-cm length. Good agreement between theory and 

experiment is evident over the entire range of flow rates, including 

the transition region between rate control by surface reaction and by 

convective diffusion. Th'e theory of a number of other cases in the 

operation of porous electrodes with flowing solutions has also been 

developed. These results- allow one in principle to calculate optimum 

operating_points and other parameters of interest in the use of porous 

electrodes for electrolysis of saline waters. 

(2) 
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5. RECTIFYING PROPERTIES OF VALVE METALS IN A 
ONE-COMPARTMENT ELECTROLYSIS CELL 

P. M. Lantz and K. A. Kraus 

A preliminary study was made to determine the feasibility of using 

valve metals (Al, Zr, Ta, Ti, Nb, Mo-Ti alloys) as rectifying electrodes 

for electrolysis of 0.25 ~ Na2S04 at high current density in the one

compartment electrolysis cell described previously. 1 Platinum or lead 

counter electrodes were positioned opposite the valve metals in the elec

trolysis cell. Th~ ~ff~ctive area of the ele~Ltuue~ u~~u was J.2 cm2 • 

Voltage was supplied to the electrodes by a Variac operating with 110 volt, 

60 Hz AC. Voltage and current were monitored on the screen of a dual

beam. oscilloscope and recorded on film with a Polaroid camera. 

Visible oxide was formed on the electrode surfaces within a fraction 

of a second after ·application of power, and steady states were evidently 

attained in a short time. However, the 20% and 30% Mo-Ti alloys required 

much longer to attain a steady state. Possibly this was due to dissolution 

with time of the Mo in the oxide layer, leaving a more uniform titanium 

oxide surface. 

At an effective voltage of 28 V the ratio of the current flowing in 

the positive half-cycle to that in the negative half-cycle varied trom 6.1 

fQr Zr to 1.1 for Ti. Accordingly~ the metals examined may be arranged in 

the following order of decreasing rectification efficiency: Zr, Ta, Nb, 

Al, Ti. An applied voltage of 28 V on Zr produced a rectified current of 

0.8 amp/cm2. The performance of the 30% ~o-Ti alloy was very good for 

the first 10 minutes at the same voltage, delivering 2.0 amp/cm2, but the 

efficiency decreased after extended use. Tantalum and zirconium were 

equally good initially, but aft~r use for 30 minutes, zirconiwn re~tlfieu 

better than tantalum. 

In fact, rectification.efficiency of all these materials decreased 

after extended use. It might have been anticipated that the reduction 

1. P. M. Lantz and K. A. Kraus, "Electrochemical Reactors in Flowing 
Streams Using Porous Electrodes," Section 1.5 in Water Research 
Program Biennial Progress Report for Period March 15, 1964 to 
March 15, 1966, Reactions and Transport Phenomena at Surfaces. 
Corrosion Studies, ORNL-TM-4097 (in preparation). 
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half-cycle would help to preserve· the electrodes, but little evidence is 

available to support this view. The high resistance of the superficial 

oxide layer evidently affects adversely the conductance properties in 

the cathodic half-cycle, thus decreasing rectification efficiency. For 

these reasons, the utility of valve metals as self-rectifying electrodes 

in the mode of operation studied appears to be limited. 
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[Reprinted from the Journal of Electroanalytical Chemistry and Interfacial 
Electrochemistry~' 99~109 (1968)] 

Copyright 1968 by Elsevier Publishing Company and reprinted by permission 
of the copyright owner. 

6. CHRONOPOTENTIOMETRY OF THE Ag-AgCl SYSTEM AND 
ANALYSIS FOR THE CHLORibE ION 

Robert E. Meyer, Franz A. Posey, and Paul M. Lantz 

Although the theoretical basis of chronopotentiometry is well established for 
many types of reactions, relatively fe,\• analytical applications have been described. 
Futher, little attention has been paid to the case of quasi-reversibility. and there is a 
tendency to report results as either reversible or irreversible. We present here a dis
cussion of quasi-reversibility of reactions of the type illustrated by the formation of 
AgCl upon silver, and in addition we show that this system can be used for a simple 
and accurate analysis for the chloride ion. 

