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Abstract 

The Mobility of Hydrogen in 3-Phase Palladium 

by John William Hanneken 

Loftin's electrochemical technique for measuring the 

mobility of hydrogen in 3-phase palladium is analyzed in 

detail. In particular, four major sources of error in 

Loftin's work are discussed. The problems encountered in 

measuring pH in the CH^OH saturated with KCl solution used 

by Loftin are examined. To circumvent these problems an 

improvement employing aqueous solutions and a salt bridge 

was developed. Analysis of data obtained using the salt 

bridge offers several theories regarding the rate determin¬ 

ing process in the electrotransport experiment. Possible 

hydrogen concentration gradients in the Pd wire remain a 

problem. The contribution of the Pd activation and charging 

processes to concentration gradients are discussed. Methods 

to measure these gradients are examined. An inductance 

scanning device was developed to measure the hydrogen 

concentration gradients and problems with this device are 

also discussed. Finally, suggestions for improvements in 

the electochemical technique are contained throughout the 

thesis. 
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CHAPTER I 

INTRODUCTION 

Palladium is capable of absorbing as many as seven 

hydrogen atoms for every ten palladium atoms at room 

temperature and atmospheric pressure. This fractional 

concentration is usually written as [H/Pd] = 0.7. Palladium 

is said to be in the a-phase if the hydrogen concentration 

is below [H/Pd] - 0.02, and in the (3-phase if [H/Pd] >0.6 

at room temperature. The region 0.02 & [H/Pd] £ 0.6 is 

referred to as the mixed phase region. These phase regions 

are outlined on the pressure-concentration isotherms for 

hydrogen in palladium shown in Figure 1 [5]. 

The absolute mobility (b) of a particle is defined as 

the magnitude of the particle's steady-state velocity (vD) 

divided by the applied force (F) , or b = Jv^y/Fj. In the 

case of free-fall through the atmosphere, the absolute 

mobility is the terminal velocity divided by mg. For 

charged particles where the applied force is eE, the elec¬ 

trical mobility is defined as the magnitude of the steady- 

state (drift) velocity vD divided by the applied electric 

field E, or b = |vD/ë|. Because hydrogen ionizes upon 

entering palladium, the electrical mobility as opposed to 

the absolute mobility will be used throughout this thesis 

and will be referred to as simply mobility (b). The elec- 
2 

trical mobility has units of cm /(volt-sec). 
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[H/Pd] 

FIGURE lï PRESSURE-CONCENTRATION ISOTHERMS FOR HYDROGEN 
IN PALLADIUM SHOWING THE PHASE BOUNDARIES 
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The mobility of hydrogen in palladium has been measured 

by Coehn (1930) [24-27], Duhm (1935) [28], Wagner and Heller 

(1940) [29], Knaak and Eichenauer (1968) [30], Herold and 

Rat (1970) [31,32], and Loftin (1974) [1]. The results of 

these investigators are summarized in Figure 2 (excluding 

Loftin’s result). Only the work of Coehn, Duhm, and Loftin 

pertain to [3-phase palladium near room temperature. The 

work of Coehn and Duhm agrees to within a factor of 2. 

However, the mobility measured by Loftin differs by 5 orders 

of magnitude from the results of Coehn and Duhm. 

An expression for the mobility can be obtained from 

thermodynamic arguments and compared to the results of 

Coehn, Duhm, and Loftin. The electrochemical potential 

p for a particle is given by: 

P = p[c(r) ,P(r) ,T(r)] + $ (r) 

where p is the usual chemical potential and Ç, p and T 

represent concentration, pressure and temperature which 

may all be dependent upon position represented by r. $(r) 

is the potential energy of a particle in an external force 

field. For a charged particle in an electric field, its 

electrochemical potential is given by 

p = p(c, P,T) + e$ 

where § is the electric potential and e is the charge of 

the particle. For a system of charged particles, the par¬ 

ticle current density J can be written as: 
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j = -avp, - pVT = -avp - aev$ - pAT 

Thus, holding T and P constant, this becomes: 

J = -a Vc - aeV§ oc 

In the absence of external fields, V$ = 0 and J becomes: 

j = -a Vc = —DVC 
OC 

where D = a . 
oc 

The above equation for J is known as Fick's first law and 

D is the diffusion coefficient. In the absence of concen¬ 

tration gradients, vc = 0 and the particle current density- 

become s 

J = -aev$ = aeE = 

where F is the external force on each particle due to the 

applied electric field Ê. The particle current density can 

also be written as J = cvD. The ratio of the magnitude of 

the last two expressions for J yields: 

v D ae or b = ae/c 

Therefore, the particle current density under the combined 

action of a concentration gradient and an external force 

can be written as: 

J = -DVc + £k ft 
e 
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Substituting a = bc/e into the equation for Fick's first 

law yields: 

D _ ç: jbp 
b e 3c 

This is the generalization of the Einstein relation. The 

Einstein relation refers specifically to infinitely dilute 

concentrations where no forces exist between particles. In 

these ideal solutions the chemical potential is given by 

[23] : 

p. = kT In c + \|r (P,T) = p° + kT In c 

Therefore, 

D _ kT 
b e 

and this relation between the coefficient of diffusion and 

mobility is known as the Einstein relation. 

For dilute concentrations of hydrogen in palladium 

(a-phase), measurements of the mobility and coefficient of 

diffusion satisfy the Einstein relation to within ~30%. 

For {3-phase palladium, the density of hydrogen atoms is 

greater than the density of hydrogen molecules in the gas 

phase at the same temperature and atmospheric pressure. 

Large deviations from the Einstein relation would be ex¬ 

pected in {3-phase Pd since the relation is valid only for 

infinitely dilute concentrations. This restriction on the 

Einstein relation is sometimes forgotten. For example, when 

discussing the Einstein relation reference [108] states, 
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"This formula has a universal validity when a particle 

diffuses in an external force field ... ." 

The coefficient of diffusion for hydrogen in a-phase 

— 7 2 "“6 2 
Pd is 1.6x10 cm /sec and is 1.5x10 cm /sec for 3-phase 

Pd at room temperature [1]. The corresponding mobilities 

*“6 2 
calculated from the Einstein relation are 6.2x10 cm /(volt- 

—5 2 sec) for a-phase and 5.8x10 cm /(volt-sec) for g-phase 

“"6 2 
at 25°C. Coehn obtained '«8x10 cm / (volt-sec) at 25°C, 

-5 2 Duhm obtained 2.5x10 cm /(volt-sec) at 35°C, and Loftin 
2 

obtained 2.8 ± 1.5 cm /(volt-sec) at 24°C. 

The mobilities of Coehn and Duhm lie midway between 

the mobilities calculated from the Einstein relation using 

ot-and p-phase diffusion coefficients. An analysis of the 

work of Coehn and Duhm reveals a major problem in the in¬ 

terpretation of their results which will be discussed later. 

Loftin's measured mobility is closer to the typical mobili¬ 

ties of electrons in metals. 

For comparison, consider the mobility of electrons in 

copper. After application of an electric field, the con¬ 

duction electrons are almost instantaneously accelerated to 

the point where their motion is limited by collisions with 

lattice vibrations, lattice impurities, etc. The electrons 

then move with a constant drift velocity in the direction 

of the anode. The current density j can be written as: 

j = eJ = vD ce 



The applied electric field is given by E = j/a where a is 

the conductivity of the metal. Consequently, the mobility 

of the electrons is given by: 

ID = j/ce = o_ 
E j/o ce 

Each copper atom contributes one valence electron to the 

3 
conduction band. From the density (8.94 gm/cm ) and the 

molecular weight of Cu (63.5 gm/mole), the density of 

conduction electrons c is calculated to be equal to 

22 3 
8.48x10 /cm . Thus, the mobility of the electrons in Cu 

is : 

b = 
(6.4x10 /Q-cm) 

(8.48xl0^^/cm^) (1.60x10 ^ coul) 
= 47 

cm 

volt-sec 

For hydrogen in palladium, the situation is more com¬ 

plicated. In addition to the driving force eE and lattice 

scattering, there exists a force exerted on the H+ ion by 

the electron current which is flowing in the opposite 

direction from the motion of the protons. The various 

theories proposed cannot as yet determine the mobility of 

H+ in terms of the physical properties of Pd. The reader 

is referred to reference 1117] and references contained 

within for a more detailed discussion. 

This research is a continuation of the work begun by 

Loftin. The following chapter will briefly review for 

the reader Loftin's electrochemical technique including 

the analysis of his data. The data analysis will emphasize 
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four major sources of error in the experiment. Each major 

source of error will be discussed in detail in subsequent 

chapters. In addition, ideas for improving the accuracy 

of the electrochemical technique are investigated. 
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CHAPTER II 

LOFTIN'S ELECTROCHEMICAL TECHNIQUE 

A. Description of Apparatus and Technique 

The electrochemical technique used by Loftin is shown 

schematically in Figure 3. The experiment entails trans¬ 

porting hydrogen ions from the beaker on the left to the 

beaker on the right through a palladium wire connecting 

the two beakers. The hydrogen ions are driven through the 

wire by an electric field supplied by a battery connected 

to a platinum electrode in each beaker. The polarity of 

the battery is such that hydrogen ions are driven from the 

left beaker to the right beaker. A supply of hydrogen ions 

in the left beaker is provided by a 2N HCl solution. The 

hydrogen ions in water will be attracted by the dipole moment 

of the water molecule forming a complex. The hydrated 

hydrogen ion ( hydronium H^O*) will be referred to as a 

"hydrogen ion." This solution providing the H+ ions for 

transport will be referred to as the charging solution. For 

transport to occur, H+ ions must leave the charging solution 

and enter the Pd wire. However, the charging solution must 

remain electrically neutral. Therefore, to lose a H+ ion 

to the Pd wire, some process must simultaneously either add 

a positive ion to the charging solution or remove a negative 

ion. Bubbling ^ gas through the charging solution provides 

the mechanism for this process. The platinum electrode acts 
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as a catalyst for the reaction: H2"*2H-*2H++2e . Conse¬ 

quently, with the hydrogen molecule bond broken, and the 

hydrogen atom ionized, the H+ ions are free to enter the 

charging solution while the electrons are attracted to the 

positive terminal of the battery. In addition, the Pd 

wire could simply absorb the dissolved hydrogen directly 

from solution. Finally, the Pd wire may take on a H+ ion 

from the solution providing a reaction at the Pt electrode 

neutralizes a negative ion as in the reaction Cl . 

Thus, there exist three possible mechanisms which can pro¬ 

vide H+ ions to the Pd wire for transport. In addition, 

the bubbling of 9as provides a continuous agitation of 

the charging solution thereby minimizing stagnation at the 

electrodes. 

The beaker on the right acts as a reservoir to collect 

the hydrogen ions which have been transported and will be 

referred to as the discharge solution. The number of 

hydrogen atoms transported is monitored with a glass pH 

electrode. The discharge solution is a saturated solution 

of KCl in methanol. 

The palladium wire was 0.0508 cm in diameter and of 

99.993% nominal pprity. The Pd wire was initially charged 

with hydrogen to approximately 60 atomic percent. The 

hydrogen concentration of the Pd wire just prior to the 

experiment was determined by analysis of a small sample of 

the Pd wire cut from the end to be placed in the discharge 

solution. 
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The total length of Pd wire was approximately 40 cm. 

The end of the Pd immersed in the charging solution was 

wound into a spiral about 6 cm in length. The spiral was 

intended to increase the amount of Pd wire surface in con¬ 

tact with the charging solution. This helped insure that 

a sufficient number of H+ ions were available for transport 

by providing a large area for absorption. The end of the 

Pd immersed in the discharge solution was a straight piece 

of wire 6 cm in length. The Pd wire surface was electro- 

lytically activated prior to the experiment to allow H+ 

ions to enter and leave the Pd wire more easily. 

The current was supplied by a standard 6-volt automo¬ 

bile battery. The current was kept constant at 0.01 amp 

by manually adjusting a ten-turn potentiometer in series 

with the battery. Platinum foil electrodes (Fisher #9-460) 

were used as electrodes in the charging and discharging 

solutions. The potential of the glass pH combination 

electrode (Fisher #13-639-92) was amplified by a PAR Model 

12 113 preamplifier (input impedance = 10 Q) and recorded 

on a Moseley Model 7001 X-Y recorder. 

B. Typical Data and Analysis 

Using a current of 0.01 amp, Loftin obtained the pH 

electrode potential shown in Figure 4. To convert this 

electrode potential to a hydrogen ion concentration, Loftin 

calibrated his pH electrode in saturated solutions of KCl in 

methanol with various amounts of HCl added. The results of 
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FIGURE 4: pH ELECTRODE POTENTIAL VERSUS TIME FOR 

LOFTIN'S ELECTROTRANSPORT EXPERIMENT 
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this calibration are shown in Figure 5. The equation of 

the best straight line to these data points is: 

lo9l0[R+^ = °*01742 E “ 9*31 

where [H+] is the concentration of hydrogen ions in 

moles/liter and E is the electrical potential of the pH 

electrode in millivolts. 

From the pH electrode emf versus time curve in Figure 

4, Loftin determined the maximum electrode potential to be 

341 millivolts. The hydrogen ion concentration in the 

discharge solution was calculated using the maximum emf of 

-4 
341 mV and the.above equation yielding 4.27x10 moles/A. 

