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Overview 

The absorption of electrolytic hydrogen into the steels used in the marine industry 

leads to their degradation due to hydrogen embrittlement. A great deal of work has been 

done to investigate hydrogen embrittlement of steels. It is well accepted that once 

hydrogen absorption occurs that the metal or the alloy will most likely suffer from one 

form or another of hydrogen embrittlement. The best, well known examples are those 

encountered in environments where hydrogen sulfide is present such as in the presence of 

microorganisms, e.g., sulfate reducing bacteria (SRB) which produce hydrogen sulfide in 

the cycle of their metabolism. 

Hydrogen absorption into metals occurs as a side reaction of the hydrogen 

evolution reaction (HER) on metals. This reaction occurs as a viable cathodic reaction 

during corrosion, cathodic protection, pickling and electroplating of metals. It is because 

of the multi-step nature of the HER that hydrogen absorption occurs. 

In this current year of the project, our research focused on three related thrusts 

which will be reported separately below: (1) The effect of thiosulfate, which is a source 

of H2S as well as other sulfur forms on hydrogen absorption into steel, was started last 

year and continued this year. (2) Modification of the Iyer-Pickering-Zamanzadeh (IPZ) 

analysis to include Frumkin interaction effects in order to obtain a quantitative 

determination of the effect of H2S on hydrogen absorption into steels. (3) The 

development and testing of an analytical procedure which requires only the readily 

obtainable polarization data to quantitatively characterize the HER in the same way the 

IPZ analysis does, but much more simply and with far less sophisticated equipment. The 

technique is also applicable to other metals beside iron and steels, including nickel, 

stainless steel and Cu. In principle, the method will work on those metals and alloys for 

which the HER occurs by the Volmer discharge-Tafel recombination mechanism with 

only a few exceptions. 



(1) The Relative Effects of Thiosulfate, its Decomposition Products, and its 
Reduction Product, H2S on the HAR Rate in Steel 

Introduction 

The degrading effects of sulfur containing (thio) compounds on the integrity of 

metals and alloys have been well recognized (1-5). Of these compounds, the thiosulfate 

ion is commonly encountered in the pulp, paper, oil and gas industries and as a product of 

the sulfate reducing bacteria (1-3,6-11). For this reason, extensive studies have been 

conducted by various authors to evaluate and understand the effects of thiosulfate on the 

crevice corrosion (12-17), pitting corrosion (3,6,18-26), stress corrosion cracking (27-44) 

and anodic dissolution of metals and alloys (10,11,18-26). Furthermore, studies have 

focused on the electrochemistry of thiosulfate (45-51) and its adsorption behavior 

(27,52). 

It is generally accepted that thiosulfate has a strong promoting effect on the 

anodic dissolution of metals (10,11,18-26). On the other hand, measurements of its 

effects on hydrogen absorption have been less systematic and conclusive. While some 

workers showed that thiosulfate solutions promote hydrogen absorption into cathodically 

protected steel (53), others found only a slight effect in slightly acidic solutions(27) or 

non detectable effect in alkaline solutions (54). 

The objective of this paper is to evaluate the effects of thiosulfate (S203
2") and 

sulfite (S03
2") ions on the absorption of hydrogen into iron. Sulfites are included in this 

study since thiosulfate decomposes readily, in mild acidic media similar to those media 

encountered in pits, crevices and cracks, to give sulfite species and colloidal sulfur (see 

below). 

Experimental 

The electrochemical hydrogen permeation technique, similar to that used by 

Frumkin (55) and by Devanathan and Stachurski (56), was used in this study to collect 

data on both the HER and HAR on iron (steel) membranes in sulfate solutions containing 



different thiosulfate or sulfite ion concentrations. The steel membranes of 0.25 mm 

thickness were obtained from Goodfellow with the following composition: Mn, 0.3%; Si, 

0.1%; C, <0.08%; S, < 0.05% and the balance, Fe. They were polished to 0.5 |im 

alumina, degreased in acetone, washed with double distilled water, and subsequently 

annealed in pure hydrogen at 900°C for 2hrs in a tube furnace, followed by a furnace cool 

in the same atmosphere. Solutions of 0.1N H2S04 + 0.9N Na2S04 (pH 1.8) and IN 

Na2S04 (pH 7) were used throughout this study. All solutions were prepared from 

analytical grade chemicals and double distilled water. Before admitting the solutions to 

the cell, they were pre-electrolyzed (Pt electrodes) at 3 mA for 2 hours under deaeration 

using hydrogen to remove impurities that could otherwise affect the quality of the data. 