DELAHAY, MATTAX AND DEKliN31 iuve!>Li~aleu Llieult!lically Llie case uf auutlic 
oxidation of a metal with formation of an insoluble substance and gave the equation 
for the chronopotentiometric wave assuming that the Nernst equation applies to the 
reaction. In addition, they showed that reproducible transition times can be obtained 
for the Ag-AgCl system at a chloride concentration of 5 mM. They reported, however, 
that the slope which they obtained from the conventional plot of log [r- (tf'r:) +] vs. 

potential was 67 m V rather than the theoretical value of 59 m V, at 25°. Furthermore, 
the value of the solubility product which they calculated from their results is some
what higher than the generally accepted value, a result which they attributed to the 
small diameter of the particles of AgCl. They also suggested that reactions of this type 
might be useful for analytical purposes. 

THEORY 

The shape of chronopotentiomctric waves has been the subject of many treat
ments and excellent reviews are available~-4. However, httle consideration has been 
given to the general case of quasi-reversible kinetics. Recently, ANDERSON AND 
MACERO~ have treated the quasi-reversible case for forward and reverse waves. Their 
treatment covers the case of the reaction, Ox + e- = Red, where both species are 
under diffusion control. For the case considered here (i.e., the case of a single diffusing 
ro;oactant ion and an insoluble reaction product) the equations arc somcwho.t different 
and a graphical method can be used to determine the kinetic constants of the reaction. 
These equations are given below because our results show that under the conditions 
investigated here, the formation of AgCl proceeds quasi-reversibly; i.e., the exchange 
current and the polarizing current are of the same general order of magnitude. 

We assume, as did DELAHAY et ul.l, Lhat the presence of AgCl on the electrode 
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surface does not significantly affect the general rate expressions*. JAENICKE, TisCHER 

AND GERISCHER 6 have shown that compact highly resistive films are not formed at 
the current densities used i11 our work, and therefore no significant resistance is to be 
expected. 

The overall expression for the current density is given by the following 
equation: · 

[i =io(C;/Co) exp [az(E -Eo)FfRT] -io exp [- (r -a)z(E -Eo)F/RT] (r) 
where 

[io =zFk,.Co exp [ +azEoF/RT] =zFkr. exp [- (1 -a)zEoF/RT] (z) 

In these equations, ka and kc are heterogeneous rate constants for the anodic and 
cathodic reactions, respectively. C 1 is the concentration of the diffusing ion at the 
interface, Co the initial concentration throughout the solution, a. the transfer coeffi
cient for the anodic reaction, and the rest of the terms have their usual significance. 
The equilibrium potential, Eo, is the potential that a Ag-AgCl electrode system will 
attain at the concentration, C0 ; at this potential C; = C0 . Implicit in these equations 
is the assumption that the activity of AgCl remains constant during polarization. 

·The standard boundary conditions for chronopotentiometry are satisfied for 
this case and therefore2-4, 

C;/Co = [r- (tf-r) 1] (3) 
where 

r! =n!zF~!Cojzi (4) 

and where~ is the diffusion coefficient of the diffusing ion and r, the transition time, 
is the time at which C 1 theoretically decreases to zero. 

Setting exp [z(E- Eo)FfRT] =0, we have from eqns. (r) and (3), 

ifio = (C ;,'C o)0«-{)-<1-IY.l (S) 
or 

[r- (t(r) !] = (ifi 0 )0-« + {)-1 (6) 

If (E -Eo) and rare known, then the unknown parameters, a.z and io, may be 
obtained from the chronopotentiometric waves by plotting the data according to the 
following equation, which is derived from eqn. (6). 

log {[r- (tf-r)!]- 0-1} = log (i/io)- (az/2.3) (E -Eo)FfRT (7) 

The quantity on the left is plotted vs. (E -Eo)FfRT, and the slope and intercept 
yieldaz and io, respectively. 
From eqn. (6) we note that if£ ~ io, then 

E=Eo-(2.3RTfzFj log [i-(t/r)!] (8) 

and if i ~ £0 , we have 

E =Eo+ (2.3RTjazF) log (£/io)- (2.3RT/azF) log [r- (tf-r) !] (g) 

Equations (8) and (g) are, respectively, the equations for reversible and irreversible 

'1' By makiug l!.i3 ir.55umrot.ion, wo do not t;omid~r thf> rnmplr.xit.ir.R that CQ~Id arise due to crystal 
growth and related phenomena. Our justification for this assumption is that the equations so 
derived adequately describe the chronopotentiometric waves. A study of the mechanism of forma
tion of AgCI wuuh.l u" iult:i'esting but beyond the scope of thi~ wQrk .. 
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waves. If the reaction is completely irreversible, then· the term (j- 1 in cqn. (7) is 
negligible, and a vlot according to eqn. (7) is essentially identical with the standard 
treatment of irreversible waves. As the reaction approaches reversibility, this method 
of determining the kinetic constants becomes less accurate, Jor the expression 
(r- (tf-r) t- (j-1) approaches zero (cf. eqn. (8)). 