This also represents the change in hydrogen concentration 

since the initial H+ concentration is of the order of 10 ^ 

moles/A. The total volume of the discharge solution was 

100 mi. Therefore, the number of moles of H+ in the dis- 

. -5 charge solution is 4.27x10 

The number of moles of H+ in the discharge solution is 

not the number of moles of H+ transported from the charging 

solution to the discharging solution. The portion of the 

Pd wire immersed in the discharge solution could lose 

H+ ions to the solution, and they would appear as trans¬ 

ported H+ ions. The amount of H+ ions lost by the Pd 

electrode can be estimated by analyzing a segment of the 

Pd electrode before and after the experiment. The amount 

of H+ ions transported is then found by subtracting the 
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Electrode Potential (millivolts) 

FIGURE 5: ELECTROCHEMICAL POTENTIAL VERSUS H+ 

CONCENTRATION FOR SOLUTIONS OF 

METHANOL SATURATED WITH KCl 
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amount lost by the electrode from the total H+ content of 

the discharge solution. 

Analysis of a segment of the Pd electrode prior to the 

experiment revealed a hydrogen concentration of [H/Pd] = .664. 

The analysis of a segment cut from the end of the Pd wire 

after the experiment showed [H/Pd] = .635. Assuming these 

samples were representative of the hydrogen content of the 

entire 6 cm of Pd wire immersed in the discharge solution, 

the number of moles of H+ in the Pd electrode before and 

after the experiment were calculated using the following 

equation: 

[H/Pd] (TTd2l/4) p 
moles of H =  —  

WPd 

3 
where pp^ is the density of Pd (12.02 gm/cm ), Wp(^ is the 

atomic weight of Pd (106.4 gm/mole), d is the diameter of 

the wire (0.0508 cm), and 1 is the length of the Pd wire 

immersed in the discharge solution (6 cm). The results of 

these calculations are: 

+ -4 
moles of H before = 9.12x10 

moles of H+ after = 8.73xl0-^ 

-5 + 
Thus, the Pd electrode lost 3.9x10 moles of H to the 

discharge solution during the course of the experiment. 

Consequently the total number of moles of H+ trans¬ 

ported is found to be 4.27x10 ^ - 3.9xl0~^ = 4x10 This 

transport took 288 seconds. Therefore the number of moles 
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+ ** —6 of H transported per second (vT) was 4.xl0 moles/288 sec 

-"8 -j-. = 1.4x10 moles of H /sec. 

The mobility can be calculated from the current density 

j. The current density can be written in terms of the 

+ + 
drift velocity of the H ions (vD) and the density of H 

ions (c) as: 

j = vD c e 

where e is the fundamental electric charge. The current 

density can also be written in terms of the measured trans¬ 

port velocity vT in moles/sec as: 

Ne 
^
=V

TF 

where N is Avagadro's number, and A is the cross-sectional 

area of the wire. Solving for v^ yields: 

VtN 
v =   
D Ac 

Therefore, the mobility is given by: 

VtN 
b ” AcE 

The electric field E in the Pd wire was determined by 

measuring the electrical potential between 2 points on the 

Pd wire 20 cm apart during the experiment. The measured 

electric field was found to agree with E calculated from 

E = l/(c?A) . For a pure proton current, 0 must be the con¬ 

ductivity for H+ to properly calculate E. However, it will 
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be shown that only about 13% of the current was carried by 

protons and thus the electric field could adequately be 

calculated from the electron conductivity. Thus, the 

mobility is given by 

v_N a 
b = -±=- cl 

The density of H+ ions is given by the expression: 

c 
[H/Pd]Np 

W 
Pd 

Pd 

Therefore, the mobility is given by: 

. _ VT "W 
[H/Pd] pMI 

4 
Using I = 0.01 amp, a = 5.29x10 /Q-cm for Pd with 

[H/Pd] = .664 and vT calculated earlier, the mobility is 

calculated to be equal to 0.99. The average mobility from 

two such experiments gave b = 2.8. 

As a check, if the majority of the current was carried 

by H+ ions, then the number of moles of H+ transported 

should be approximately equal to the moles of H+ calculated 

from knowing a current of 0.01 amp was measured for 288 

seconds, or 

moles of H 
+  (.01 amp) (288 seconds)  

(1.60xl0~19 coul/H+) (6.023xl023 H+/mole) 

3xl0-5 
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+ 
A total of 4x10 moles of H were transported as measured 

by the pH electrode and calculated above. This implies that 

only ''■13% of the current was actually carried by H+ ions. 

The total number of moles of H+ in solution resulted from 

transport of H+ ions and depletion of the hydrogen concen¬ 

tration of the Pd electrode. If these were the only 

reactions occurring at the electrodes, then the moles of 

+ -5 H ions in solution (4.27x10 ) should equal the moles of 

-5 
charge transported by the current (3x10 ). These agree 

to within the 50% experimental uncertainty in the moles of 

H+ ions in solution. 

C. Major Sources of Error 

The largest source of error in Loftin's experiment is 

the measurement of the H+ concentration in the discharge 

solution. To determine the amount of mass transport, the 

+ -5 moles of H lost by the Pd (3.9x10 ) is subtracted from 

the number of moles of H+ found in the discharge solution 

-5 -6 
(4.27x10 ). This subtraction gives (4x10 ) which is 

M.0% of the two numbers subtracted. Consequently, the un¬ 

certainty in the moles of H+ in the discharge solution and 

the number of moles of H+ lost by the Pd wire must be less 

than 10% to be able to conclude that mass transport occurred. 

However, it will be shown in Chapter IV that the uncertainty 

in the number of moles of H+ in the discharge solution is 

~50%. 
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Although there is reason to believe that the Einstein 

relation should not be valid in (3-phase palladium as dis¬ 

cussed in Chapter I, consider the applicability of this 

electrochemical technique to the measurement of a mobility 

which satisfies the Einstein relation at room temperature. 

If D = 1.5x10 cm /sec, then the transport velocity would 

-13 + have to be 8.13x10 moles of H /sec for a 0.01 amp current. 

Thus, for an experiment lasting 300 seconds, the difference 

between the number of moles of H+ measured in the discharge 

solution and the number of moles lost by the Pd must be 

2.4x10 moles of H+. Assuming that the same number of 

moles of H+ were lost by the Pd electrode to the discharge 

-5 
solution (3.9x10 ), then to even detect mass transport 

conclusively the H+ concentration in the discharge solution 

—10 —5 
must be measured to better than (2.4x10 /3.9xl0 )100 = 

0.0006% uncertainty. Even incorporating the suggestions I 

make for improving the accuracy of the electrochemical tech¬ 

nique, the method would not be suitable for measuring the 

mobility under these conditions. 

Incorporated in Loftin's experiment are three assump¬ 

tions. First, Loftin assumes that the mobility of H+ in 

Pd is the rate limiting factor in the experiment. Bubbling 

of 9as through the charging solution and activation of 

the Pd surface were two precautions Loftin employed to help 

insure that the mobility was the rate determining factor. 

The activation of the Pd surface will be discussed in a 
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later chapter. However, the discussion in Chapters V and 

VI gives a plausible theory which implies that the experi¬ 

ment is in fact controlled by the difference in the electro¬ 

chemical potential of the H+ ion in the Pd and in the 

discharge solution. 

Secondly, Loftin assumed that the initial hydrogen 

content of the portion of the Pd wire immersed in the 

discharge solution could be represented by the analysis of 

a small sample cut from the end of the wire. This requires 

that the H+ concentration be uniform along the last 6 cm 

of the wire. Similarly, Loftin's third assumption is that 

the H+ concentration in the Pd electrode is uniform at the 

termination of the experiment and can again be represented 

by the analysis of a sample cut from the end. 

The remainder of this thesis is divided into four major 

sections. Chapters III and IV discuss in detail the uncer¬ 

tainty in the measurement of the H+ concentration in the 

discharge solution. Chapters V and VI discuss a theory 

which not only results in an improved method to measure 

the H+ concentration in the discharge solution, but indi¬ 

cates the process thought to be the rate limiting factor 

in the experiment. Chapters VII, VIII and IX discuss the 

• • Hh* , ^ , 
uniformity of the H concentration m the Pd electrode and 

the activation of the Pd surface including suggestions for 

improvements. The last chapter discusses the direction 

further research should take. 
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CHAPTER III 

REVIEW OF pH FUNDAMENTALS 

A. Thermodynamics and the Activity 

As discussed in Section A of Chapter I, the electro¬ 

chemical potential for a particle is given by: 

P = P + $ (r) 

where p is the usual chemical potential and $(r) is the 

potential energy of the particle in an external force field. 

For an ion in dilute solution, the electrochemical potential 

is given by: 

pi = p + el 

where $ is the electric potential due to the C oulomb forces 

between ions and p is the chemical potential the ion would 

have in the absence of the interionic forces. For dilute 

solutions, the chemical potential is given by 

p = p° + kT In c 

where p° is dependent upon the properties of the medium 

(solvent). Thus, the electrochemical potential of an ion 

in dilute solution is given by: 

p = p° + kT In c + el 

or 

fi = u° + kT ln(œe§/<kT) ) 
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The logarithm argument is called the activity a, thus p. 

becomes : 

p. = p° + kT In a 

The activity accounts for the interaction between the ion 

and the external field. In particular, for ionic solutions 

the activity is defined by: 

a = Yc 

where Y = exp[e$/(kT)] and is called the activity coefficient. 

pH is defined as the negative common (base 10) logarithm 

of the hydrogen ion activity a , or pH = -log (a ). 
H H 

Consequently, the activity coefficient must be known to 

calculate the concentration of hydrogen ions c from a 
H 

measurement of pH. 

To calculate the activity coefficient, the electric 

potential I must be determined. The electric potential 

can be determined by solving Poisson's equation: 

where p is the charge density and D is the dielectric con¬ 

stant of the medium. Debye and Huckel calculated the 

electric potential by assuming that the charge density in 

the neighborhood of an ion is determined by the Maxwell- 

Boltzmann distribution law. The resulting expression for 
• • 

the activity coefficient is known as the Debye-Huckel 

equation and is given by: [93] 
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A Z2. Jï 
- log v. = ——  

1 1+Ba Jï 

where Z^ is the charge on ion i, I is the total ionic con¬ 

centration, and a is the distance of closest approach 

(approximately ionic diameter). The constants A and B are 

given by: 

- e3 (1KZ /M 3/2 R ~ / TTN 
An 10 V 1000 VDkTj V 1000 DkT 

where N is Avagadro's number and k is Boltzmann's constant. 

Substituting the appropriate -fundamental constants, the 

Debye-Huckel equation becomes: 

(1.825X10
6
)Z? JÏ 

- log Y^ = 3/2  —:x—~ 

(DT) 7 [1+50.29 (DT) 2â JÏ] 

where â is in Angstrom units. The total ionic concentration 

is defined by: 

I = h 2 c Z2 

n n n 

where the summation is over all the ionic species in solu¬ 

tion. The dielectric constant of distilled water at 25°C 

is 78.54. When expressing concentration in moles/liter, 

the constants in the Debye-Huckel equation are A = 0.5093 

and B = 0.3286. Values of A and B at different temperatures 

for aqueous solutions are tabulated in various sources [52]. 

The Debye-Huckel equation can reproduce experimental 

activity coefficients up to about I = 0.1 moles/liter. For 
• • 

higher ionic concentrations, Huckel derived additional terms 

which provide a better fit to experiment: [94] 
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where G is the mean molecular weight of the solvent and m 

is the concentration in molality. For HCl, the above 

equation permits the activity coefficient y to be calcu¬ 
li 

lated to within ±1.5 in the third decimal place from 0 to 

IN HCl. [95] Further improvements can be made by adding 

the Gronwell, La Mer, Sandved "extention terms" [96,95]. 

These were derived by maintaining higher order terms in 

the expansion of the exponential Maxwell-Boltzmann distri¬ 

bution function resulting in a series expansion for the 

potential, the leading term of which is identical with that 

of Debye-Huckel. 

The hydrogen ion activity coefficient y . in aqueous 
H 

solution, as determined from measurements in HCl solutions, 

is given in Table 1 [57]. The activity coefficient accounts 

for the influence of the ionic strength of the solution. 

The change in the activity due to changes in the ionic 

strength is termed the salt effect. The salt effect can 

best be illustrated with an example. The pH of an aqueous 

0.01 molal HCl solution would be exactly 2.00 if no salt 

effect supervened (activity coefficient = 1). However, 

the pH of the solution is 2.043 due to the salt effect of 

the HCl itself. An increased salt effect is obtained when 

a neutral salt is added to the solution to increase the 

total ionic concentration. Thus, the pH of an aqueous 0.01 



27 

TABLE 1 

HYDROGEN ION ACTIVITY COEFFICIENT IN AQUEOUS HCl SOLUTIONS 

m 15°C 20°C 25°C 30°C 

.0001 0.9890 0.9892 0.9891 0.9890 

.0002 0.9844 0.9844 0.9842 0.9835 

.0005 0.9757 0.9759 0.9752 0.9747 

.001 0.9661 0.9661 0.9656 0.9650 

.002 0.9530 0.9527 0.9521 0.9515 

.005 0.9297 0.9294 0.9285 0.9275 

• O
 

0.9055 0.9052 0.9048 0.9034 

• o
 

to
 

0.8770 0.8768 0.8755 0.8741 

in 
o

 • 0.8329 0.8317 0.8304 0.8285 

.i 0.8000 0.7985 0.7964 0.7940 

.2 0.7717 0.7694 0.7667 0.7630 

.5 0.7658 0.7616 0.7571 0.7526 

1.0 0.8229 0.8162 0.8090 0.8018 

1.5 0.9154 0.9065 0.8962 0.8849 

o
 • 

CM
 1.039 1.024 1.009 0.9929 

3.0 1.373 1.345 1.316 — 

4.0 1.862 1.812 1.762 — 

m=moles of HCl/1000 gm H20 accuracy ±0.06% 
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molal HCl plus 0.09 molal KCl solution is 2.099. The 

reader is referred to Bates [2] for a thorough discussion 

of activity coefficients. 