These solutions were then used as blank solutions to which the different concentrations of 

thiosulfate or sulfite ions were added. The solutions were subsequently deaerated with 

hydrogen. One surface of the membrane was coated with electroless palladium using 

Pallamerse solution before the membrane was mounted in the cell. The areas of the input 

and exit surfaces were 0.8 cm2. The exit cell contained 0.1N NaOH and the Pd coated 

side of the membrane. The latter was potentiostated at 0.150 mV (Hg/HgO) to ensure 

complete oxidation of the dissolved hydrogen diffusing through the membrane. Further 

details about the experimental setup are reported elsewhere (57). 

Results and Discussions 

Fig. 1 shows the effect of thiosulfate concentration on the hydrogen permeation 

transients through the steel membranes. Note the profound effect of the concentration of 

thiosulfate in the 0.1N H2S04+ 0.9N Na2S04 (blank) solution on the permeation current, 

i. A 0.1 mM thiosulfate addition to the blank solution increases the steady permeation 

current obtained after the short transient period, L, by about 2 fold, while the solution 

which is 10 mM in thiosulfate increases L by about 6 fold over the blank solution. This 

demonstrates that thiosulfate ion enhances hydrogen absorption into steel in acidic (pH 

1.8) thiosulfate containing solution. 

In addition to enhancing hydrogen absorption into steel, thiosulfate enhances the 

HER in the pH 1.8 solution. Fig. 2 shows the Tafel plots of the HER obtained on the steel 



at different thiosulfate ion concentrations (n = E - Eeq, Eeq = -0.349 V (SCE)). This figure 

shows that an increasing thiosulfate ion concentration enhances the HER, i.e., the 

hydrogen overpotential decreases, at the same value of the applied cathodic charging 

current, for increasing thiosulfate concentrations. 

In acidic media, thiosulfate readily decomposes to give colloidal sulfur and 

sulfurous acid (3 ,12,13), 

SA2" + 2H+ ->S + H2S03 (1) 

Consequently, the increase in L may be attributed to one or more of the following: any 

remaining thiosulfate ions, the colloidal sulfur and/or the sulfurous acid. As a start to 

sorting out these different possibilities, some experiments were carried out on thiosulfate 

in a neutral medium, where reaction 1 is not likely to occur and the only one of these 

species in solution is the thiosulfate ion (13,58,59). The hydrogen permeation transients 

in the neutral medium are shown in Fig. 3. This figure shows that thiosulfate in the 

neutral medium increases the rate of hydrogen absorption within iron. A concentration of 

0.1 mM of thiosulfate ion increases L by about 2 fold while the 10 raM concentration 

increases L by about 3 fold. This increase in the hydrogen absorption reaction in the 

neutral solution was accompanied by an increase in the hydrogen evolution reaction 

kinetics. Fig. 4 shows the polarization plots obtained on iron in IN Na2S04 solution at 

different thiosulfate ion concentrations (y\ = E - Eeq, Eeq = -0.661 V (SCE)). This figure 

reveals that thiosulfate enhances the HER, i.e., the hydrogen overpotential at the same 

value of the applied cathodic charging current decreases with increasing concentration of 

thiosulfate. The value of current (ic and i J obtained for the blank solution (Figures 2 and 

4, respectively) agree well with those in the literature at the same pH (57). 

Comparison of Figs. 1 and 3 reveals that the rate of hydrogen permeation within 

iron is greater in an acidic than in a neutral medium, for both the blank solution and the 

blank solution plus a given amount of thiosulfate (or its decomposition products). The 

increase in i„ produced by the thiosulfate is also greater in the acid solution. This points 

to a possible enhancing effect also by the decomposition products of thiosulfate on 

hydrogen permeation. To test this hypothesis, experiments were run in the presence of 



solely S03
2" in the acidic medium (pH 1.8) at the same concentrations as in the thiosulfate 

experiments. Fig. 5 shows the effect of the concentration of the sulfite ions on the 

hydrogen permeation transient. The figure shows that the S03
2" ions cause an increase in 

the steady state hydrogen permeation current density. This increase in the hydrogen 

absorption rate in the presence of sulfite ions is also coupled with an increase in the HER 

kinetics, see Fig. 6. 