If rxz = !. then eqn. (6) may be solved explicitly for E. For positive values ot' i, 
we have aft~r settings = (jt 

ifio = (C/Co)s- rfs 

This is a quadratic equation in s which can be solved to give: 

s = [i/io + {(i/io) 2 +4C/C o} •J/(2C 1/Co) 
or 

(ro) 

(rr) 

E=Eo+4.6(RTjF) log {{i/io+V(i/io) 2 +4[r-(t/r)l]}f2[r-(t/-r)IJ} (r2) 

Chronopotentiometric waves of the three types are plotted in Fig. r. For the 
reversible case (cf. eqn. (8)) the potential begins to depart from the equilibrium poten-

~ 

~ ·e 
-....,o 
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t, seconds 

Fig. 1. Theoretical chrouuvutentiomctric waves for the process,l\1 + X-- e- = MX (insoluble). 
T = IO sec, z =I. :x =!;quasi-reversible case, ifi 0 = I; irreversible case, i(io = 10. 

tial smoothly and slowly, and the rise in potential at the transition time is qnite dis
tinct. For the other two cases (cj. eqns: (9) and (r2)) there is a marked jump in poten
tial initially and a less distinct rise in potential at the transition time. However, with the 
use of appropriate tP.c:.hniques, the transition time may be determiued wilhout diffi
culty in all cases. 

In practice, the potential does not increase indefinitely to infinity as indicated 
in Fig. r. Rather, the potential tends to level off at the next electrode reaction, and a 



-59-

point of inflection is observed very near the transition time. For many cases, it is 
preferable to defermine the transition time by observing this point of inflection through 
electronic differentiation. At the point of inflection, a peak in the derivative curve is 
observed, and the transition time can be determined with much more precision. This 
differentiation technique is especially useful if the reaction is irreversible or quasi
reversible, fo~ in these cases the potential will shift much more than in the reversible 
case and the potentia] may then move into the region of the next halt before a well
defined rise is observed. 

The use of the derivative to determine the transition time by this method has 
been reported by IwAMOT0 7. More recently~.~~. derivative chronopotentiometry has 
been used to determine,.the transition time by a different technique. 

EXPERIMENTAL 

Apparatus 
The design of the cell was based on that of MoRRIS AND LINGANE 10 p.nd is 

shown in Fig. 2. The electrode was cut from silver sheet and held firmly in place by the 
large stainless-steel bolt. The working area of the electrode was defined by the cut-out 

TO STIRRING 
MOTOR 
·~ 
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Fig. 2. Ceil for chronopotentiometric waves and their derivatives. See text for details. 

Fig.]. Schematic diagram of apparatus for recording chronopotentiometric waves and their deriva
ti.vcs. See text for details, 

in the nylon bottom of the cell, and had an area of 1.13 cm 2. The counter-electrode was 
a platinum disk placed symmetrically above the silver disk, and the reference electrode 
was a silver-silver chloride electrode. placed directly into the solution. Care was 
taken to place the electrode near, but just to the side of, the silver disk. All but a few 
millimeters of the top of the silver reference electrode were insulated with epoxy resin. 
Med::.uLeuu::iils w·ith a ca.lom-.:1 reference electrode !Jhowed tho.t during pob.riz:1tion the 
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potential of the Ag-AgCl reference electrode stayed constant to within one or two 
millivolts. 

Care had to be taken to keep the electrode clean. Before use, the electrodes 
were inspected for visual imperfections, polished with a very fine abrasive (e.g., silver 
polish) and thoroughly degreased and rinsed with alcohol and distilled water. Periodi
cally, the electrode was removed and treatment was repeated. Poorly defined chrono
potentiometric waves and irreproducible transition times were generally the signal 
for recleaning. Care was also taken to prevent gas formation due to excessive polariza
tion. Finally, it was found necessary to reduce the AgCl on the surface after each 
oxidation cycle with the relay system described below. 