B. Nernst Equation 

An electrochemical measurement of pH involves measuring 

the electromotive force between two electrodes placed in 

the test solution. The emf developed results from reactions 

occurring at the electrodes. Consider the reaction between 

A and B with products C and D at an electrode: 

where a, b, c, and d are the stoichiometric coefficients of 

the reactants A, B, C, and D respectively. At constant 

temperature and pressure, the resulting change in the Gibbs 

free energy (AG) is given by: 

where pA is the electrochemical potential of one 

molecule of A. Substituting the expression for the electro¬ 

chemical potential of each reactant yields: 

aA + bB «- cC + dD 

AG = cNpc + dNpjj - aNpA - bNpg 

AG = N(cp° + dp£ - ap° - bp^) + RT In 

where R is the universal gas constant. The resulting 

electromotive force E is given by the equation: 

AG = -n F E 
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where F is a Faraday of charge (F = eN) and n is the 

number of Faradays of charge necessary to balance the 

reaction at the electrode. Therefore, the resulting emf 

for the above electrode reaction is given by: 

„. _o RT E = E - —=: In 
nF 

where E° = LG°/ (nF) =N(ap° + bn^ - cp° - dp^)/(nF). The 

above equation is known as the Nernst equation. For gases, 

the activity at any temperature is taken equal to the 

partial pressure of the gas of interest in atmospheres. 

For pure solids and pure liquids at atmospheric pressure, 

the activity is also identically one at all temperatures. 

C. HYDROGEN ELECTRODE 

The best known electrode for determining hydrogen ion 

activity is the hydrogen electrode. The hydrogen electrode 

consists of a piece of platinum in contact with hydrogen 

gas and the test solution. When the electrode functions 

ideally (reversibly) its emf is governed by the activities 

of the components in the following reaction: 

Thus, 

\ H~ (g) «- H + e where e 

the emf developed is given by: 

a + 
„ _o RT . H 
E = E - — In 

F 
H, 

is an electron. 
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The standard potential E° of the hydrogen electrode is 

defined to be equal to zero at all temperatures. For a 

hydrogen partial pressure P equal to one atmosphere, 
2 

the equation for the emf becomes: 

RT i E = - — In a 
F H+ 

Consequently, the hydrogen ion activity can be calculated 

from the emf measurement and calculating the activity 

coefficient from the Debye-Huckel equation allows the 

hydrogen ion concentration to be calculated. The Nernst 

factor RT In 10/F is equal to 59.158 mV/pH unit at 25°C. 

D . GLASS ELECTRODE 

Due to experimental difficulties associated with using 

hydrogen electrodes, other secondary electrodes are commonly 

employed for pH measurements. The most useful secondary 

electrodes are the glass, quinhydrone and antimony elec¬ 

trodes. The defects of these secondary electrodes are 

always evaluated by direct comparison with the hydrogen 

electrode. The glass electrode is by far the most widely 

used secondary electrode. The reader is referred to the 

following references for a thorough discussion of glass 

electrodes [2,59,56,3,4]. 

A typical glass electrode is shown in Figure 6. It 

consists of a silver/silver chloride internal reference 

electrode, an internal buffer solution of fixed pH and the 

glass membrane. The resulting emf is a summation of the 
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separate potentials from 3 different sources: 

1) The internal silver/silver chloride reference poten¬ 

tial resulting from the reaction: 

Ag + Cl” Z AgCl + e” 

The corresponding electrode potential will be: 

EAg,AgCl 
E o 
Ag,AgCl 

a 
Cl 

2) The membrane potential which is due only to the 

pH difference between the solutions on either side 

of the membrane. To obtain equilibrium, the differ¬ 

ence in electrochemical potential p. of the hydrogen 

ions between the internal solution (1) and the ex¬ 

ternal solution (2) must be counterbalanced by an 

electromotive force, the membrane potential E , 
m 

according to the equation: [48] 

pi - p. = RT(ln a -In a ) = F E 
TT* TT'' UT TT * IN’ 
H2 H1 H2 H1 

RT 
Therefore, E = ■=— (In a , -In a , ) m ü + + 

H2 H1 

To illustrate the basic principles of a glass elec¬ 

trode, this expression for E^ will suffice. However, 

it should be noted that this derivation has assumed 

the glass membrane is only semi-permeable to hydrogen 

ions. The reader is referred to Eisenman [56] for 

more detailed theories of the membrane potential. 
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3) The asymmetry potential Eft developed across the 

glass membrane when the electrode is immersed in a 

solution having the same pH as the internal buffer 

solution. Ideally this potential should be zero, 

but it is usually a few millivolts. It arises from 

various dissimilar properties of the interior and 

exterior glass membrane surface. These differences 

may result from mechanical damage (scratches), dehy¬ 

dration (see problem #9 Chapter IV), chemical attack 

(by alkalis or HF), or by the adsorption of grease 

films on the exterior membrane surface. The asym¬ 

metry potential may drift slightly from day to day, 

but it is not ordinarily subject to large or sudden 

fluctuations [2]. Consequently, it may be regarded 

as a constant for a short series of measurements. 

The total emf of the glass electrode is then given by: 

E EAg,AgCl + 
RT 
F 

In a 
RT 

Cl 
(In a - In 

H, 
a ) 
HT 

+ E 
A 

The internal buffer solution also contains a fixed concen¬ 

tration of chlorine ions so that a is constant. Thus, 
Cl" 

the emf E is sensitive to the hydrogen ion activity of the 

test solution (a ), all other terms being constant. 
H2 

E. REFERENCE ELECTRODE 

The other electrode necessary to complete the electri¬ 

cal circuit is called the reference electrode. The glass 

electrode potential is measured relative to the reference 
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electrode potential. The main requirement of a reference 

electrode is that its potential should be independent of 

the composition of the solution. Thus, the ideal reference 

electrode would generate the same potential in a standard 

pH buffer solution as in the test solution. Changes in 

the relative potential between the glass electrode and 

reference electrode can then be related directly to changes 

in hydrogen ion activity. 

The most commonly used reference electrodes, even 

when the highest accuracy is required, are those employing 

a liquid-junction [48]. A liquid-junction is simply the 

junction where two different solutions meet. Figure 7 shows 

a typical reference electrode with a liquid-junction. This 

calomel reference electrode consists of a platinum wire 

immersed in a pool of mercury in contact with a carefully 

mixed paste composed of mercury, mercurous chloride (calomel 

- Hg2Cl2), KCl and water surrounded by a salt bridge of 

aqueous KCl. At the platinum wire, a potential is generated 

as a result of the following reversible reaction: 

Hg + Cl" ^ h Hg2 Cl2 + e 

The total potential E of the reference electrode is the 

sum of three potentials given by: 

E JHg,Hg2Cl2 
In a 

Cl 
+ E . 

3 

EHg,Hg2Cl 
= the standard potential of the calomel 

electrode at unit activity of the chlo¬ 
rine ion 

where 



FIGURE 7 : CALOMEL REFERENCE ELECTRODE 
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a = the chlorine ion activity in the salt-bridge 
Cl solution 

Ej = the liquid-junction potential 

Note the salt-bridge provides a solution of constant 

chlorine ion activity so that the second potential in the 

above expression is constant. 

Consider the physical processes occurring at the 

liquid-junction that give rise to the liquid-junction poten¬ 

tial. At this junction the reference electrode filling 

solution (usually saturated KC1) meets the sample solution. 

Ions from the filling solution and the sample solution 

will be driven across the junction as a result of differ¬ 

ences in electrochemical potential. For neutral water as 

a sample, K+ and Cl ions would be driven across the liquid- 

junction. Since Cl diffuses faster than K+, an excess 

negative charge would accumulate on the dilute side of the 

junction. It is this potential across the liquid-junction 

which is referred to as the liquid-junction potential. 

Generally a filling solution is chosen so that the 

diffusion rates of the cation and anion are nearly equal. 

Consequently only a small potential is generated as a result 

of unequal transference of positive and negative charge into 

the sample solution. Saturated KCl is an excellent equi- 

transferrent solution. Of course the liquid-junction poten¬ 

tial is not independent of the composition of the sample 

solution. In Table 2 are some approximate liquid-junction 

potentials for different sample solutions with saturated KCl 

as the reference electrode filling solution. 



TABLE 2 

APPROXIMATE LIQUID-JUNCTION POTENTIALS 

IN MILLIVOLTS AT 25°C 

Junction: Sample Solution Saturated KCl 

Sample Solution E_. 

IN HCl 
3 

14.1 

o. IN HCl 4.6 

0.01N HCl 3.0 

0.01N HCl and 0.09N NaCl 1.9 

0.01N HCl and 0.09N KCl 2.1 

o. IN KCl 1.8 

0.01N NaOH 2.3 

0.05N NaOH 0.7 

o. IN NaOH -0.4 

IN NaOH -8.6 

0.1N KOH -0.1 

IN KOH -6.9 

Junction : Sample Solution] |0.1N KCl 

0.1N HCl 26.9 

0.01N HCl 9.1 

0. IN NaOH -19.2 

0.01N NaOH -4.5 

A positive Ej signifies a boundary of polarity 

Reference: Bates [2] 
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A more detailed discussion of reference electrodes 

and liquid-junction potentials can be found in references 

[2,4]. Normally, pH glass electrodes are calibrated using 

standard pH buffer solutions whose pH is close to the ex¬ 

pected pH of the sample. In this way the liquid-junction 

potential will be nearly identical in both solutions and 

will cancel in the calculation of pH (see next section). 

Liquid-junction potentials will be discussed further in 

problem #10 of the next chapter. 

F. Standard Method of pH Measurement 

The following is the standard method for the measure¬ 

ment of pH using a glass electrode. The glass and reference 

electrode are immersed in a standard buffer solution of 

assigned pH = pH(S). After a stable reading is obtained, 

the electrodes are removed, rinsed and immersed in the 

solution whose pH is to be determined. From the measured 

emf of the electrodes in the standard (Eg) and the sample 

solution (E), the pH of the sample solution is calculated 

from the following formula: 

F(E-E ) 
pH = pH(S) + RT ln 10 

This assumes the electrode responds exactly in accordance 

with the Nernst equation, with an emf versus pH slope equal 

to RT ln 10/F. Unfortunately, electrodes rarely obey the 

Nernst equation exactly. Consequently the electrode slope 

T) is first determined by calibration in two standard buffer 



solutions of different pH. The pH of the unknown is then 

calculated according to the formula: 
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pH = pH(S) + (E-Eg)/ri 

This method gives a convenient reliable scale of 

relative acidities in aqueous solution. Substituting the 

potentials generated by the glass and reference electrodes 

in both the standard and sample solutions into the above 

equation reveals that the operational pH calculated above 

will be identical to the thermodynamic pH = -log(a ) dis- 
H 

cussed earlier as long as the quantity 

EAg,AgCl + Em + EA EHg,Hg2Cl2 
- Ej 

remains the same in the unknown solution and in the standard 

solution. According to Bates [2], "these conditions are 

approximately fulfilled only when the unknown is a fairly 

dilute aqueous solution of simple solutes and its acidity 

matches closely that of the standard solution selected." 

Consequently, although an unknown solution contains a 

definite concentration of hydrogen ions, caution must be 

exercised in inferring absolute hydrogen ion concentrations 

from standard pH measurements. 
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CHAPTER IV 

PROBLEMS WITH SATURATED KCl IN METHANOL 

A. Introduction 

As mentioned in Chapter II, the solution of methanol 

saturated with potassium chloride acts as a reservoir to 

collect hydrogen ions which have been ejected from the 

palladium wire. The verification that transport of hydro¬ 

gen ions from the charging solution to the discharge 

solution has occurred is greatly dependent upon the accuracy 

with which the concentration of hydrogen ions in the dis¬ 

charge solution can be measured. This uncertainty in the 

concentration of hydrogen ions in the CH^OH-KCl solution 

is one of the three largest sources of error in the mobility 

determination. 

My progress toward improving the accuracy with which 

the hydrogen ion concentration in the discharge solution 

could be measured involved three components. First, 

several problems associated with pH measurements in 

CHgOH-KCl solutions were discovered. Because of these 

problems, it was obvious that to obtain any substantial 

improvement in accuracy, my efforts would best be directed 

toward finding a method employing aqueous solutions in 

place of the methanol. Thus, the second phase entailed 

understanding in more detail the physical processes going 

on in the discharge solution. Finally, a technique 

utilizing aqueous solutions was developed. 
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These three phases of the research will be individu¬ 

ally discussed in the next three chapters. Having reviewed 

the fundamentals of pH measurement in the preceding chapter, 

specific problems encountered in the use of saturated KCl 

in CH^OH as a discharge solution will be described. 

B. Problem #1: Standard Solutions and Degree of 

Dissociation 

The standard method of pH measurement discussed in 

Section F of Chapter III can also be used in non-aqueous 

solutions. The pH is calculated according to the formula 

pH = pH(S) + (E-Eg)/Tl. This method of pH measurement 

cannot be used without reliable standards. Standard 

reference solutions for methanol have been developed by 

De Ligny and co-workers [97-103] and by Broser and 

Fleischhauer [104]. Unfortunately, differences between 

the work of these two groups have yet to be resolved [1]. 

The situation is further complicated by the fact that the 

methanol solution is saturated with KCl. If a reliable 

standard did exist, additional corrections would be re¬ 

quired to correct for the ionic strength of the solution. 

The ionic concentration is dependent on the degree to which 

KCl dissociates into ions in CHgOH. In aqueous solution, 

the dissociation is 100% which is not necessarily the case 

in CHgOH [98]. 

It was because of these difficulties that Loftin chose 

to calibrate his glass electrode by mixing his own standards. 



42 

His standards were mixed in CH^OH saturated with KCl thus 

minimizing salt effect errors. 