The extent of the enhancement in the hydrogen permeation rate at different 

thiosulfate or sulfite concentrations may be expressed quantitatively by an enhancement 

factor, e 

_ im(additive) ... 
ijlolank) 

where i^additive) and i„(blank) are the steady state hydrogen permeation current 

densities for the solution with the additive and the blank solution, respectively. Table 1 

lists the values of the steady state hydrogen permeation current, L, and the enhancement 

factor, E, for different concentrations of thiosulfate and sulfite ions in acidic and neutral 

solutions. It reveals that the thiosulfate (and/or its decomposition products) in acid 

medium show a high promoting effect (larger £) than sulfite ions at the same 

concentration. If one assumes that 1 mole of sulfite results from the decomposition of 

one mole of thiosulfate, one concludes that the resulting colloidal sulfur also causes a 

small enhancement of the hydrogen absorption, although another possibility exists and is 

discussed below. In addition, the thiosulfate was found to promote hydrogen absorption 

into iron in a neutral medium but to a lesser extent than its reaction products in acidic 

solutions. 

In addition to their catalytic effect in enhancing the hydrogen evolution and 

absorption reactions on iron, S203
2", S03

2" and S are thermodynamically unstable and, 

therefore, tend to be reduced on the metal surface to H2S. Hydrogen sulfide is well known 

to enhance hydrogen absorption into metals (1, 61-70) and also to enhance the HER (71- 

73). However, the reduction of these sulfide species involves multi-step reactions which 

makes them kinetically unfavorable. Thus, only trace amounts of H2S can be expected to 



be present in the solution, i.e., the contribution of electrochemical reduction of thiosulfate 

and/or its decomposition products to the measured cathodic currents in the polarization 

curves (Figs. 2, 4, and 6) is insignificant as has been shown in the literature (13). Even 

very small amount of H2S, however, could contribute to the observed enhanced hydrogen 

absorption (74). 

Conclusions 

Thiosulfate causes an enhancement of the hydrogen absorption and evolution 

reactions in acidic solutions. The enhancement of the HAR was attributed mainly to one 

of its decomposition products (sulfurous acid), since thiosulfate is readily decomposed in 

acidic media to sulfite ions and sulfur, and since results with solely sulfite ions in the 

same acidic (blank) solution show only somewhat less enhancement of the HAR. 

Thiosulfate in neutral solution, where it remains mainly as undecomposed thiosulfate, 

also causes enhancement of the hydrogen absorption reaction but to a much lesser extent. 

Thus, it is concluded that the major effect of thiosulfate on the HAR is due to its 

decomposition product, SO32" in acidic media and to thiosulfate, itself, in neutral media. 

The mechanism of the enhancement is not known and could alternatively involve the 

reduction product of thiosulfate and its decomposition products, H2S. 
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Table 1: Effects of the concentrations of thiosulfate (TS) and sulfite ions on the 
hydrogen permeation rate within iron and the enhancement factor, 8, in 
acidic (pH 1.8) and neutral (pH 7) solutions at a charging current of 1.25 
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CmMTS 
SA2- 

pH=1.8 
so3

2- 
pH=1.8 

s2o3
2- 

pH=7 

i„ \iA cm"2 e L |0.A cm"2 e L |iA cm"2 8 

0 3.2 1 3.2 1 0.8 1 

0.1 6.6 2.0 5.9 1.8 1.3 1.6 

1 14.0 4.3 12.4 3.8 1.7 2.1 

10 20.4 6.3 16.8 5.2 2.2 2.8 
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Fig. 2: Effect of thiosulfate ion concentration on the Tafel plots of the HER 
obtained on a steel membrane of thickness 0.25 mm in 0.1N H2S04 + 0.9N 
Na2S04. 
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Fig. 3: Effect of thiosulfate ion concentration on the hydrogen permeation 
transients obtained on a steel membrane of thickness 0.25 mm in IN 
Na2SC>4 (pH 7) at a charging current density of 1.25 mA cm"2. 
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Fig. 4: Effect of thiosulfate ion concentration on the Tafel plots of the HER 
obtained on a steel membrane of thickness 0.25 mm in IN Na2SC>4. 
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(2) A Modified IPZ Analysis for Quantitative Determination of the Effect of 
H2S on the Rate Constant of the HAR and HER for Steel 

Model Highlights 

It was found during analysis of the experimental data that the data collected in the 

presence of the sulfur containing compounds such as thiosulfate and hydrogen sulfide did 

not fit the requirements of the original Iyer-Pickering-Zamanzadeh (IPZ) analysis, 

confirming this finding for H2S in a prior study (1). To overcome this difficulty, 

additional modeling analysis was performed in the past quarter in order to expand the 

applicability of the IPZ analysis. This effort was successful and resulted in a generalized 

IPZ analysis that could be applied to the data reported below. The model development 

follows. 