The measurement circuit is shown in Fig. 3· Constant current was supplied by a 
John Fluke Model 407 regulated power supply (John Fluke Manufacturing Co., 
Seattle, Washington) feeding through an adjustable bank of resistors (R1). The voltage 
and resistance were always great enough to insure constant current. The polarity of 
the current was reversed for the oxidation, an,d reduction cycles by means of a switch 
operated by a timer relay. The potential of the silver electrode was monitored with a 
Keithley model 6ro electrometer (A1) (Keithley Instruments, Inc., Cleveland, Ohio) 
coupled to one channel of a Hewlett-Packard model 7100B dual-channel recorder 
(Hewlett Packard-Moseley Div., Pasadena, Calif.) The derivative of the E-t curve was 
also monitored and recorded on the other channel of the recorder. The derivative was 
supplied by a derivative unit which made use of a Philbrick P65AU operational ampli
fier (A2) (Philbrick Researches, Inc., Boston, Mass.) The differentiating capacitor had 
a value of 20 flF and the resistor (R2) was varied to give gain sufficient to drive the 
recorder. The current was monitored either with ammeters or by measuring the vol
tage drop across precision resistors. When ammeters were used, they were always 
calibrated by the ORNL Standards Laboratory. The sequence of operations (explained 
below) was controlled by adjustable timer relays (Cycl-Flex HPs series) (Eagle-Signal 
Co., Moline, Ill.). 

Reagents 
No special reagents are required for the analyses. One series of test solutions 

was made up from Long Island Sound 3Ca water. Sulfuric acid, sodium nitrate, or 
sodium sulfate were used as inert electrolyte, generally at 0.5 /o,f. 

Analytical procedure 
Solutions containing inert electrolyte and known amounts of sodium chloride 

were used to determine the chronopotentiometric constant, K = -,;+ifC o (cf. eqn. (4)), 
over the concentration range of interest. The unknown solutions were made up to 
approximately (± Z.'i %) the same concentration of inert electrolyte, and the current 
was adjusted until the observed transition time was about equal (generally ± ro%) 
to that used for the standard solutions. The concentration was then calculated from 
the relation, Co= -,;tifK. For maximum accuracy, the electrode was calibrated imme
diately before use. Analyses with an accuracy of ± 3% can be obtained with only 
occasional calibration (e.g., daily) if care is taken not to damage the electrode surface 
by abrasion or allowing it to dry out. Electrodes were pre-aged as discussed below by 
running them through a cycle of at least ten formations and reductions of the AgCl 
film at the highest concentration of Cl- in the concentration range of interest. 
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The transition time was determined by the following sequence of operations: 
initially, a ·reduction current was applied to reduce any AgCl formed on the surface. 
Stirring was also applied during and for a short time after the reduction cycle. A delay 
of usually abm.it 30 sec was followed by the actual oxidation cycle. The recorder drive 
was turned on a few seconds before the initiation ot"the oxidation cycle, and, after the 
wave was recorded, the reduction cyele was begun again: Thus, the total cycle was 
repeated in about one minute for the shorter transition times. The reduction was 
always carried out with the same value of current as the oxidation cycle but extending 
over a slightly longer time to insure complete reduction of the AgCl. After a few 
complete cycles, the transition times in an individual series were generally reproduci
ble to within r%. 

RESULTS AND DISCUSSION 

Typical chronopotentiograms are shown in Figs. 4 and 5· The derivative of 
each E-t curve is shown on the same time axis but with an arbitrary vertical axis. The 
transition time so measured corresponded closely to transition times measured by 
conventional techniques applied to the E-t cu·rves2•3• However, for unfavorable con
ditions, the graphical techniques were quite arbitrary, and the use of the. derivative 
was essential to the accurate determination of the transition time. 
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Figs. 4-5. Chronopotentiometric waves and their derivatives for formation of AgCI on Ag. (4) 
Co= 4.86 · w- 3 M NaCI, i = 3.26 · w-• A/cm 2 , 1: = 35.6 sec, 0.5 M NazSO •. (5) Co = 4·95 · Io-2 

M NaCI,_.i = 3·35 · w- 3 Afcm•, • = 29.7 sec, 0.5 M Na.so •. 