The degree of dissociation of HCl in CH^OH at 0.01 

moles/jt was calculated by Rosenberg in 1950 [57] to be 

equal to 0.986 ± 0.01. Based on this, Loftin assumed 

that HCl was approximately 100% dissociated at the concen¬ 

trations of ''0.0001 moles/JL used in his calibration. The 

more recent data of Marshall and Grunwald [43 ] and Oiwa 

[105] indicate the degree of dissociation of HCl in 

CH3OH at 0.001 moles/& is 'O.OSS ± 0.005. Consequently 

at most a 2% error might have been introduced by assuming 

complete dissociation. Uncertainty in the degree of 

dissociation, as will be seen, is not the only source of 

error resulting from these manufactured standards. 

C. Problem #2: Effect of ^0 

The pH electrode was calibrated by Loftin, and he 

obtained an equation for the hydrogen ion concentration 

[H+] in terms of the electrode potential E similar to the 

Nernst equation: 

log1()[H
+] = i (E°-E) 

where T] is the slope of the E vs. log[H+] curve and the 

constant E° is the electrode potential at [H+] = 0. 

Assuming for the moment that the uncertainty in the slope 

is negligible and that AE = AE°, the error equation for 

the above equation is given by: 
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Thus, for a 1% uncertainty in the hydrogen ion concentra¬ 

tion the uncertainty in the electrode potential must be 

less than 

Consider now the results of Monhebel and Hartley [45]. 

They prepared various mixtures of CH^OH plus HC1. Hydrogen 

chloride gas was bubbled through water free CH^OH to obtain 

various concentrations of HCl in CH^OH without any water 

present. The emf of their electrode in each of these 

solutions was recorded. They then added sufficient water 

to each solution making the water concentration 0.028% by 

volume. The emf of the electrode was again recorded. 

Table 3 shows the concentrations of HCl and the change in 

emf observed for each solution. The addition of water to 

the solutions caused an increase in the electrode emf which 

could not be accounted for by the corresponding change in 

the molal activity coefficient of the hydrogen ion. The 

effect of the water was greater the more dilute the HCl 

concentration since the relative concentration of water 

is larger. 

The most dilute HCl concentration used by Nonhebel and 

Hartley is at least 10 times larger than the concentrations 

(57.42 mV)(.01) 
(2) (2.303) 

0.12 mV 



44 

TABLE 3 

CHANGE IN ELECTRODE POTENTIAL UPON ADDITION OF 

WATER TO VARIOUS CONCENTRATIONS OF HCl IN CH3OH 

E^= Electrode emf in HCl-CH^OH with 0.000% water by volume 

E^= Electrode emf in HCl-CH^OH with 0.028% water by volume 

moles of HCl 
lOOOgm CH3OH 

Ef - Ef 
in millivolts 

0.01571 4.7 

0.04261 3.4 

0.05312 3.2 

0.4802 1.1 

0.5574 1.0 

Data from Nonhebel and Hartley [45] 

TABLE 4 

MAXIMUM AMOUNT OF WATER IN METHANAL 

AS SPECIFIED BY VARIOUS MANUFACTURERS 

1) Fisher Scientific Company Cat.#A-408 0.10% 

Cat.#A-412 0.05% 

2) Mallinckrodt Chemical Works Cat.#3018 0.2 % 

Cat.#3016 0.10% 

3) Eastman Kodak Company Cat.#13032&13052 0.2 % 

4) Matheson Coleman & Bell Cat.#MX484 0.05% 

Cat.#MX485 0.20% 

5) J.T. Baker Chemical Co. Cat.#9069&9070 0.10% 

Cat.#P707 0.05% 
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obtained in the electrotransport experiment. Thus, the 

effect of water at these lower concentrations is even more 

critical. The accuracy to which hydrogen ion concentrations 

can be measured with a pH electrode seems greatly dependent 

upon the amount of contamination by water. 

The methanol commercially available contains water in 

various amounts. Table 4 lists the maximum limits of water 

impurity as specified by 5 common manufacturers of methanol. 

These impurity levels are high with respect to the water 

concentration used by Nonhebel and Hartley. It is reason¬ 

able to assume that the water concentration from bottle to 

bottle from the same manufacturer is variable. If the 

water concentration were accurately known, it might be 

possible to correct the pH electrode potential to account 

for this water contamination. The uncertainty in the con¬ 

centration of water in commercially available methanol 

makes them unsuitable for accurate (~1%) measurement of 

the hydrogen ion concentration. 

To circumvent the water contamination problem, two 

alternatives were considered. 

(1) Accurately measure the water content of the 

methanol prior to use. However, to correct the 

measurements would also require an accurate 

knowledge of the effect of the water at low HCl 

concentrations. 

(2) Dry the methanol prior to use. 
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The second alternative will be discussed briefly in the 

next section. However, in view of problems that have yet 

to be discussed, it will be obvious that neither alternative 

is a viable solution. 

D. Problem #3: Hygroscopicity and C02 

The dehydration of methanol can be obtained by heating 

a mixture of CH^OH and magnesium turnings activated with 

iodine: 

I 
Mg + 2CH3OH -* H2 + Mg(CH30)2 

The subsequent interaction between the magnesium methoxide 

and water gives the highly insoluble magnesium hydroxide: 

Mg(CH30)2 + 2H20 -♦ Mg (OH) 2 + 2CH3OH 

The mixture is boiled for 30 minutes under reflux and the 

product is then distilled with the exclusion of moisture 

[60,61] • Reviews of this and other methods of dehydration 

of CH3OH are found in [62,63,64,65,44]. (Nonhebel and 

Hartley used the method of Hartley and Raikes [65].) 

These methods of dehydration yield methanol whose 

water content is easily less than «0.001% water. However, 

the problem is not how to dry the methanol, but how to keep 

it dry. Methanol is very hygroscopic [106] and must be 

kept in a protected environment. This is certainly possible 

but adds another degree of complexity to the electrotrans¬ 

port experiment. 
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The protected environment must also exclude CO^. The 

absorption of CC^ by methanol influences the hydrogen ion 

concentration in much the same way that CC^ forms carbonic 

acid in water [106]. Oxygen must also be excluded (see 

problem #7). 

E. Problem #4: pH Electrode Slope 

Consider now the effect of an uncertainty in the slope 

of the pH electrode (r|) upon the measurement of the hydrogen 

ion concentration. This was neglected earlier in the cal¬ 

culation of the minimum uncertainty in electrode potential 

necessary to give a 1% uncertainty in the hydrogen ion 

concentration. Neglecting for the moment the contribution 

of the uncertainty in the electrode potential, the error 

equation becomes: 

= (In 10) (log[H+] ) C^) 
[H+] 71 

+ —4 
This shows that for [H ] ~ 10 moles/% the uncertainty in 

the hydrogen ion concentration is about 10 times greater 

than the uncertainty in the electrode slope. Consequently, 

for A[H+]/[H+] = 0.01 as required (see Chapter II Section 

C), Ari/ri must be less than 0.001. 

Loftin's calibration curve was obtained by adding 

aqueous HCl to CH^OH to obtain various concentrations of 

HCl in CH^OH. As a result, each data point consisted of 

methanol with different amounts of water added and at 
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different HCl concentrations. In light of the results of 

Nonhebel and Hartley, to properly calculate the pH electrode 

slope from Loftin's data would require correcting for the 

water content at each calibration point. This task has 

two problems associated with it. 

1) An accurate knowledge of the effect of water at 

low HCl concentrations is required. 

2) The method of acquiring a specific HCl concentra¬ 

tion in CH3OH is not unique. For example, 20 pi, 

of 5 N HCl, 100 \xi of 1 N HCl and 1 mi of 0.1 N HCl 

will all yield a 0.0001 N HCl solution when added 

to 1 liter of CH^OH. However, the corresponding 

volume percent of water in each of these solu¬ 

tions is 0.002%, 0.01% and 0.1%. Without knowing 

exactly how each solution was obtained the water 

content cannot be determined. 

An analysis of the uncertainty of the pH electrode slope 

determined by Loftin yields (A'n/r|) X 100 = 5.3%. Unfor¬ 

tunately, this slope uncertainty manifests itself as a 

50% error in the hydrogen ion concentration uncertainty. 

This error is far greater than the 1% required to detect 

mass transport. 

F. Problem #5: Esterfication 

An ester is a compound formed by the reaction between 

an acid and an alcohol accompanied by the production of 
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water. The process of forming an ester is called ester- 

fication. Methyl chloride is produced by the reaction of 

hydrogen chloride and methanol: 

CH3OH + HCl -* CH3CI + H2O 

Nonhebel and Hartley [45] indicate that at 25°C the rate 

of esterfication of 0.1 M hydrochloric acid in methyl 

alcohol solutions is 0.63 percent per day. 

Assuming Loftin's calibration of the pH glass elec¬ 

trode could be accurately corrected to account for the 

addition of various amounts of water at each calibration 

point, the esterfication of the HCl in the methanol would 

continually add water to the system. Correcting for this 

would require knowledge of the rate of esterfication versus 

HCl concentration. 

Neglecting momentarily the problem of how to measure 

the hydrogen ion concentration in the KCl saturated 

methanol solution, consider the effect of esterfication 

during the electrotransport experiment. Initially the 

discharge solution contains only the ions K+ and Cl in 

appreciable quantities. As the transport experiment pro¬ 

gresses, hydrogen ions are transported into the discharge 

solution forming the equivalent of hydrogen chloride. 

Consequently, throughout the transport experiment, ester¬ 

fication will not only add water to the solution, but will 

alter the hydrogen ion concentration. The results of 
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Nonhebel and Hartley (Section C) indicate that the added 

water would appear as a hydrogen ion increase to counter¬ 

balance the decrease in hydrogen ion concentration due to 

the formation of the water. Since the effect of trace 

quantities of water are so significant, especially at low 

HCl concentrations, the net result would probably appear 

as a hydrogen ion increase. 

The rate of methyl chloride production by the reaction 

of HCl and CH^OH can be enhanced not only by a rise in 

temperature, but also by the addition of a catalyst. 

G. Problem #6: Reaction with Alkali Metals 

Alkali metals react exothermically with methanol to 

produce methoxides (methylates) [46]: 

2CH3OH + 2K -* 2CH30K + H2 

The discharge solution should initially contain only K+, 

Cl , H+, OH , and CH30 ions and undissociated KCl. However, 

potassium may be formed at the platinum electrode during 

the electrotransport experiment by the reaction: 

K+ + e" - K. 

Potassium methoxide is a known catalyst in organic 

reactions [46] . Consequently, the presence of CH3OK could 

increase the rate of esterfication enhancing those associ¬ 

ated problems. 
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H. Problem #7: Palladium as a Catalyst 

Palladium can absorb up to 7 hydrogen atoms for 

every 10 palladium atoms at room temperature and atmos¬ 

pheric pressure. In the gas phase hydrogen exists as 

molecules, whereas in palladium hydrogen exists as ions. 

Thus, reactions have occurred on the palladium surface 

which have resulted in the breaking of the bond of the 

hydrogen molecule. 

Metal surfaces have unpaired electrons, and these 

electrons can pair with those of the hydrogen molecule if 

the lattice spacing is right. The weak bonding of the 

hydrogen atoms on the metal surface is known as chemisorp¬ 

tion. The breaking of the bond of the hydrogen molecule 

is presumably aided by this interaction of the free elec¬ 

trons of the metal with the electrons of the hydrogen 

molecule. 

Catalysts provide a path having a lower activation 

energy than that for the uncatalyzed reaction. Here, the 

palladium surface is acting as a catalyst. Some forms of 

solid catalysts are more effective than others. When pre¬ 

pared in a way which increases the rate of the desired 

reaction, the catalyst is said to be activated. The acti¬ 

vation of a palladium surface will be discussed in greater 

detail in Chapter VII. 

Just as palladium is able to break the bond of molecu¬ 

lar hydrogen, it is also an effective catalyst in the 
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breaking of the carbon-hydrogen and oxygen-hydrogen bond. 

In this way the palladium can catalyze the removal of 

hydrogen from the hydroxyl group and from the adjacent 

CH group of methyl alcohol. 

This catalysis makes possible a wide variety of or¬ 

ganic reactions. For example, the dehydrogenation or 

oxidation of methanol to formaldehyde and water when 

methanol is exposed to oxygen in the presence of a catalyst 

[106]: 

2CH3OH + 02 - 2HCH0 + 2H20 

This reaction then proceeds to form formic acid (HCOOH), 

which will certainly change the hydrogen ion concentration. 

Since commercially available methanol contains small 

amounts of formaldehyde, even in a protected environment, 

the following reaction between methanol and formaldehyde 

yielding methylal might proceed: 

2CH3OH + HCHO - CH2(OCH3)2 + H20 

The reaction between methanol and absorbed ammonia from 

the air to form methylamines is also a possibility in the 

presence of a catalysti 

CH3OH + NH3 - CH3NH2 + H2O 

Note the production of water in each case. The catalytic 

property of Pd could also increase the rate of esterfication 

of HCl in CH3OH mentioned earlier. 
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I. Problem #8: Alternate Electrode Reactions 

Numerous reactions can occur at the electrodes in 

the discharge solution. One of these has already been 

mentioned and others will be discussed in more detail 

later. Of particular interest now is the following reac¬ 

tion which could occur at the palladium electrode [47]: 

CH3OH + H20 -* C02 + 6H
+ + 6e~ 

The extent to which this reaction is driven is crucial to 

the mobility measurement. The production of H+ ions 

would result in a measured mobility larger than if this 

reaction could be suppressed. 

An analogous reaction can occur in aqueous electro¬ 

chemical cells: 

2H20 - 02 + 4H
+ + 4e 

This reaction can be suppressed by operating at a voltage 

sufficiently low enough so this reaction cannot be initiated. 