Assuming a couple discharge-recombination mechanism for the HER, the 

following reactions take place in the charging compartment of the permeation cell, i.e., 

H++e"—^M-Hads (1) 

M - Hads + M - Hads —*»-» H2 (2) 

where M - Hads is an adsorbed hydrogen atom on the membrane surface. Some of the 

adsorbed hydrogen atoms will absorb (Habs) into the iron and quickly establish the back 

equilibria. 

M-Hads^->Habs+M (3) 
*des 

The absorbed hydrogen will diffuse through the iron membrane at a steady rate given by 

(1-7) 

L = FkabseH-FkdesC; (4) 
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The original IPZ analysis (7) developed three major relationships between the 

hydrogen evolution reaction (HER) and the hydrogen adsorption reaction (HAR). The 

first one is between the steady state hydrogen permeation current density, i„, and the 

hydrogen recombination current density, ir. This relation is shown in Equation 5. Earlier, 

others (8) had predicted this proportionality and found it to hold in different solutions. 

Another relationship is between the charging function, icexp(aar|), and L which is shown 

in Equation 6. The last one is between L and the hydrogen surface coverage , 0H, shown 

in Equation 7. 

(5) 

icexp(aa?7) = i'0 - ^ L (6) 

i„ = Fk0H (7) 

where ic is the charging current density, i0' = FkiCH+ = io/(l-0H)> *<> is the exchange 

current density of the HER and 0„is the hydrogen surface coverage at equilibrium, CH+ 

is the hydrogen ion concentration in the electrolyte, a = F/RT where F, R and T have their 

usual meanings, a is the transfer coefficient, r| is the overpotential of the HER, and k is 

the kinetic-diffusion constant and is defined as 

k =       abs T (8) 

where D is the hydrogen diffusion coefficient within the metal and L is the membrane 

thickness. All three of these relationships have been found to hold in some experimental 

systems (7-9) Equation 7 is a modified version of Equation 4a in the original IPZ 

analysis and was recently derived by Ramasubramanian, et al. (9). More details about the 

IPZ analysis can be found elsewhere (7, 10). For the local equilibrium of the intermediate 
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absorption-desorption reaction, the concentration of hydrogen inside the metal is obtained 

as (4). 

C° = k0HL/D (9) 

The original IPZ analysis (7) assumes the Langmuir adsorption isotherm. 

However, data collected using the hydrogen permeation technique for the iron/H2S-acid 

system in the present work did not satisfy the requirement of Equation 5 in the original 

IPZ analysis (7), as found previously by Iyer, et. al. (1). The Frumkin adsorption 

isotherm then was used to develop a generalized IPZ analysis, following on the initial 

progress in this direction by Iyer, et. al. (1, 10). According to Reactions 1 and 2, the rate 

equations in view of the Frumkin adsorption isotherm are given as 

i   =i  (1-0   )exp(-ao77)exp(-of0   ) (10) 
c      o H H v   J 

ir=Fk20*exp(2 ocfdH) (11) 

The generalized IPZ analysis contains two major relationships in addition to 

Equations 7 and 8 of the original IPZ analysis. These relationships are presented in 

Equations 12 and 13. 

ln(^) = ln(JS   *     1    )+ JE£L (12) 
l V F k Fk 

f- icexp(aa,)= J| * k  -   J|  * £   *   ^ (,3) 

Some progress toward the development of Equation 12 was made by Iyer, et. al. (1, 10). 

The rest of the development was accomplished during this past year on this project, and 
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yielded Equations 12 and 13. Plots of both lnC^) and ^ icexp(aOT7) vs. i„ should 
oo oo 

give straight lines according to Equations 12 and 13. 

Results and Discussions 

The effect of hydrogen sulfide in the charging solution on the relation between the 

measured steady state hydrogen permeation current density, iM, and the cathodic potential, 

E, on the input surface of the membrane in the charging compartment of the cell is 

presented in Figure 2. The figure shows that hydrogen sulfide strongly enhances 

hydrogen absorption into iron since the steady state hydrogen permeation current density 

increases by more than an order of magnitude with increasing H2S concentration at the 

same cathodic potential. Figure 3 shows the effect of hydrogen sulfide concentrations in 

the charging solution on the relation between the rate of the hydrogen evolution reaction, 

ic, on the input surface of the membrane and its potential, E. The figure reveals that 

hydrogen sulfide enhances the HER since the hydrogen överpotential is less (E is more 

positive) at the same value of the applied cathodic charging current. 

Figure 4 shows the effect of hydrogen sulfide in the charging solution on the 

hydrogen concentration inside the membrane. This figure reveals that the hydrogen 

concentration inside the membrane increases as the hydrogen sulfide concentration 

increases in the charging solution. 