. A smalt'amount of overshoot is observed in Figs. 4 and 5 at the initial section 
of the E-t cur~e. This overshoot was observed also when an oscilloscope was used to 
monitor the potP.ntial. However, ifthe AgCl was·formed on a previously formed AgCl 
layer, the overshoot was not observed. We conclude that a slight amount of crystalliza
tion overvoltage may be involved. The overshoot did not interfere with the analysis. 

Figure 6 is a plot of log (r- (tf-r:i l) vs. E for the case shown in Fig. 4· Examina
tion of etpts. (8) and (g) show that such a plot should be linear if this·E-t curve repre
sents either the reversiblC or the irreversible case. Except for the initial section, the 
plot is 'linear and has a slope of gr 111 v /decade. If the reaction were 'reversible, the 
slove lvuuld be a.bout 39 tnVfdccade. The deviation from 59 mVfdecade· iE too large 
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to be explained by a small perturbation from reversibility. Examination of the poten
tial scale of Figs. 4 and 5 shows that the potential has not departed far enough from 
the equilibrium potential for the reverse reaction (cathodic) in this case to be neglect
ed. Generally, the reverse reaction cannot be neglected unless there is at least a 
120-mV difference from the equilibrium potential. For these reasons we have analyzed 
the reaction as a case of quasi-reversibility, and eqn. (7) may be used. 

-0.5 -1,0 -1.5 
bOC (t·{ 1/• )1'?.] 

Fig. 6. Plot of log [1- (tfr) I] vs. E; test for reversibility. Co= 4.86 · I0-3 M NaCI, i = 3.26 · I0-4 
Afcm 2. -r = 35.6 sec, o.s J/ Na2so •. 
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Figs. 7-8. Determination of io and xz from chronopotentiometric wa\'es. (7) C0 = 4.!!6 · I0-3 iVI 
"~aLl, i = 3.2b · to-• .-\fen'!", -r = 35.0 sec, o.,; .11 ~\'a2so •. (8) Co= 4-9.5"· Io-•M N'aCJ, i = 3-35 · 
Io-3 A/cm2, -r = 29.7 sec, 0.5 J/ ~a2so •. 

Figures 7 and S show plots according to eqn. ·(7). The plots are linear except 
for the initial sections of the curve and the kinetic constants are reasonable. Values of 
""\; ranging from about o.s to o.S have been found and generally the exchange current 
is about the same order of magnitude as the polarizing current. Table I shows some 
of the resuits. Since the formation of the AgCl on a solid silver electrode is not a 
well-defined, reproducible process, variability in the kinetic constants is to be expect
ed. It should be emphasized that these constants refer to the formation of thin, porous 
films of AgCl on silver. Deviation of the initial section of the curves of Figs. 7 and S 
results from the fact that overshoot is observed on the initial section of the H.-t curve. 

Table 2 shows the variation of the chronopotentiometric constant with transi
tion time at o.oi M. Here it is shown that this constant varies only slightly from transi-
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tion· times of about 6o s'ec to about 3 sec. Below IO sec the constant rises, and below 
about 0.5 sec it is difficult'to obtain a reproducible time. Analyses at transition times 
of I-IO sec can be performed by carrying out calibration and determinations at approx
imately the same transition times. The amount of variation in transition time that 
can be tolerated depends on the precision required. According to Table z, a variation 
of about- I and + 5 sec must not be exceeded at a transition time of 5 sec, in order to 
keep the permissible error within I%. For the same precision, a much larger variation 
can be tolerated at transition times greater than IO sec. At lower concentrations, the 

TABLE I 

KINETIC CONSTANTS DERIVED FROM CHRON'OPOTENTIOMETRIC WAVES 

Co, NaCI i T (X io 
(M. 10-3) (Afcm2 · ro-4 } (sec) ( Afcm2 . ro-•) 

'4·9 2.56 56·7 o.63 3-32 
4·9 4·42 20.6 0.52 4·07 
4·.9 6.63 9-7 0.56 6.19 
4·9 8'.85 5·8 0.56 5-92 
4:86 3.26 35·6 o.61 3·17 
9·93 8.40 19·75 0.79 6.10 

49·5 33·5 29-7 0.71 22.8. 

TABLE 2 

VARIATION' OF CHRONOPOTEN'TIOMETRIC CONSTANT WITH TRANSITION TIME 

o.o1 M Cl-, o.5 M N·a2so. 