This minimum voltage required is called the standard 

electrode potential. Unfortunately, the extent to which 

the reaction in methanol proceeds cannot be estimated 

without knowing the corresponding standard electrode 

potential for the reaction. 

J. Problem #9: Dehydration of Glass Electrode Membrane 

The Nernst equation indicates that the slope of the 

emf (E) versus log (a ) curve of an ideal pH electrode 
H 
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should be 59.158 mV per pH unit at 25°C. It is well known 

that the water content of the glass membrane has a marked 

effect on the response (slope) of the electrode (3]. 

Hubbard and co-workers [2,87-92] compared the hygrosco- 

picity of nine different glasses of equal surface area by 

measuring their increase in weight upon exposure to 

moisture. Figure 8 shows the correlation between the 

hygroscopicity of each glass and the pH response of elec¬ 

trodes made from the glass. This shows that a nearly ideal 

pH response cannot be obtained from optical glass or from 

chemically résistent glasses normally used for manufacture 

of laboratory glassware. Glasses of low hygroscopicity had 

pH responses appreciably below the theoretical 59.158 mV 

per pH unit at 25°C, whereas the higher the hygroscopicity 

(like Corning 015) the more ideal the pH response. Thus, 

the ability of a glass electrode to function satisfactorily 

as a pH indicator is related to the water content of the 

glass. However, the physical explanation for this depend¬ 

ence on water content is still speculative. For further 

information the reader is referred to the following 

references: [56,86]. 

In addition to this dependence of the glass membrane 

potential E^ on water content, the asymmetry potential E^ 

discussed in Section D Chapter III is dependent upon the 

water content of the glass membrane [2]. Consequently, 

both effects act simultaneously. 
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pH glass electrodes are normally stored with their 

glass membranes immersed in aqueous solution to prevent 

dehydration. Should the glass membrane dry out, immersion 

in aqueous solution from several hours to a day is required 

before the electrode response becomes nearly ideal again. 

The pH response of commercial electrodes is normally 

within ~6% of the ideal slope [66]. 

This presents a problem when using glass electrodes 

in non-aqueous solutions such as methanol. Because of the 

absence of water, methanol acts as a dehydrating agent. 

The glass membrane loses water to the methanol and thus 

its pH response is constantly changing. This was observed 

in the following described experiment. A glass electrode's 

pH response was measured after 8 hrs. immersion in CH^OH 

and then on succeeding days with the electrode remaining 

in Œ^OH. The corresponding responses of the electrode 

were 60.3, 57.4, 49.4 and 44.6 mV/pH unit at 25°C. These 

responses were determined using identical solutions mixed 

from aqueous HC1 and CH^OH. 

Consequently, because the electrode response is 

dependent upon the time the electrode has been immersed in 

CH^OH, controversial opinions exist regarding the use of 

glass electrodes in non-aqueous solutions. Some researchers 

suggest soaking the electrode in the non-aqueous solvent 

about 20 minutes prior to taking measurements [48], while 

others soak the electrode for 48 hours prior to use in 
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methanol [49]. The detrimental effect of dehydration on 

Loftin's work is obvious, but the error introduced is hard 

to quantitatively estimate. 

These problems can be completely avoided by using the 

standard hydrogen electrode (see Section C Chapter III) 

in place of the glass electrode as did Nonhebel and Hartley. 

Although use of a hydrogen electrode would eliminate errors 

from dehydration, the error from traces of water would 

remain. 

K. Problem #10: Liquid Junction Potential 

Liquid-junction potentials were discussed in Section 

E of Chapter III. Large liquid-junction potentials are 

responsible for a number of problems encountered with 

electrode measurements [107]. The measured potential may 

require a long time to come to a stable reading or may 

constantly drift as a result of a large unstable liquid- 

junction potential. This initial drift could result in as 

much as a 0.1 pH change. In some organic solvents 10 

minutes may be required before a stable reading is obtained. 

An offset in pH between a stirred and quiet solution is 

often the result of a large liquid-junction potential. 

Both of these problems were experienced when using an 

aqueous KCl filling solution in the reference electrode in 

methanol samples. 

A more precise selection of a reference electrode 

filling solution for use in methanol could significantly 
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reduce errors resulting from large liquid-junction poten¬ 

tials. Some researchers report more stable potentials in 

CH^OH measurements using CH^OH saturated with KCl [49,50]. 

Westcott suggests using tétraméthylammonium hydroxide as a 

filling solution or in an intermediate salt bridge between 

the reference electrode and the sample [66,107]. Both 

suggestions would also minimize contamination of the sample 

from water in the filling solution. 

L. Alternative Methods to Measure [H+] 

The standard method of measuring hydrogen ion concen¬ 

tration from calibration of the glass electrode response 

in standard solutions has recently been supplemented by a 

new technique known as the "known addition method." The 

earliest known reference to this method was in 1967 in a 

book by Eisenman [56]. The majority of the early literature 

pertaining to this new technique was limited to the tech¬ 

nical publications of major electrode manufacturers [67-77]. 

Numerous scattered publications also discuss the new tech¬ 

nique [59,78-85]. 

The technique is a slight variation of the standard 

method discussed earlier. The electrode is calibrated in 

standard solutions in both techniques. The hydrogen ion 

concentration is calculated from the electrode potential 

in the sample solution in the standard method. The known 

addition method entails measuring the change in the electrode 

potential upon adding a known amount of hydrogen ions to the 



59 

sample. This technique is not as sensitive to the uncer¬ 

tainty in the electrode slope as the standard method and 

is less dependent upon the dissimilarities between the 

standard solutions and the sample solution. Instead, the 

uncertainty is more dependent upon the uncertainty in the 

volume of the sample, volume of the addition, and the un¬ 

certainty in the concentration of hydrogen ions added. 

These factors can easily be measured to ~1% or better. 

Consequently, the known addition method is in general more 

accurate and initially seemed ideal for measuring [H+] 

in saturated KCl in CH^OH. 

The known addition technique requires a known amount 

of hydrogen ions to be added to the sample. This added 

solution must be a methanol solution rather than an aqueous 

solution because of the effect of water on the electrode 

potential. This solution can be prepared by bubbling HCl 

gas through dry methanol, but the concentration of the 

resulting solution must somehow be determined and this is 

the initial problem to be solved. 

Other measuring techniques have been developed such 

as "double known addition" [71,72], "known addition and 

dilution" [71] , "sample addition" [70], and "multiple known 

addition" [85]. These are modifications of the known 

addition method and have the same drawbacks. "Known sub¬ 

traction" [82,68] involves adding a precipitating or com- 

plexing agent to decrease the concentration of the ion of 
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interest in the sample by a known amount. Unfortunately, 

. . . + I am unaware of any substance which will combine with H 

to either precipitate it or form a complex. (That is not 

to say one does not exist.) 

Titration is certainly a possible alternative. The 

problem with titration is the determination of the end¬ 

point. Using an electrode for this purpose is obviously 

unsuitable and thus color indicators must be utilized. 

These alternative methods were considered and it was con¬ 

cluded that a significant improvement in accuracy could 

only be obtained by employing aqueous solutions in place 

of the methanol. 
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CHAPTER V 

A THEORY TO DESCRIBE DISCHARGE SOLUTION PHENOMENA 

A. Introduction 

The previous chapter emphasized the difficulties in 

substantially reducing the error in the measurement of the 

hydrogen ion concentration in a solution of methanol 

saturated with KCl. Section E of that chapter showed that 

a decrease by at least a factor of 5 is necessary before 

net transport of H+ can conclusively be detected. However, 

utilization of aqueous solutions would automatically 

eliminate almost all of the problems discussed in Chapter 

IV. Thus, the necessary reduction in error is possible if 

aqueous solutions could be used. 

Loftin examined 15 different discharge solutions. 

These are listed below: 

1) water (H20) 

2) H20 + NaCl 

3) H20 + KCl 

4) H20 + KI 

5) H20 + KF 

6) methanol (CH3OH) 

7) CH3OH + NaCl 

8) OLjOH + KCl 

9) CH3OH + KI 

10) CH30H + KF 

11) ethanol (C^OH) 

12) C2H5OH + NaCl 

13) C2H5OH + KCl 

14) C2H5OH + KI 

15) C2H5OH + KF 

According to Loftin, "In every case but one either no 

effect was observed upon anodization of the palladium- 

hydrogen or the pH increased with a concurrent formation of 

a precipitate." Of course, the one exception was the 

saturated solution of KCl in CH30H where a decrease in pH 
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was observed and a simultaneous evolution of hydrogen gas 

was observed at the platinum cathode. Thus, saturated KCl 

in CH^OH was chosen on the basis that it was the only 

solution examined which permitted the discharge of H+ 

from the palladium wire to be measured as a hydrogen ion 

increase in the discharge solution. 

A physical understanding of the processes which allow 

a hydrogen ion increase to be detected only in solution #8 

above should show the way to utilization of aqueous dis¬ 

charge solutions. What follows is a theory which appears 

to explain all of the observed phenomena and also leads to 

the development of a technique which employs aqueous 

solutions. 

B. Electrode Reactions 

Consider the reactions which could occur at the Pd 

and Pt electrodes in the discharge solution during the 

electrotransport experiment with pure water. At the Pd 

electrode, hydrogen ions are leaving the Pd and entering 

the water. For the water to remain neutral, a reaction at 

the Pt electrode must either produce a negative ion or 

neutralize a positive ion. The reaction hypothesized to 

occur at the Pt electrode is: 

2H20 + 2e” - H2(g) + 20H- 

The hydrogen ion given off at the Pd electrode is 

free to combine with the OH- ion given off at the Pt 
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electrode to form H20, the net result being no change in pH 

and H2 gas evolved. If this hypothesis is correct, it 

explains why the transport experiment failed in water. 

Failure was based on whether or not a decrease in pH was 

observed. The electrotransport experiment could have been 

working, but measuring the pH of the discharge solution 

could not confirm it. 

Similarly, for CH^OH as the discharge solution, the 

corresponding reaction at the Pt electrode is given by: 

2CH3OH + 2e~ - H2(g) + 2CH30
_ 

The CH30 ion produced is free to recombine with the H+ 

ion given off at the Pd electrode forming CH3OH. Equiva¬ 

lently, the corresponding reaction in C2H,-OH is: 

2C2H5OH + 2e~ - H2 (g) + 2C2H50
_ 

This could explain why the electrotransport experiment 

was observed to fail when pure water, methanol, and ethanol 

were employed as discharge solutions. Unfortunately, this 

theory does not explain why the addition of KCl to CH3OH 

works; nor does it explain why the addition of NaCl in 

place of KCl does not work or why KCl in water does not work. 

C. Electric Fields in Electrolytic Solutions 

The electrochemical potential of a hydrogen ion inside 

the Pd electrode is given by: 

i^pd = ^pd + 
kT ln[f(c)] + e$pd 
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and the electrochemical potential of a hydrogen ion in the 

discharge solution is given by: 

p.s = 
+ kT In a + e^s 

where §pcj and are the electric potentials resulting 

only from the applied electric field and pp^ and p° depend 

only on the properties of Pd and the solution respectively. 

At low temperatures in the absence of an applied electric 

field, the energy difference between the Pd and the solu¬ 

tion is given by the difference in electrochemical potential, 

or 

^S_^Pd = ^S^Pd = activation energy 

Thus, a hydrogen ion near the surface of the Pd wire must 

overcome an energy barrier = p° - p°£ to escape into solu¬ 

tion. This energy barrier depends only upon the properties 

of Pd and the solution. At higher temperatures, the 

"effective energy barrier" is given by: 

^Pd ^Pd + kT ln^f(c)^ 

Thus, as the H+ concentration of the solution increases 

(a increases) the effective energy barrier increases. 

With an applied electric field, the energy barrier becomes: 

V^pa = ^pa + kT ln[fferl + e(§s - §pa) 

Therefore, for 
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e(ipd-*s) < - & + M differ] 

• 'f* • 

there still exists an energy barrier for a H ion to escape 

into solution. Whereas for 

e(*Pd-V 'JT?d + kT lnlJM] 

there exists no energy barrier preventing H+ ions escaping 

into solution. As long as the electric field strength is 

such that the above condition is satisfied, the rate of loss 

of H+ from inside the Pd surface into solution will be 

balanced by the rate at which H+ ions are transported to 

the Pd surface from the interior. For increased electric 

field strength, additional electrode reactions may be 

initiated which can produce other ions (for example, OH 

ions). The ions produced by these additional reactions 

may cause the H+ concentration to decrease. Consequently, 

it is assumed that there exists a maximum electric field 

strength above which the mobility experiment becomes 

dominated by additional electrode reactions. 

Thus it seems critical to maintain the electric field 

strength in a range such that substantial transport is 

possible, but such that electrode reactions do not occur. 

Unfortunately, neither limit is known. However, the 

electric field strength is given by: 

E 
I 
OA 
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where I is the current traveling through the area A and a 

is the conductivity of the solution. For a given current 

and geometric configuration of the electrodes, the electric 

field is dependent upon the conductivity of the solution. 

In testing the 15 discharge solutions, Loftin maintained 

a current of '>0.01 amp using the same electrode configura¬ 

tion in all cases. Perhaps CH^OH saturated with KCl is 

the only solution that worked because it is the only solu¬ 

tion whose conductivity places the applied electric field 

within the limits required. 

To compare the electric field in the four methanol- 

salt solutions consider the conductivities of each of these 

solutions. Each methanol-salt solution was approximately 

saturated. The corresponding concentrations of NaCl, KCl, 

KI and KF at saturation are 0.188, 0.056, 0.785, and 1.38 

moles/1 at 25°C [38]. The conductivity of these solutions 

is approximately 0.008, 0.004, 0.03, and 0.02 cm-^. 