Figure 5 shows the relation between the measured steady state hydrogen 

permeation current density, i„, and the square root of the recombination current density, 

«Ji^, on the input side obtained at different hydrogen sulfide concentrations in the 

charging solution. This figure shows straight lines but only the line for the blank solution 

passes by the origin in accord with Equation 5. In the presence of hydrogen sulfide, the 

lines do not pass through the origin but rather have a finite intercept with the y-axis. This 

indicates that the original IPZ analysis can not be used to evaluate the data in the 

presence of hydrogen sulfide. Thus, it was clear that the IPZ analysis needed to be 

further developed in order to apply it to the iron/EkS-acid system. As reported above, this 

model development was pursued in the past year and was successful. 
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Figure 6 shows the relation between lnO2^-1-) and the measured steady state 

hydrogen permeation current density, i„. The Figure shows straight lines in accord with 

Equation 12. Figure 7 shows linear relations between -f-1- icexp(aOT7) and the measured 

steady state hydrogen permeation current density, i„, in accord with Equation 13. This 

indicates that the newly developed generalized IPZ analysis can be used to analyze the 

data obtained with hydrogen sulfide present in the charging solution. 

The slopes of the lines in Figure 7 were used along with the intercepts for the 

values of the kinetic-diffusion constant, k, according to Equation 13. The values of k at 

different hydrogen sulfide concentrations were used to estimate the hydrogen 

recombination rate constant, k2, and the rate of change of the standard free energy of 

adsorption, /, from the intercepts and slopes of the lines in Figure 6 respectively, in 

accord with Equation 12.   Values of k and k2 were used to calculate the hydrogen 

exchange current density at different hydrogen sulfide concentrations, i0 =       °     = i0 
(1_0H) 

when #H 
<<: 1» fr°m me intercepts of Figure 7, in accord with Equation 13.   The 

calculated values of the exchange current density were used to estimate the discharge rate 

constant, ki, at different hydrogen sulfide concentration using the relation i0' = FkiCH+(7, 

9). 

Table 1 shows values for i0, ki, k2, k and / at different hydrogen sulfide 

concentrations. These results show that hydrogen sulfide increases the proton discharge 

rate constant, ki, and decreases the recombination rate constant of the HER, k2. This 

could lead to an increase in the hydrogen surface coverage, GH- The values of k were 

used to estimate the hydrogen surface coverage, 0H, using Equation 7 at different 

potentials and hydrogen sulfide concentrations. Figure 8 shows the relations between the 

hydrogen surface coverage, 0H, and cathodic potential, E. It reveals that the hydrogen 

coverage increases with the increase in both hydrogen sulfide concentration and the 

potential in the cathodic direction. 

Table 1 also shows that hydrogen sulfide affects also the rate of change of the 

standard free energy, /. The value of/ increased from almost zero (0.20) in the absence 
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of hydrogen sulfide to nearly 9.0 in the presence of hydrogen sulfide. This indicates that 

the standard free energy of adsorption is coverage dependent, and that the Frumkin 

adsorption isotherm was correctly applied. 

The increase in the hydrogen surface coverage, 6H, and the rate of change of 

standard free energy of adsorption, /, dominate over the decrease in the hydrogen 

recombination rate constant of the HER, k2, which leads to an increase in the hydrogen 

evolution reaction rate. However, the increase in the hydrogen absorption reaction rate is 

attributed to increases in the hydrogen surface coverage, 0H, and the kinetic-diffusion 

constant, k. 

Conclusions 

The effect of hydrogen sulfide on the hydrogen absorption by iron was investigated 

using sodium sulfide as a source for the hydrogen sulfide during the experiments. 

Hydrogen sulfide enhanced both the HER and HAR on iron, in agreement with the 

findings of others. A generalized IPZ analysis was developed and then successfully used 

to analyze the hydrogen permeation data.   This analysis shows that a presence of 

hydrogen sulfide in the electrolyte leads to the following effects: 

a-  An increase in the discharge rate constant of the HER, ki, and hence in the 
exchange current density, i0. 

b-  A decrease in the recombination rate constant of the HER, k2. 

c-  An increase in the hydrogen surface coverage, 0H. 

d- An increase in the kinetic-diffusion constant of the HAR, k and 

e-  An increase in the rate of change of the standard free energy of adsorption, f. 