Current density Transition time K(=di{Co) ·. ro-2 
(mAfcm2) (sec) 

0.460 56.1 3·45 
0.535 45·0 3-60 
0.663 30.0 3·64 
0.918 20.0 3-63 
1.154 10.0 3·65 
1.657 5·0 3· 71 
1.88 4·0 3-76 
2.21 2.96 3.81 
2.77 1.98 3-90 
4-09 1.03 4.16 
5 .66 0.50 4·0 

TABLE 3 

COMPARISON OF CHRONOPOTEN'TIOMETRIC AND CHLORIDOMETRIC METHODS FOR 

CHLORIDE ANALYSIS OF LONG ISLAND SOUND WATER 

Chloridometric( M) 

0.2171 
0.1094 
0.05537 
0.02749 
u.u1300 
0.006961 
0.001865 

Chronopotentiometric ( M) 

U.oll'23 

0.1098 
0.05570 
0.02769 
0.01398 
0.006933 
0.001866 

% Difference 

-2.2 
0-4 
0.6 
o.·, 
'='·7 

-0.4 
0.05 
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variation in the chronopotentiometric constant with transition time becomes some
what greater. We therefore always reproclnce the transition time to ± ro% at con
centrations below 0.005 M Cl-. 

Table 3 shows a series of actual determinations whir.h were done under condi
tions designed to obtain maximum precision. The electrode was calibrated with solu
tions of known concentration at transition times of close to 5 sec (these analyses have 
been carried out at tran~ition times of 5 sec rather than the more usual 20-40 sec 
because of our interest in applying this method to flow cells, as described below). With 
the same electrode surface and interspersed between the calibration runs, the un~ 
knowns were run also at transition times of 5 sec. These unknowns were prepared by 
dilution with distilled water of a sample of the Long Island Sound sea water as shown 
in Table 3· Analyses of the unknowns were carried out by a Buchler-Cotlove Chlorido
meter (Buchler Instruments, Inc., Ft. Lee, N. J.) an instrument which makes use of 
coulometric titration anrl which we have found to be accurate tor%. The agreement 
between the two methods of analyses is within the sum of the precisions exper.tecl for 
the two mcthod3. 

Table 4 shows a test of reproducibility and stability of an electrode that was 
prepared as described above and cycled through a series of oxidations and reductions 

TABLE4 

TEST OF REPRODUCIBILITY OF ELEC"l'RODE 

Order of Concn. Cl- K(= ,:i/Co) Mean K Rel. Std. 
determination (M) · ro-2 · ro-2 Dev. (%) 

0.0005 3·74 
7 3-91 

13 4-10 3·98 3·8 
19 4.08 
25 4-06 

2 O.OQ97'i 3-P.S 
9 3·87 

15 3-92 3-94 1.3 
r8 3·97 
~J 4.01 

3 0.001 4·07 
6 3·84 

!6 4-08 3·98 2.5 
20 3·94 
22 3-96 

4 0.005 3-72 
lO 3·73 
II'" 3·79 3·75 o.!! 
14 3·75 
24 3-'18 

5 0.01 3-72 
8 3·70 

12 3·76 -~·74 1.5 
17 j.8j 

21 3-70 

* H.un No. 11 begun after leaving cell standing overnight containing o.oo5 M CI-. 

... 
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at a concentration of o.or M Cl- before use. The entire series was run over a period of 
two days. Examination of this table shows that analyses in this range of concentra
tions should be accurate to within a few per cent without frequent calibration. We 
have not been able to obtain reproducible transition times at cmi.centrations below 

· 0.0003 M because the derivative peak broadens. In addition,· we have found that 
extensive use of the elctrode at concentrations above o.I M changes the electrode sur
face so that it is advisable to recalibrate the electrode if it"is to be used again i.n the 
concentration range of Table 4· This is not a serious disadvantage, however, since 
calibration is a very simple procedure. 

The substances used as inert electrolyte (Na2S04, H2S04, NaNOa, all at o.s M) 
were interchanged without changing the value of the chronopotentiometric constant. 
In so doing: the pH was also changed significantly without effect. Other experiments 
using HCl as the unknown and Na2S04 as the inert electrolyte also confirmed this re
sult. Reducing the concentration of inert electrolyte from o.s M to o.r M increased the 
transition time by a few per cent. In gem~ral, we tried to rnain.tain its concentration at 
0.5 M ± 25 o/o, but satisfactory analyses could easily be accomplished at o.r M. De-ae
ration was found to be unnecessary even at the lowest concentrations. Operation of a 
second cell with diffusion upward rather than downward also did not affect the results 
under the conditions of this work. 