Since conductivity increases with increasing concentration, 

the salt with the lowest solubility (KCl) also has the 

lowest conductivity. Since the methanol-NaCl solution had 

a higher conductivity than the methanol-KCl solution, the 

electric field in the CH^OH-NaCl solution was weaker than 

in the CH^OH-KCl solution. Presumably, this decreased 

electric field strength was below the required threshold 

electric field strength in methanol. Similarly, the elec¬ 

trotransport experiment failed using KI and KF in methanol 

because of the weak electric field in these solutions. 
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This electric field argument helps explain a problem 

I encountered in attempting to repeat Loftin's experiment 

exactly. The discharge solution was prepared by placing a 

magnetic stirring rod in a beaker full of methanol along 

with sufficient KCl to insure saturation. The solution 

was stirred for a minimum of one hour prior to the experi¬ 

ment. Using this procedure, numerous attempts were made 

to repeat Loftin's results. However, each attempt re¬ 

sulted in a pH increase rather than a pH decrease as 

described by Loftin. 

I then discovered that the mixing of saturated 

aqueous salt solutions, requires several days to a week 

to insure saturation [35]. A review of the literature 

pertaining to the measurement of the solubility of KCl in 

methanol [36-42] revealed that researchers generally 

allowed 24 hours to 10 days for saturation depending upon 

the method of agitation and temperature. Loftin's experi¬ 

ment could be repeated successfully when the solutions 

were allowed to stand for 3 days. 

With respect to the electric field argument, the 

importance of a fully saturated solution implies that the 

conductivity of the KCl-CH^OH solution results in an 

electric field strength close to the maximum. A KCl-CH^OH 

solution slightly below saturation appears to result in 

an electric field outside the limits required in methanol. 
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However, the electric field argument alone fails to 

explain why the experiment works in a saturated KCl-CH^OH 

solution when the recombination of H+ produced at the Pd 

electrode and CH^O produced at the Pt electrode should 

prevent a successful experiment. To explain this, we 

consider the mobility of ions in electrolytic solutions. 

D. Ion Mobility in Electrolytic Solutions 

Ionic conduction results from motion of the ions 

dissolved in solution. For any conductor, its resistance 

(R) to the flow of current is proportional to 1/A where 

A is the cross-sectional area through which the current 

flows and 1 is its length. The proportionality constant 

between R and 1/A is the resistivity p or equivalently 

I/o where o is the conductivity. The conductivity is a 

property of the conductor and has units (ohm-cm) For 

a given metal, the conductivity is dependent only upon 

temperature. However, for an electrolytic solution, in 

addition to temperature, the conductivity is dependent 

upon the concentration of ions in solution. For conveni¬ 

ence, a quantity called equivalent conductivity A of an 

electrolytic solution is defined to be equal to a/c where 

c is the concentration of the electrolyte measured in 

equivalents/cm . An equivalent is defined to be that 

quantity of solute in moles which gives, in solution, 

Avagodro's number (N) of positive charges. The dimensions 

of A are cm /(ohm-equiv.). The equivalent conductivity 

of an individual ion is similarly defined as \^ = Oj/c^. 
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It can be shown (see for example reference [5 2]) that 

the electrical mobility b^ of an ionic species i is given 

by: b^ = X^/F where F is the Faraday constant. Because 

b and X only differ by a constant, mobility and equivalent 

conductance are used almost synonymously in chemistry. 

The equivalent conductance of an ion in the presence of an 

arbitrary mixture of ions can be represented by X = X°-A^, 

where I is ionic concentration. The limiting equivalent 

conductivity X° is the equivalent conductivity extrapolated 

to infinite dilution. There exist various theoretical 

derivations for the constant A in terms of dielectric 

constant, viscosity, temperature, etc. [52,58]. Although 

b is concentration dependent, a relative comparison can be 

made between the mobilities of ions in different solvents 

by comparing their limiting equivalent conductances in 

the different solvents. Table 5 gives the limiting equiva¬ 

lent conductances of a number of ions in water, methanol, 

and ethanol. 

Of particular importance are the limiting equivalent 

conductances of H+, OH , K+ and Cl” in water and H+, CH^O , 

K+ and Cl in methanol. The mobility of H+ is approximately 

2.5 times larger in water than in methanol. The mobility 

of the corresponding anion (OH ,CH^O ) is approximately 

3.7 times larger in water than in methanol. In addition, 

both K+ and Cl have reduced mobilities in methanol. 
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As H+ is formed at the Pd electrode, Cl ions are 

drawn toward the electrode forming a region of H+Cl 

around the electrode. Similarly, a region of K^CH^O 

(or K+OH- in water) is formed around the Pt electrode. 

As these regions migrate out from the electrode neutral¬ 

ization begins. In methanol H+ and CH^O recombine to 

form CH^OH and in water H+ and OH recombine. In water, 

this process is believed to take place quickly, whereas in 

methanol the decreased mobility of the ions allows a 

measurable increase in the H+ concentration before the 

ions have time to migrate together and recombine forming 

methanol. This theory would explain why the electrotrans¬ 

port experiment was observed to fail in a wide variety of 

salt concentrations in water. The increased mobility of 

the ions in water prevents a measurable H+ concentration 

increase prior to recombination. 

This mobility argument also helps explain another 

observed phenomenon in methanol. Continuation of the 

mobility experiment beyond the time required for the H+ 

concentration to reach its maximum value inevitably results 

in a decrease in the H+ concentration. This could be the 

result of the CH^O and H+ recombining to form CH^OH. 

However, it could also be due to effects from alternate 

electrode reactions. The mobility argument is also 

strengthened by the fact that extreme difficulty was ex¬ 

perienced in attempting to repeat Loftin's mobility experi- 
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ment while stirring the methanol discharge solution. Since 

the mobility of H+ and C2HJ-0 is even less in ethanol than 

in methanol, presumably the mobility experiment could be 

made to work in ethanol provided the salt concentration 

used gives an electric field within the appropriate limits. 

Consequently, a combination of the electric field and 

mobility arguments yield plausible explanations for all the 

observed phenomena. These theories will also be used to 

explain other phenomena to be discussed in the next 

chapter. 
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CHAPTER VI 

USE OF AQUEOUS DISCHARGE SOLUTIONS 

The supreme test of any theory is its ability to ac¬ 

curately predict phenomena not yet observed. In this case, 

the theory predicts that a hydrogen ion increase would be 

detected if the H+ given off at the Pd electrode and the 

OH” given off at the Pt electrode could be kept from recom¬ 

bining to form water. The simplest way to accomplish this 

is to physically separate the Pd electrode and the Pt 

electrode into separate beakers connected by a salt bridge 

as shown in figure 9. 

The salt bridge keeps the two beakers in electrical 

contact. As the Pd wire loses hydrogen ions to the solu¬ 

tion, for the solution to remain electrically neutral, 

the solution must either lose a positive ion or gain a nega¬ 

tive ion. This is accomplished by a K+ ion from the solu¬ 

tion entering the salt bridge or a Cl” from the salt bridge 

enters the solution. Similarily for the salt bridge to 

remain electrically neutral, either a K+ ion leaves the 

bridge and enters the solution with the Pt electrode, or a 

Cl” ion from the Pt electrode solution enters the salt 

bridge. The Pt electrode solution remains neutral via the 

production of OH” ions at the Pt electrode. The KCI-CH3OH 

discharge solution used by Loftin can be regarded as two 

half beakers connected by a large salt bridge. The glass 
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wool in the salt bridge shown in figure 9 aids by retarding 

the rate of flow of H+ and OH” toward each other, whereas 

Loftin's discharge solution had nothing to retard the rate 

of recombination. The electrotransport of H+ ions can be 

monitored with a glass electrode in the Pd electrode solu¬ 

tion. At the termination of the mobility experiment, the 

glass electrode is immersed in the Pt electrode solution 

and indicates an increased OH” ion concentration as ex¬ 

pected from the theory. 

The electrotransport experiment was repeated using 

a salt bridge with IN KC1 aqueous solutions. The pH 

was measured using a combination electrode (Markson #1888) 

in conjunction with a Keithley Model 610C electrometer 

(input impedance > 10^ ti) and recorded on a Mosely Model 

7001 X-Y recorder. The Pd electrode solution was con¬ 

stantly stirred with a glass magnetic stirring bar. The 

current was supplied and maintained at 0.01 amp by a 

Harrison model #855C constant current source. Platinum 

foil electrodes (Fisher #9-460) were used as electrodes. 

The Pd(99.993% nominal purity) wire was activated and 

charged with hydrogen using the procedures employed by 

Loftin (see Chapter VII). 

Figure 10 shows the graph of the electrode emf versus 

time. The curve appears to be asymptotically approaching 

a maximum emf of approximately 245 millivolts. This does 

not mean that the H+ ion concentration is approaching a 
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limiting value since the emf and concentration are expo¬ 

nentially related as discussed in chapter III. 

The electrotransport experiment using a salt bridge 

has also been successful using 4.ON KCl and 2N NaCl. 

Note the ~ 50 second interval between the time the current 

was turned on (t=0) and the first detectable rise in the 

H+ concentration. This interval varied from as short as 

zero seconds to as long as 200 seconds. This same 

phenomena was observed in Loftin's experiments. 

Table 6 shows the data and results accompanying the 

electrotransport experiment shown in figure 10. The analy¬ 

sis requires a more accurate estimate of the salt effect 

discussed in Chapter III. Even so, the results emphasize 

several important points. From the current and the length 

of time it flowed, one can calculate the number of moles 

of electric charge which were transported. Although there 

exists some small uncertainty in this number, the calcula¬ 

tion is unambiguous. The total charge transported compares 

favorably with the change in the OH ion content of the Pt 

electrode solution. This implies that the only reaction 

occurring at the Pt electrode is the production of OH ions 

as expected. 

If the only reaction occurring at the Pd electrode 

is H+ going into solution, then the change in the number 

of moles of H+ in the discharge solution is a sum of H+ 

transported and H+ lost by the Pd electrode. This means 
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that the number of moles of H+ lost by the Pd electrode can 

never be greater than the change in the number of moles of 

H+ in the discharge solution. However, since the calcula¬ 

tions show the opposite result, this indicates concentra¬ 

tion gradients within the Pd electrode and/or the existence 

of alternate electrode reactions. One possible reaction 

would be the spontaneous desorption of hydrogen gas from 

the Pd (this will be discussed further in Chapter IX, 

section C.) When 4N KCl was used, the discharge solution 

was observed to turn slightly yellowish in color indicating 

that perhaps chlorine was produced at the Pd electrode. 

Chlorine production would further complicate the analysis 

of the data due to the following reaction which takes place 

between Cl2 and H20 producing H
+, Cl”, and hypochlorous 

acid : 

Cl2 + H20 H+ + Cl" + H0C1 

The use of weaker electric fields by decreasing the current 

would help to eliminate alternate reactions 

Unless unusually large concentration gradients exist 

within the Pd electrode prior to the experiment, the primary 

process occurring during the experiment appears to be the 

depletion of H+ ions from the Pd discharge electrode. The 

depletion of H+ ions from the Pd electrode is the result 

of two processes occurring simultaneously. The first 

process is the spontaneous desorption of hydrogen from the 

Pd in the form of H2 gas. The second process involves the 

loss of H+ ions from the Pd electrode accompanied by a 
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corresponding addition of a H+ ion to the Pd charging 

electrode so the Pd wire remains electically neutral. 

Associated with this process is an electron current flow 

through the Pd wire from the discharge electrode to the 

charging electrode. This second process is believed to be 

the dominate process occurring since only negligable quan¬ 

tities of gas were observed intermittently bubbling from 

the Pd discharge electrode. The data of figure 10 indi¬ 

cates that the rate at which H+ ions enter the discharge 

solution is roughly constant throughout the experiment. 

This indicates that the rate determining process in the 

experiment is not the diffusion of H+ ions to the Pd sur¬ 

face because this would require the rate of flow of H+ ions 

into the discharge solution to decay exponentially with 

time. Consequently, the rate of depletion of H+ ions from 

the Pd electrode is probably controlled by processes 

occurring on the Pd surface (surface impedance). 

The mobility cannot be measured until some accurate 

measurements of the H+ concentration gradients within the 

Pd can be made. In addition, the surface impedance problem 

needs to be investigated. It is these two problems to 

which the rest of this thesis is devoted. 
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CHAPTER VII 

HYDRATION OF PALLADIUM 

A. Introduction 

Hydration is the process of introducing hydrogen into 

a palladium sample. This is also referred to as charging 

a sample. Palladium which has absorped hydrogen is said 

to be hydrided (or charged). 

The simplest method to hydrate a palladium sample 

would be to place the sample in a hydrogen atmosphere and 

allow the hydrogen to diffuse into the palladium. An esti¬ 

mate of the concentration (c) of hydrogen within a palladium 

wire as a function of time can be obtained by solving the 

diffusion equation: 

H - * • 
where D is the diffusion coefficient. Consider a long cir¬ 

cular cylinder of radius a in which diffusion is everywhere 

radial. Assume the cylindrical material is isotropic so 

that the diffusion coefficient is independent of spatial 

coordinates. For a constant surface concentration 

(c=cQ for t>0) and an initial uniform concentration 

(c=0 at t=0) throughout the cylinder, the solution of the 

diffusion equation is given by: [33] 
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c(r,t) = cQ 

where the an's are the roots of JQ(aan)=0. The mean con¬ 

centration (c) in the cylinder is given by: [34] 

the mean concentration approaches its final value cQ with 

a time constant x defined by: 

Solving for x yields x = a2/(10D). An excellent review of 

the literature pertaining to the diffusion of hydrogen in 

palladium at room temperature is given by Loftin [1]. Un¬ 

fortunately, D is concentration dependent which was not 

B-phase palladium. Therefore, the time constant x for a 

0.0508 cm diameter wire lies between the limits 403 sec > 

x > 43 sec. 