Accordingly, the above data reveal that the increase in the hydrogen absorption rate in 

the presence of hydrogen sulfide is caused by an increase in the kinetic-diffusion 

constant, k and the hydrogen surface coverage, 6H. The increase in 6H is caused by an 

increase in the rate of the proton discharge step of the HER, ki, and a decrease in the 

recombination rate constant of the HER, k2. The enhancing effect of hydrogen sulfide on 
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the HER is due to the increases in ki, 6H, and the rate of change of the standard free 

energy of adsorption, /. 
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Table 1:   Values of k, k2, i0, kw and f obtained on iron membrane at different 
hydrogen sulfide concentrations at pH 2. 

H2S 

Content 

k 

mol cm"2 s"1 

k2 

mol cm"2 s"1 

i0 

|iA cm"2 

ki 

cm s"1 

f 

Blank 7.02 xlO"11 4.96 x 10"8 0.421 4.36 x 10"7 0.49 

50 nM 6.61 x 10'10 2.82 x 10"9 2.78 2.89 x 10"6 8.94 

500 ^M 9.62 x 1010 2.66 x 10"9 9.22 9.56 x 10"6 8.87 

5mM 1.43 xlO"9 9.24 x 10"10 26.1 2.70 x 10"5 8.26 
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Fig. 1: Illustration of hydrogen builds up and crack propagation by HIC 
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(3) Development and Testing of an Analytical Procedure for Quantitative 
Characterization of the HER from Polarization Data 

The absorption of hydrogen into metals relies on the kinetics of the HER. Thus, a 

clear understanding of the HER would help in the understanding of the process of 

hydrogen absorption into metals. In this report we tried to understand the kinetics of the 

HER on metals from the fundamental point of view, i.e., by characterizing the reaction in 

terms of its hydrogen surface coverage and its kinetic rate constants. This involves the 

foundation of a new analysis that makes use of some of the pre-existing analyses in the 

literature to fully describe the HER. As will be shown later, this analysis, for the first 

time, uses the current-potential data to quantify the hydrogen evolution reaction on 

metals where the mechanism is Volmer-Tafel, using simple analytical equations. 

Theoretical Background 

Assume the HER proceeds by a Volmer discharge-Tafel recombination 
mechanism, i.e., 

H++e+M—^->M-Hads (1) 

M-Hads + M-Hads _i^> 2M + H2 (2) 

where M-Hacis refers to an adsorbed hydrogen atom on the metal surface and ki and k2 are 

the rate constants of the discharge and recombination steps of the HER, respectively. 

This adsorbed hydrogen is also involved in an absorption reaction, i.e., 

•"■ads ~+ Habs (3) 

where Habs refers to the hydrogen absorbed within the lattice of the metal. A measure of a 

metal's tendency for absorbing hydrogen is its steady state rate of hydrogen permeation 

rate, i„. However, the i„ value could underestimate the absorption rate that occurs prior 

to steady state permeation, since the transient rate of hydrogen absorption can be much 
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higher than the steady state value, especially initially when there can exist a high density 

of unfilled traps for hydrogen in the metal, e.g., in the case of certain steels, or in the case 

of metals which exhibit high solubilities and/or diffusivities for hydrogen, e.g., 

palladium. Thus, if L data are used as a measure of hydrogen absorption, it is advisable 

that the following analysis be restricted in use to those metal/electrolyte systems for 

which iM is orders of magnitude below ic so that the absorption rate is insignificant at all 

times with respect to the rate of the HER. 

At steady state the rate of generation of Hads by reaction 1 (ic) equals the sum of 

the rates of Reactions 2 (ir) and 3 (ij, i.e., 

ic=ir+i~ (4) 

For some metals, such as the fee metals copper and nickel, the permeabilities of hydrogen 

are typically very low in view of their low diffusivities for hydrogen in comparison to the 

rate of the HER, i.e., ic= ir»i„. This condition (ic = ir) could also hold for other metals 

like iron where the value of i^, though readily measurable, nevertheless is often some (2- 

3) orders of magnitude smaller than ic. However, for iron in the presence of poisons such 

as hydrogen sulfide, the measured values of L are much higher and the assumption ic = ir 

becomes less valid. Accordingly, if L is insignificant with respect to ic, iabs may also be 

insignificant with respect to ic during measurement of the steady state polarization curve, 

in which case the analysis can yield the hydrogen surface coverage and the rate constants 

of the HER, as is shown below. 