Aging of the electrode had a beneficial effect at the lower concentrations (below 
0.002 M). Silver which was freshly prepared generally showed high transition times at 
concentrations of 0.002 M or below. After an electrode had been aged and used for 
several determinations, only slight increases in transition times were noted. For this 
reason, we generally preaged electrodes by running through a series of at least ten 
oxidations and reductions at the highest concentration of Cl-. 

Finally, we have found that well-defined chronopotentiometric waves can be 
produced on silver already covered with a thin layer of AgCl. However, this type of 
surface was much more difficult to reproduce over a wide range of concentrations and 
currents than the surface formed by complete reduction of the silver chloride. 

DISCUSSION 

The transition time was easily and precisely determined by the derivative 
method described above. Whether the transition time so determined corresponds 
accurately to that defined by the condition, Ct =0, is not certain, however. For cases 
where the potential changes sharply enough so that the transition time can be deter
mined directly from the F.-t r.nrve, the two methods give closely corresponding results. 
For use in analysis, accurate determinations of -rare not necessary, however; only 
precision and reproducibility are reC]_nired. 

More serious is the validity of the assumption that the chloride ion is .depleted 
uniformly across the electrode surface with roo% current efficiency. A small rise in 
transition time at low concentrations is frequently observed (cf. Table 4), and this may 
indicate that all of the silver ion does not form AgCl at the surface. Either another 
compound, perhaps the oxide, is formed, or the silver ion leaves the surface without 
forming insoluble AgCl in a distance short compared to the thickness of the diffusion 
layer. The fact that aging lowers the transition time at low concentrations suggests 
that freshly cleaned silver surfaces may not offer many nucleation sites for formation 
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of AgCI. Alternatively, at freshly prepared silver surfac:es there may be an excess of 
active sites so that Ag+ may diffuse from the electrode surface before it can form AgCl. 

From the practical standpoint, it is only necessary to reproduce the current 
efficiency in each run in order to use this techuiyue for analysis. The most important 
factors for doing this are first, to remove completely the AgCl formed befme repeating 
a run; second, to run the calibration curves and the unknown curves with a carefully 
reproduced cycle of operations, and finally, to pre-age the electrode as described above. 

Use of this techniques offers certain advantages compared to other methods 
of analysis for the chloride ion. It should be noted that a much simpler apparatus 
than that shown in Fig. 2 can be used and that, although a Ag-AgCl reference elec
trode is used, it is only necessary that the potential of this electrode remain approxi
mately constant or drift uniformly during the measurement. Highly accurate measure
ment of potential therefore is not required as in potentiometric methods of analysis. 
In fact, it is not even necessary to measure the potential, for only the derivative of the 
E-t cmve is rf>quired for OJ.na.lyei£, 

The rapidity and simplicity of t:his method suggests its use in a flow cell; use 
of this method is projected in desalination research for routine monitoring of certain 
process streams. The useful c:onr.entr;~Jion range of the method (o.s - 5 · ro- 1 llof) is 
iueal for this application, for this is just the c:oncentration range of interest in desalina
tion. 
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SUMMARY 

CluonUIJOteutiometry of the formatiml" of AgCl upon silver olcctrodc!J i!l d.:.
sc:ribed. The kinetic constants for this reaction are deriveu from the chronopotentio
rnetrie waves, which are interpreted to be quasi-reversible. A method of analysis for 
the chloride ion based upon this system is described. 
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7. INFLUENCE OF INERT ELECTROLYTES ON CHRONO
POTENTIOMETRIC CONSTANTS 

F .. A. Posey and R. E. Meyer 

Measurements of transition times in chronopotentiometry are influenced 
1 by the presence of inert electrolytes. In studies on the Ag-AgCl system, 

a large number of measurements of the "chronopotentiometric constant 11 have 

allowed us to assess in some detail effects of ionic strength and of the 

presence of inert electrolytes on the determination of chloride ion concen

tration by this method. Longer transition times are observed as the rela

tive concentration of inert electrolyte decreases, because the transference 

number of the reacting ion, Cl in this case, becomes appreciable compared 

with the transference numbers of the other current-carrying ions. 