These estimated time constants were checked by placing 

a 0.0508 cm diameter Pd wire, as supplied by Materials 

Research Corporation, with a nominal purity of 99.993% in 

a hydrogen atmosphere. The sample's mass was measured 

periodically and compared with its mass prior to immersion 

in the H2 atmosphere. From its change in mass, the mean 

a 

27rrcdr = c 
] 

n 

considered above. The diffusion coefficient D varies 

from 1.6x10 cm^/sec in a-phase to 1.5x10 0 cm /sec in 
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concentration of hydrogen within the sample approached its 

final value with a time constant T = 3 days. 

B. Surface Activation 

These results show that diffusion is not the rate 

limiting factor for absorption of hydrogen by this Pd sam¬ 

ple. The rate of absorption is also dependent on the 

following: 

1) Adequate circulation of gas to insure transport 

of hydrogen gas to the Pd surface. 

2) Surface impedance limiting the rate of entry of 

hydrogen into Pd. 

Precautions were taken to insure circulation of the hydrogen 

gas around the Pd sample. Consequently, surface impedance 

must be the rate limiting process. This surface impedance 

may be the result of slow reactions occurring at the Pd 

surface. These exact reactions are not known, but in the 

gas phase hydrogen exists as molecules, whereas in palladium 

hydrogen exists as ions. Consequently, the net result of 

any surface reactions must be H2 -*■ 2H+ + 2e“. 

Various pretreatment procedures have been found which 

allow the palladium sample to absorb hydrogen gas at room 

temperature more easily. These procedures are said to in¬ 

crease the catalytic activity of the surface permitting 

the reaction H2 -*• 2H+ + 2e_ to proceed at a faster rate. 

Note the distinction between charging a sample and activat¬ 

ing its surface. These activation techniques are crucial 
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to the electrochemical method of measuring hydrogen electro¬ 

transport. It is imperative that the mobility of hydrogen 

in palladium be the rate-determining process and not the 

rate of hydrogen entry or exit from the palladium. 

Listed below are five basic methods known to increase 

the catalytic activity of a palladium surface. 

1) Palladization: The electroplating of a thin 

layer of finely divided palladium powder (palladium 

black) on the surf ace of the Pd sample. [20, 10, 16] 

2) Oxidation of the palladium sample by heating in 

air or oxygen. [19, 16, 6] 

3) Argon ion bombardment. [16, 17, 18] 

4) Repeated electrolytic charging of the samples 

alternated with an expulsion of the hydrogen by 

heating to redness. [15] 

5) Electrolytic anodization: The Pd is connected 

as an anode discharging oxygen at the surface just 

prior to electrolytic charging. [20] 

Exactly why these methods result in a more catalytically 

active surface is not understood. Many variations, modi¬ 

fications and combinations of these five technqiues have 

been utilized by researchers. For example, Green and Lewis 

[9] flamed their 0.0122 cm diameter Pd wires to red heat in 

oxygen, palladized for 30 sec at 20 mA in 2% PdCl2 in 0.1N 

HC1 and then repeated the process. The method used by 

Loftin will be discussed in detail shortly. 
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C. Poisons 

Methods to decrease the catalytic activity of the 

palladium surface are also known. Palladium surfaces can 

be rendered virtually impermeable to hydrogen by contamina¬ 

tion from a number of substances. For example, Hurlbert 

and Konecny [6] report that hydrogen sulfide is an extremely 

effective poison even at concentrations as low as 5 x10”^ 

mole % in hydrogen. In addition, mercury vapor and com¬ 

pounds containing sulphur, cyanids, arsenic, bromine, and 

iodine have been found to poison the surface reactions 

responsible for absorption of hydrogen [7, 8, 9, 10, 11]. 

Furthermore, unsaturated hydrocarbon vapors [7] and volatile 

metals (i.e. zinc from hard solder) [6] have an inhibitory 

effect on the absorption of hydrogen. Darling [7] warned 

against use of lubricating oils (pump oils) because 

of their sulphur content. These poisons result in an 

increased surface impedance and care must be taken to 

avoid contact of these poison with the Pd surface. 

D. Charging 

It should be noted that placing a palladium sample in a 

hydrogen atomosphere is not the only method of charging sam¬ 

ples. Three other methods are known to exist. 

1) Placing metals which are more catalytically active 

in contact with the palladium sample. [12, 13, 14] 
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2) Electrolytic charging. Palladium samples are used 

as cathodes during electrolysis. The fact that 

cathodes of Pd absorbed hydrogen during electrolysis 

was first reported by Thomas Graham [109]. He 

also noted that hydrogen could be removed from the 

hydrided cathode by reversing the polarity of the 

electrochemical cell making Pd the anode. 

3) Placing palladium samples in aqueous solution per¬ 

mitting the Pd to absorb the hydrogen which is dis¬ 

solved in solution. [20] 

In addition to placing the Pd sample in a H2 atmosphere, 

charging methods 2) and 3) above were also employed. These 

were mentioned in section A of Chapter II in the discussion 

of the mechanisms involved which permit hydrogen to be 

absorped by the Pd wire in the charging solution. 

E. Loftin's Activation Method 

The method of activation used by Loftin was as follows. 

He used 0.0508 cm diameter cold drawn Pd wire, as supplied 

by Materials Research Corporation, with a nominal purity 

of 99.993%. The wire was first electrolytically charged in 

an electrolysis cell shown in figure 11. The Pd (cathode) 

and Pt (anode) were placed in a 2M HC1 solution. The solu¬ 

tion was saturated with hydrogen gas by continuously bub¬ 

bling H2 gas through the solution. The anode and cathode 

were connected in series with a 10 turn 500 S2 potentiometer/ 
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FIGURE 11: ELECTROLYSIS CELL FOR THE 
ACTIVATION OF A Pd SURFACE 
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a 6 volt (nominal) battery, ammeter and switch also shown 

in figure 11. A charging current of 0.01 amp was always 

used. After this precharging with hydrogen for ^15 minutes, 

the hydrogen was discharged from the Pd. Instead of heating 

the Pd to redness as did Krause and Kahlenburg [15], Loftin 

simply reversed the polarity of the cell making Pd the 

anode for ^15 minutes. This alternate charging and dis¬ 

charging was repeated a minimum of 20 cycles. Using this 

method, activation of a Pd wire with a smooth bright sur¬ 

face (as received from the manufacturer) results in a 

noticeably roughened and darker surface. 

The test of any activation method is the rate of ab¬ 

sorption of hydrogen when placed in an H2 atmosphere com¬ 

pared with the unactivated sample rate of absorption. This 

test was never explicitly conducted by Loftin. He always 

let his Pd samples remain in the atmosphere for at least 

three days, whereby his samples were found to contâin a. 60 

atomic percent hydrogen. This is slightly better than the 

results obtained using an unactivated Pd sample (see Section 

A of this chapter). Since the experiment is so dependent 

upon a well activated Pd Surface to insure that surface 

impedance is not the rate limiting factor, the state of 

activation of the Pd surface should be better characterized. 

Consequently, in future research the rate of absorption of 

H2 by the Pd will be measured and used as an indicator of 

the state of activation of the surface. The best activated 
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surface would be one in which the rate of absorption matched 

the rate expected with no surface impedance (diffusion 

limited-time constant ^ 6 minutes). Furthermore, a com¬ 

parison of Loftin's activation method with others previously 

mentioned to obtain the best activated surface would be 

advisable. 
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CHAPTER VIII 

DETERMINATION OF THE HYDROGEN CONCENTRATION 

IN PALLADIUM WIRES 

Before discussing possible hydrogen concentration 

gradients within a palladium sample, an accurate method 

of analyzing the hydrogen content within a sample must be 

developed. A review of the literature reveals that six 

methods have been employed to determine the hydrogen content 

of a Pd sample. Mass [109], electrical resistance [5], 

mechanical hardness [5], and magnetic susceptilibity [18] 

vary in a reproducible manner with respect to hydrogen 

content and consequently are useful indicators of hydrogen 

content. In addition, the hydrogen content of Pd samples 

can be determined by the measurement of X-ray parameters 

[5], by measurement of electrode potential for Pd immersed 

in solution [5], and by degassing [110]. Of these methods, 

degassing is by far the most accurate and will be employed 

whenever possible in this research. The change in mass 

method was used in section A of Chapter VII to determine 

the rate of absorption of hydrogen because degassing would 

be inappropriate. 

A. Degassing Method 

The method of degassing simply entails heating a 

palladium sample to over 300°C in an evacuated container of 
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known volume. The hydrogen content is calculated from 

measurements of the resulting temperature and pressure of 

the evolved hydrogen using the ideal gas law. The hydrogen 

concentration is calculated knowing the mass of the de¬ 

hydrated sample. Although the change in mass method has 

the advantage of leaving the sample undisturbed, the de¬ 

gassing method is more accurate. 

Commercial hydrogen analyzers are available (from Leco 

Corporation for example). These analyzers have the advan¬ 

tage that they separate the hydrogen gas from impurity gases 

by passing the evolved gas through a copper oxide furnace 

where hydrogen is oxidized to water vapor and removed by 

a desiccant. Consequently the effect of impurity gases can 

be accounted for. However, these commercial analyzers are 

intended for use with steels and are not capable of measuring 

the large volumes of hydrogen gas given off by palladium. 

Those that have that capability are not very accurate at 

these high concentrations. This necessitated the building 

of a degassing apparatus designed specifically for Pd 

analysis. A Pd sample of low ([H/Pd] = 0.2) hydrogen con¬ 

centration was analyzed using a Leco hydrogen analyzer and 

no detectable impurities were measured. It was assumed 

from this experiment that gaseous impurities were not 

present in the Pd samples used. 

The degassing apparatus used in this work is shown in 

Figure 12. The internal volume was calibrated by evacuation 
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FIGURE 12: DEGASSING APPARATUS FOR MEASURING THE 

HYDROGEN CONTENT OF A PALLADIUM SAMPLE 
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and then bleeding in a known volume of gas at a known tem¬ 

perature and pressure. The internal volume was then cal¬ 

culated from the measurement of the temperature and 

pressure of the expanded gas using PV = nRTZ where Z is 

the compressibility factor which corrects for deviations of 

real gases from the ideal gas low behavior. 

The accuracy of the degassing apparatus is limited by 

the accuracy with which the standard of known volume, 

temperature and pressure is known. For this reason, the 

calibration of the volume of a flask to be used as a standard 

was made taking great care to account for all significant 

sources of error. The flask was calibrated by filling with 

mercury and the volume calculated from the mass of contained 

mercury and the density of mercury at that temperature. 

Corrections to the volume calculation included a buoyancy 

of air correction, miniscus correction, thermal expansion 

correction, and elastic pressure distortion correction. 

The volume obtained is given by: 

VQ(T) = (244.7418 cm
3)[1+0.0000105(T-294.15°K)] ±0.0031 cm3 

where T is the absolute temperature of the flask. Atmos¬ 

pheric air was used as the internal gas for the standard. 

The temperature of the standard was obtained by placing 

the flask in a constant water bath for over an hour and 

assuming the gas had come to equilibrium with the bath tem¬ 

perature. The gas pressure was simply atmospheric pressure 
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measured with the Texas Instruments quartz spiral bourdon 

tube gauge. Using this standard, the internal volume of 

the degassing apparatus was calibrated making corrections 

for thermal expansion, elastic pressure distortion, and 

humidity in the air. As a check, the degassing analysis 

was compared to the change in mass method. The change in 

mass gave [H/Pd] = 0.58 ± 0.02 whereas the degassing 

analysis gave [H/Pd] = 0.5614 ± 0.0007. The change 

in mass was measured using a Mettler M5 analytical balance 

capable of measuring within ± 0.000001 gm. It should be 

noted that Loftin used a similar degassing apparatus with 

an uncertainty of about 1%. 

B. Inductance Scanning Method 

To supplement the change in mass and degassing methods 

of hydrogen content analysis an additional technique is 

being developed in this research.* The principle of opera¬ 

tion of this technique is not new, but to my knowledge 

has never been applied to the measurement of hydrogen con¬ 

tent in Pd. I call the method inductance scanning. The 

reason for developing this new technique will be made clear 

in the following chapter. 

The method has previously been used as a contactless 

method of measuring the resistivity of metals. Since the 

resistivity of Pd is proportional to its hydrogen content 

as mentioned earlier, the method would seem applicable to 

measuring hydrogen contents. The method is based on the 

* The development of this technique is due to John Edwards 
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fact that the introduction of an electrical conductor into 

the center of a solenoid modifies both the resistive and 

the inductive components of the impedance. This is the 

result of induced currents (eddy currents) in the con¬ 

ducting core resulting from a time-varying magnetic field 

generated in the solenoid from application of an A.C. 

current. The resistance part of the impedance of the 

solenoid can be defined as P/I , where P is the power input 

to the coil and I is the rms current. P has two components 

(a) the resistive loss in the solenoid itself, and (b) the 

eddy current loss in the conducting core. The resultant 

magnetic field can be expressed as the sum of two fields: 

(a) the driving magnetic field which is present in the 

absence of eddy currents, and (b) the magnetic field 

generated by the induced eddy currents. Consequently, the 

total inductance can be considered as a sum of two induct¬ 

ances: (a) the inductance of the coil alone, and (b) the 

negative change of inductance resulting from the fact that 

the induced eddy currents reduce the field within the core. 

Consequently, for a Pd wire inserted into the center of a 

solenoid, changes in impedance of the solenoid can be 

related to changes in hydrogen content of the Pd wire pro¬ 

vided that the frequency is chosen so that the skin depth 

is equal to or greater than the radius of the wire. The 

reader is referred to the following references for more 

detailed theoretical treatments and for reviews of work 
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using this method to measure electrical resistivity of 

metals [111-116]. 