The rate of proton discharge (denoted ic) in the Tafel region of the polarization 

curve is given by 

■p p 

ic = FkiC„+ (l-eH)exp(-— an)   =  i0 (1-0H) exp (-—-an) (5) 
Kl Kl 

where i0 = FkiÜH+ = io/(l-0#), io is the exchange current density of the HER at the limit 

of the equilibrium coverage, 6e
H, Cfl+ is the hydrogen ion concentration, a is the transfer 
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coefficient of the HER and r| is the overpotential driving the HER.   The rate of the 

recombination reaction, Eq. 2, is given by 

ir=Fk2e
2

H (6) 

Rearranging Eq. 5 gives (20, 21): 

F 
icexp(—-ooi)= z0(l-9H) (7) 

Kl 

The left hand side of Eq. 7 is called the charging function which combines the rate and 

driving force of the HER. Solving Eq. 6 for 8H gives 

eH = -&= (8a) jFk, 

Inserting Eq. 4 with L «ic, Eq. 8a becomes 

Combining Eqs. 5 and 8 yields: 

eH=-f== (8b) 

^P(^)=^(1-^) (9) 

F 
Eq. 9 predicts a straight line relation between the charging function, icexp( ocr|), and 

RT 

Vic. From the slope -   .-IL-and the intercept (i0) of this plot one obtains i0 and k2. From 

Eq. 5 at the limit of 6H = 6e
H one has for 6^ = 0, 
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io = Fk1C//+(l-0^) = Fk1C//t (10) 

While i0 can be inserted into Eq. 10 to calculate k„ k2 can be used to calculate the 

hydrogen surface coverage at different potentials, using Eq. 6, assuming ic= ir. 

Experimental 

Cathodic polarization experiments were carried out on copper samples of purity 

99.5% and iron samples of purity 99.5% in 0.1N H2SO4+0.9N Na2S04 (pH«1.8), using 

an EG&G pontentiostat model 276. The samples were polished down to 0.5 fxm alumina, 

rinsed with acetone and double distilled water. The test solutions were prepared from 

analytical grade chemicals and double distilled water. All solutions were pre- 

electrolyzed at 3mA for 2 hrs before measurements were taken. Before running the 

experiments the solutions were de-aerated using hydrogen to remove the dissolved 

oxygen from the solution. A conventional three electrode cell was used with saturated 

calomel as a reference electrode and two identical graphite rods as the counter electrodes. 

Fig. 1 shows the Tafel plot obtained for hydrogen evolution on copper in 0.1N 

H2S04 + 0.9N Na2S04 at 25° C. The Tafel line has a slope of 121 mV (i.e., a=0.5) 

which is comparable to the values in the literature (22-25). Fig. 2 is a plot of the charging 

F 1 function,  icexp (—ocr|) ,   versus Vic.   It shows a satisfactory straight line with a 
RT 

negative slope and a positive intercept (see Eq. 9).   Table 1 shows the values of the 

exchange current density, i0, discharge rate constant, ki, and the recombination rate 

constant, k2, which were calculated using the slope and the intercept of the line in Fig. 2. 

The values are i0 = 7.95x10'8 A cm"2, ki = 4.96 x 10"8 cm s"1 and k2= 1.84 x 10"7 mol cm"2 

s"1. The value of the recombination rate constant, k2, was used to calculate the hydrogen 

surface coverage 0H using Eq. 6. Fig. 3 shows the relation between 9H and the electrode 

potential. This figure shows that the hydrogen surface coverage increases as the potential 

becomes less noble, i.e., as the overpotential for the HER increases.  This trend is well 

documented in the literature (21,26-34). 
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The present polarization analysis was also applied to the polarization curve of 

hydrogen evolution obtained on iron in deaerated 0.1N H2SO4 + 0.9N Na2S04- Fig. 4 

shows the relation between the charging function and the square root of the cathodic 

charging current obtained on iron. The charging function was calculated using a value of 

a = 0.5 as measured in this work. This figure shows a straight line relation with a 

negative slope in accord with Eq. 9. A comparison is made in Table 1 between the values 

of the exchange current density and the rate constants obtained from this analysis and 

those obtained for this same system from steady state hydrogen permeation data using the 

Iyer-Pickering-Zamanzdeh (IPZ) analysis (35). The table shows that the present 

polarization analysis gives the same order-of-magnitude values as the IPZ analysis gives. 

The values of the hydrogen surface coverage estimated from the IPZ analysis were also 

compared with those obtained using the present analysis, see Fig. 5. This figure shows a 

good agreement in particular at the less noble potentials. At the more noble potentials, 

e.g., -0.63 V (35), the value of 0H calculated in this work is approximately 15% lower 

than that obtained from the IPZ analysis. 