Some insight into the influence of inert electrolyte on the chrono

potentiometric constant was obtained by solution of a special case of the 

general transport equations which apply to the motion of ions in the 

chronopotentiometric situation. Equation (1) is the conventional one

dimensional description of the flux of an ion due to diffusion and migra

tion: 

v(x,t) (1) 

In this equation v(x,t) is the flux (moles/cm2 •sec), D is the diffusion 

coefficient (cm2 /sec), C(x,t) is concentration (moles/cm 3
), z is ion 

charge with sign, ¢(x,t) = F ~(x,t)/RT is a dimensionless ~otential 

variable [RT/F is the thermal volt equivalent (V) and ~(x,t) is potential 

in the solution phase (V)], xis the distance variable (em), and tis time 

(sec). Change of ionic concentration with time is given by 

a c (x. t) 
at 

D ~2 C (x, t) 
[ ax 2 

which is analogous to Fick's second law for pure diffusion. We treat 
+ -the case where three ions are present in the system: Na , Cl , and X , 

1. See Section 6, this report. 

(2) 
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where X is an inert anion. Then three expre::.sions of the form of Eq. (2) 

must be considered together with the electroneutrality restriction: 

CNa(x,t) = CCl (x,t) + CX(x,t). Initial and boundary conditions are: 

CNa(x,O) 

eel (x,O) 

CNa(O,t) 

cc1 (O,t) 

c;acl + c;aX = co + cl 

c;aCl = co 

cx(x,O) = cx(O,t) = c;aX = c1 

VNa (x==O) "'" vx(lC""O) .. 0; vel (x .. Q) ....: -j/F 

These conditions correspond to anodic chronopotentiometry with the silver 

electrode of NaCl of initial concentration C in the presence of added 
0 

inert electrolyte, NaX, of concentration C1. Note that j is applied anodic 

current density (amp/cm2
) and F is Faraday's constant (coulombs/equivalent). 

The foregoing system of equations can be solved explicitly only for 

the special case where all diffusion coefficients are equal, so that DNa 

DCl = DX = D. Here we present only final results and do not consider 

details of concentration and potential profiles during the course of the 

chronopotentiometric transient. Ion concentrations at the electrode sur

face are given as a function of time by 

(C +C1) _j_ [J:-_}
1

/

2 

o F TID 

cc1 (O,t) 

The time required for the chloride-ion concentration at the electrode 

surface to reach zero is the transition time (T). With CCl (O,T) = 0 in 

Eq. (5), one obtains 

(3) 

(6) 

(5) 
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for the transition time as a function of the initial concentrations of 

NaCl (C) and of inert electrolyte, NaX (C 1). The chronopotentiometric 
0 . 

constant is given by y = j/T/C , and if one recalls that y = FlrrD is the 
0 0 

value of this constant in the absence of inert electrolyte, one obt~ins 

1 + .fl. c 
0 

(7) 

for the relative value of the chronopotentiometric constant as a function 

of the ratio of inert electrolyte (NaX) to NaCl, C1/C • The behavior 
0 

of this function is shown in Fig. 7.1. 

The noteworthy feature of the result shown in Fig. 7.1 is that whereas 

the chronopotentiometric constant observed in nearly pure NaCl solutions 

is very sensitive to small amounts of inert electrolyte, the constant 

observed in excess of inert electrolyte is remarkably insensitive to the 

ratio, C1/C . For example, the chronopotentiometric constant for C1/C = 
0 0 

10- 3 is about 3% different from that in the absence of inert electrolyte. 

However, for C1 = C the constant differs from that for the limiting 
0 

case of large excess of inert electrolyte by only about 17%. This result 

suggests the possibility of u~ing intentional additions of inert electro

lyte-to suppress effects of low levels of inert salts on the chronopoten

tiometric constant. 

The effect of. inert electrolyte on chronopotentiometric constants 

in other cases is not as amenable to complete analysis as the case treated 

here. However, we expect the behavior to be similar to that noted above. 
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FIG. 7.1 ~ARIATION OF CHRONOPOTENTIOMETRIC CONSTAN- WITH 
. CON:EIH::;:ATION OF INERT ELECTROLYTE (DNa= DCl = DX = D). 