The apparatus for the inductance scanning technique 

consists of a solenoid coil at the end of a shielded cable, 

which will be referred to as the probe coil, connected in 

one arm of an impedance bridge. A schematic of the elec¬ 

trical circuit is shown in Figure 13. As with a Wheatstone 

bridge, the voltage across the bridge (between points A and 

B in Figure 13) is used as a measure of how balanced the 

bridge is. Driving the bridge with an A.C. voltage would 

result in an A.C. voltage developed across the bridge. 

However, in this circuit the unbalanced bridge voltage is 

rectified by the use of two matched diodes and two RC 

circuits resulting in a D.C. voltage output. This D.C. 

output is fed to a chart recorder where the probe coil is 

mounted on the recorder arm. The Pd wire is inserted into 

the probe coil and stretched between two fixed supports. 

As the chart recorder arm sweeps the length of the recorder, 

the probe coil scans the length of the Pd wire and the 

chart recorder gives a curve showing the D.C. voltage out¬ 

put versus distance along the length of the wire. Changes 

in the D.C. voltage output are the result of impedance 

changes in the bridge circuit which are the result of 

changes in resistance and inductance of the probe coil 

which in turn are due to variations in resistivity of the 

Pd wire. Knowing the correlation between hydrogen content 
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Cv = Variable Capacitor 0.2ppf *s Cv £ 0.7ppf 

CQ = Fixed Capacitor = 0.l6iipf 

C^ = Capacitance of Probe Coil = 0.075|ipf 

L = Fixed Inductor 
o 

L = Probe Coil 

FIGURE 13: INDUCTANCE SCANNING CIRCUIT 
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and resistivity permits one to relate the changes in D.C. 

voltage output to changes in hydrogen content in the Pd wire. 

Figure 14 shows the scan of a 0.0508 cm diameter 

copper wire. At first glance, the signal would appear to 

be noisy. However, a second scan of the same wire (shown 

below the first in Figure 14) reveals a remarkably similar 

profile indicating the irregularities in the curve are not 

the result of circuit noise. Results of scans on Pd will 

be discussed in the next chapter. 
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CHAPTER IX 

HYDROGEN CONCENTRATION GRADIENTS IN Pd WIRES 

A. At the Beginning of an Electrotransport Experiment 

The hydrogen content of that portion of the Pd wire im¬ 

mersed in the discharge solution at the beginning of an 

electrotransport experiment is determined by a degassing 

analysis of a segment of the Pd wire cut from the end. The 

hydrogen content is calculated assuming that the hydrogen 

concentration is uniform over the length of the Pd. Consider 

the validity of this assumption. 

The general solution for the concentration of hydrogen 

c(z,t) along the length z of a cylindrical wire of length L 

as a function of time is given by:[21] 

where f(z) = c(z,0) and it has been assumed that no diffusion 

takes place through the ends of the cylinder. The time con¬ 

stant for diffusion to even out initial concentration gradi¬ 

ents will depend upon the spatial distribution of the 

initial gradient f(z). However, regardless of the specific 

f(z), the time constant will be of the order of L2/(2TT^D) = 

1.7 years for a 40 cm long Pd wire. 
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It was shown in section A of Chapter VII that the time 

constant for radial diffusion into a Pd wire is of the order 

of 400 seconds. Therefore, concentration gradients which 

exist after radial diffusion has charged a Pd wire will re¬ 

main for a long period of time. Consequently, the uniformity 

of hydrogen within a Pd wire seems to depend upon how uni- 

formily activated the surface is. If a small section of the 

wire is not well activated, radial diffusion will be retarded 

with respect to the rest of the wire. Thus, when the Pd 

wire is removed from the H2 atmosphere, the interior regions 

of the wire beneath sections of poorly activated surface 

will have lower hydrogen concentration. 

To my knowledge, the only work dealing with the uni¬ 

formity of hydrogen concentrations in Pd wire is the work of 

Duhm [28]. Duhm cut hydrated Pd wires into numerous small 

segments and analyzed each segment by degassing. 

Duhm's method of determining uniformity gives some idea 

of the magnitude of the gradients to expect. However, the 

Pd wire to be used for an electrotransport experiment cannot 

be cut up prior to the experiment to determine uniformity. 

In addition, the degassing and change in mass methods of 

hydrogen analysis are also useless for determining uni¬ 

formity of the hydrogen within the Pd wire prior to an 

experiment. For this reason, the inductive scanning method 

was developed. 

A Duhm type experiment was conducted on a Pd wire to 

get an idea of the magnitude of the gradients and also to 
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calibrate the inductive scanning device. It was hoped that 

fluctuations on the inductive scan could be related to 

variations in hydrogen concentration obtained from cutting 

the wire up and degassing each segment. Figure 15 shows the 

scan of the Pd wire before and after surface activation and 

after hydration. Of particular interest is the drastic 

change in the scan after surface activation. It was 

indicated in section E of Chapter VII that surface activa¬ 

tion resulted in a roughened Pd surface. The inductive 

scan appears to be sensitive to these surface changes. 

Since the scans before and after charging are so similar 

in form, this implies a uniform hydrogen concentration. 

However, this is not confirmed by the results of cutting 

up the wire and degassing the pieces. In fact, the regions 

of the Pd wire which caused large changes in the inductive 

scan after activation (point A in figure 15 for example) 

were found to correspond to appreciably lower hydrogen con¬ 

centrations. Each degassing measurement was checked using 

the change in mass method by weighing each sample before 

and after degassing. This precautionary measure helped 

identify another problem. Results from the change in mass 

and degassing did not always match within experimental 

error. This could only be caused by the Pd wire losing 

hydrogen to the atmosphere between the initial weighing 

and the degassing. This was an unforeseen problem which 

will be discussed in section C of this chapter. 
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(1) Pd wire as received from manufacturer 

(2) Pd wire after activation 

(3) Pd wire after both activation and hydration 

FIGURE 15 INDUCTANCE SCAN OF Pd WIRE 
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The results of the above experiment can be explained if 

one assumes that the inductive scan is sensitive mainly to 

surface effects. Thus, a well activated region should 

correspond to a large change in the inductive scan after 

activation. A well activated region is also more susceptible 

to loss of hydrogen as observed experimentally. This hypoth¬ 

esis seems to explain the observed data. 

The dependence on surface effects is further demon¬ 

strated by rotating the Pd wire. The inductance scan con¬ 

stantly changes returning to its original value after a 360° 

rotation. This dependence on surface effects is believed 

to be due to the combined effect of 3 factors: 

1) The non-uniform magnetic field generated by the 

probe coil because the solenoid is not end cor¬ 

rected. 

2) The Pd wire being off the center axis of the probe : 

coil. 

3) The non-uniform magnetic field within the Pd wire 

caused by the exponential decay with depth result¬ 

ing in higher fields near the surface. 

B. At the End of the Electrotransport Experiment 

The hydrogen content of that portion of the Pd wire 

immersed in the discharge solution at the end of the experi¬ 

ment is also determined by degassing a segment cut from the 

end assuming that the concentration is uniform. An alterna¬ 

tive would be to cut off the portion which was immersed in 
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the discharge solution and analyze it either by degassing 

or by change in mass. Although this would be less ambiguous, 

it destroys expensive Pd wire and would best be avoided un¬ 

less absolutely necessary. The inductive scanning technique 

is of course another alternative though not yet usuable for 

bulk hydrogen analysis. In addition, the maximum sensitivity 

of the inductive scanning technique once the surface effects 

are minimized is yet uncertain. 

There is another alternative provided the initial 

hydrogen content of the entire Pd wire can be obtained 

accurately. Degassing the entire Pd wire would unairibiguously 

determine how much hydrogen had been lost. This allows 

the Pd wire to be reused, but to calculate how much of the 

hydrogen went into solution requires some assumption regard¬ 

ing the quantity of hydrogen lost by the Pd wire to the 

atmosphere during the experiment. It is this question 

to which the discussion of the next section is directed. 

To demonstrate why large concentration gradients are 

expected in the Pd wire immersed in the discharge solution, 

consider the following argument. Section A of this Chapter 

indicates that the process of surface activation results 

in regions of the surface which are well activated and 

others which are not. The Pd electrode is illustrated in 

figure 16. The length of the arrows are indicative of the 

flux of H+ ions flowing in the direction of the arrow. The 

flux of H+ ions down the Pd wire is determined by the mobility 
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♦ 

FIGURE 16: SCHEMATIC OF Pd ELECTRODE IN DISCHARGE SOLUTION 
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and the cross-sectional area of the wire. The H+ ions are 

free to enter the discharge solution as soon as they reach 

the region of Pd immersed in solution. The flux of H+ ions 

into the discharge solution is greater through surface 

regions which are well activated and those nearest the 

discharge solution surface. Figure 16 emphasizes this by 

showing 12 well activated regions while the rest of the 

Pd wire surface is assumed poorly activated. So far this 

picture has neglected to consider the H+ ions which were 

initially present in the electrode. Although not pictured, 

these ions will also flow into the discharge solution 

through well activated regions. However, assuming each 

activated region has a maximum flux it can maintain, the 

lower portion of the Pd electrode will become depleted of 

H+ ions while the portion near the discharge solution sur¬ 

face will remain fully hydrated. Consequently, if this 

picture is correct, the end piece would certainly not be 

representative of the hydrogen concentration throughout 

the electrode. This argument assumes that the cross- 

sectional area of the wire is much less than the well 

activated surface area available for flow into solution. 

C. Stability of Hydrided Palladium 

The stability of hydrided Pd has been shown to be 

important in discussions in Chapter VI and in section A of 

this chapter. In addition, the stability of hydrided Pd 
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is extremely important if an electrotransport experiment 

is to be operated over a long period of time. 

After palladium has been charged with hydrogen, the 

hydrogen may escape from the palladium by either of two 

processes: (a) spontaneous desorption, or (b) oxidation. 

According to Lewis [5], the literature pertaining to the 

stability of hydrated Pd is extremely limited and generally 

confined to Pd in the form of finely divided palladium black 

and evaporated Pd films. 

At 25°C, hydrided palladium placed in a vacuum will 

spontaneously discharge hydrogen provided [H/Pd] >0.6 [22], 

When [H/Pd]< 0.6, hydrogen is held indefinetly by the 

palladium. Grahan [109] stored hydrided Pd foil in a 

vacuum for two months without loss of any hydrogen. For 

hydrided Pd at 25°C placed in atmospheric air, the same 

conditions for spontaneous desorption apply. However, the 

loss of additional hydrogen can occur via oxidation with 

atmospheric oxygen. The oxidation with atmospheric oxygen 

is termed aerial oxidation. Lewis and Ubbelohde [22] claim 

that aerial oxidation cannot proceed at an appreciable 

rate unless water is present. In addition they claim that 

dry Pd specimens will retain hydrogen in concentrations 

as high as [H/Pd] = .6 for periods of up to one year when 

stored in the open air under normal conditions. However, 

when similiar specimens are enclosed with air or oxygen in 

glass tubing, the hydrogen is completely removed from the 
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palladium by oxidation. Lewis and Ubbelohde suggest that 

hydrided samples be stored in a dry inert atmosphere. 

The importance of water in aerial oxidation prompted 

Loftin to store his hydrided samples in a sealed glass 

test tube with a desiccant. However, using this storage 

method resulted in loss of hydrogen during the Duhm 

experiment (discussed in section A of this chapter). The 

stability of hydrided Pd when stored in air and in a 

sealed test tube with silica gel was tested by weighing 

the sample periodically. Figure 17 and 18 show the results 

using the same sample for both tests. Apparently the loss 

of hydrogen is due to slow spontaneous desorption since 

the initial [H/Pd] was so high. Both curves are similiar 

and both seem to indicate that the hydrogen will spon¬ 

taneously desorp provided [H/Pd] > .68 instead of .6. 

It is interesting to note that Coehn [26] and Duhm 

[28] stored their hydrided Pd samples in a xylene solution. 

The method requiring the entire Pd wire to be degassed to 

determine the loss of hydrogen by the Pd into solution seems 

applicable provided the spontaneous desorption process has 

been completed prior to the electrotransport experiment. 
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FIGURE 17: STABILITY OF HYDRIDED Pd STORED IN AIR 

Time (hours) 

FIGURE 18: STABILITY OF HYDRIDED Pd STORED IN 

A SEALED TEST TUBE WITH SILICA GEL . 
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CHAPTER X 

DIRECTIONS OF FURTHER RESEARCH 

This thesis has thoroughly reviewed the electrochemical 

technique developed by Loftin and offered sugges¬ 

tions for improvements. Implementation of the salt bridge 

modifications is the most important improvement resulting 

from this work. However, there remain two major improve¬ 

ments which are required before a meaningful mobility can 

be deduced from the electrotransport technique. (a) It is 

not clear yet that the rate determining process in the ex¬ 

periment is in fact the mobility. This was discussed in 

Chapter VI. (b) The problem of concentration gradients in 

the Pd wire needs to be solved. The inductance scanning 

technique appears to be the most promising solution to 

this problem but requires minimizing surface effects. 

The inductance scanning device also can conceivably be 

used to measure the mobility directly. Consider hydriding 

only half of a Pd wire, flowing current through the wire 

and scanning the wire periodically to watch the movement of 

the boundary between the hydrided and non-hydrided Pd. The 

technique involving watching the motion of a boundary region 

was used to measure the mobility of hydrogen in Pd by 

Coehn [26] and Duhm [28]. Unfortunately, it is not clear 

that the motion of hydrogen from a region of 6-phase 
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([H/Pd] ^ .6) to a region of a-phase ([H/Pd] ^ 0) 

considered a 3-phase mobility. Interpretation of 

results would require a more detailed analysis. 

can be 

these 
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