The results presented herein show how the polarization data can be analyzed for 

the kinetic parameters (rate constants) and the hydrogen surface coverage of the HER on 

metals, where the hydrogen absorption rate is negligible with respect to the cathodic 

hydrogen evolution current density, ic, such as in the case of copper and other metals that 

have low (insignificant) hydrogen absorption rates. Analysis of the results on copper 

gives a value for the exchange current density of the HER which is similar to those 

reported in the literature (22, 36, 37). It was shown that the hydrogen surface coverage 

changes with the potential in a trend that is well documented in the literature. The 

present polarization analysis of the data on iron gives values of the exchange current 

density, rate constants and values for the hydrogen surface coverage which are 

comparable to those obtained by the IPZ analysis. 

This polarization analysis is clearly less applicable in cases where iM is significant 

with respect to ic, e.g., in the case of Pd which has a very high permeability for hydrogen, 

and iron in poisoned solutions where the presence of the poison significantly increases 

the rate of hydrogen absorption. It involves a limiting case of the IPZ analysis (20,21), 

where L is very small compared to ic. A comparison between the results obtained on iron 
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using the IPZ and the present polarization analyses shows that both analysis procedures 

give the same order of magnitude values of the kinetic parameters (exchange current 

density and rate constants) and the hydrogen surface coverage. Being less than the 

complete IPZ analysis, the present polarization analysis can not predict the rate constants 

of the hydrogen absorption and desorption reactions. 
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List of Symbols 

CH+     hydrogen ion concentration, mol cm"3 

F Faraday's constant, coul mol"1 

/ =FkiCH+ = —^ , A cm"2 

(1-0'H) 

i0 exchange current density, A cm"2 

ir steady state recombination current density, A cm" 

ip steady state hydrogen permeation current density, A cm' 

ki discharge rate constant, mol s"1 

k2 recombination rate constant, mol cm" s' 

R general gas constant, 8.314 J mol"1 K"1 

T absolute temperature,K 

Greek symbols 

a transfer coefficient, dimensionless 

T] cathodic overvoltage, V 
ne 

H hydrogen surface coverage at equilibrium, dimensionless 

H hydrogen surface coverage, dimensionless 
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Table 1: Comparison of the exchange current density, discharge and recombination 
rate constants and the transfer coefficient for iron in 0.1N H2S04 + 0.9N 
Na2S04 obtained from the IPZ analysis (35,36) and the present polarization 
analysis. The same quantities were also obtained for copper using the 
polarization analysis. 

Analysis i0, A cm"2 k2, mol cm"2 s'1 ki, cm s"1 
— 

Fe Cu Fe Cu Fe Cu Fe Cu 

IPZ 2xl0"6 - 2.6 xlO"8 - 1.3 xlO"6 - 0.5 - 

Present 

study 

2xl(T6 8.0 xlO"8 3.0 xlO"8 1.8 xlO"7 1.3 xlO"6 5.0 xlO"8 0.5 0.5 
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Figures Captions 

Fig. 1 The relation between the cathodic current and the electrode potential obtained on 
copper in 0. IN H2S04 + 0.9N Na2S04. 

Fig. 2 The relation between the charging function and the square root of the cathodic 
current obtained on copper in 0. IN H2S04 + 0.9N Na2S04. 

Fig. 3 The relation between the hydrogen surface coverage and the electrode potential 
obtained on copper in 0.1N H2S04 + 0.9N Na2S04. 

Fig. 4 The relation between the charging function and the square root of the cathodic 
current obtained on iron in 0.1N H2S04 + 0.9N Na2S04. 

Fig. 5 The relation between the hydrogen surface coverage and the electrode potential 
obtained on iron in 0.1N H2S04 + 0.9N Na2S04 using the IPZ analysis and the 
present polarization analysis. 
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Fig. 1: The relation between the cathodic current and the electrode potential 
obtained on copper in 0.1N H2S04 + 0.9N Na2S04. 
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Fig. 2: The relation between the charging function and the square root of the 
cathodic current obtained on copper in 0.1N H2SO4+ 0.9N Na2SC>4. 
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Fig. 3: The relation between the hydrogen surface coverage and the electrode 
potential obtained on copper in 0.1N H2S04 + 0.9N Na2S04. 
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Fig. 4: The relation between the charging function and the square root of the 
cathodic current obtained on iron in 0.1N H2SO4+ 0.9N Na2S04. 
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Fig. 4: The relation between the charging function and the square root of the 
cathodic current obtained on iron in 0.1N H2S04 + 0.9N Na2S04. 
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Fig. 5: The relation between the hydrogen surface coverage and the electrode 
potential obtained on iron in 0.1N H2S04+ 0.9N Na2S04 using the IPZ 
analysis and the present polarization analysis. 
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