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Introduction 

The hydrogen absorption reaction (HAR) has gained 

increasing interest in view of its effects on the 

structural integrity of metals. Hydrogen absorption occurs 

as a direct result of the hydrogen evolution reaction 

(HER). The HER is a ubiquitous reaction in aqueous 

solutions, occurring during corrosion, electroplating, 

cathodic protection, pickling, etc. Certain species and 

microorganisms in the aqueous environments can 

significantly affect the extent of hydrogen absorption. 

Some species inhibit hydrogen absorption and hydrogen 

evolution, e.g., benzotriazole and benzonitrile (1,2). 

Others inhibit the HER while enhancing the HAR, e.g., 

iodide ions and aminotriazole (1,3,4). Still others are 

species that enhance both reactions, e.g., H2S. The Latter 

can come as a direct reduction of sulfates by sulfate 

reducing bacteria (SRB). 

The SRB are anaerobic bacteria that develop quickly in 

environments such as those encountered in the marine 

environments and fuel and waste water treatment tanks (5- 

8) . They facilitate the action of differential aeration 

which results in severe corrosion. The hydrogen that comes 

out of the corrosion process is subsequently used by the 



SRB to reduce sulfate ions (8): 10H +S04
2" ->H2S+4H20. The 

formation of H2S in this process accelerates corrosion and 

drastically enhances hydrogen absorption. 

The ongoing research plan is to investigate the 

kinetics of the HER and HAR on iron in acidic solution in 

the presence of site blocking elements (SBE) such as iodide 

ions. These site blocking elements are capable of enhancing 

the HER while inhibiting the HAR. Data were collected on 

iron in acidic solutions in the absence and presence of 

iodide ions, using the electrochemical hydrogen permeation 

cell (9,10). The data were subsequently analyzed using the 

IPZ model (11) to extract the thermodynamic parameters such 

as the hydrogen surface coverage, 8H, and the kinetic 

parameters (rate constants) of both the HER and HAR. The 

research plan also investigated the effect of thiosulfate 

on the HER and HAR on iron in neutral solutions. This is of 

particular importance because of the severe corrosion 

damage that thiosulfate also imparts to iron base alloys, 

in the form of pitting and crevice corrosion and stress 

corrosion cracking (12-15). It is also because that 

thiosulfate is one of the end products of SRB(16). In fact, 

its presence in the water cooling system led to the failure 

of the Three Mile Island nuclear reactor in Pennsylvania in 

1981(17). 



Experimental 

The electrochemical hydrogen permeation cell was 

similar to that used by Devanathan and Stachurski (9) and 

by Frumkin (10) . The cell was used to collect data on both 

the HER and HAR on iron membranes of thickness 0.25 mm in 

acidic solution of 0.1N H2S04 + 0.9 N Na2S04. The samples 

were annealed in pure hydrogen at 900°C for 2hrs and furnace 

cooled in the same atmosphere. All solutions were prepared 

from analytical grade chemicals and double distilled water. 

Before admitting the solutions to the cell, they were pre- 

electrolyzed at 3 mA for 2 hours to remove impurities that 

could otherwise affect the quality of the data. The 

solutions were subsequently de-aerated with hydrogen. 

Further details about the experimental setup can be found 

elsewhere (18). 

Results 

A- The Effect of Iodide Ions on the Kinetics of Hydrogen 

Absorption by Iron 

Fig.l shows the effect of iodide ion concentration on 

the relation between the steady state hydrogen permeation 

current density and the cathodic potential at the charging 

side of the membrane. Iodide ions enhance hydrogen 

absorption,  i.e.,  the steady state hydrogen permeation 



current density increases at a given cathodic potential 

with increasing concentration of iodide ion in the 

solution. Also, the well established general relation 

between cathodic potential and permeation for all 

metal/electrolyte systems was observed, i.e., at a certain 

concentration of iodide ions, greater cathodic potentials 

produce larger permeation currents (1,3). The increase in 

the steady state hydrogen permeation current with 

increasing concentration of iodide ions is accompanied by a 

decrease in the rate of the HER as shown by Fig.2, which 

indicates that the iodide ions inhibit the HER. 

The above results show that iodide ions inhibit the 

HER while enhancing the HAR. To understand the mechanism by 

which iodide raises i«, while decreasing ic (at constant E), 

one has to also know the values of the hydrogen surface 

coverage and the different rate constants involved in both 

reactions in the absence and presence of the iodide ions. 

We used the IPZ model (11) which has been successfully used 

by many authors to analyze the kinetics of both reactions 

during electroplating (19) and during cathodic polarization 

in the presence of inhibitors or promoters in the aqueous 

environment (20,21). 



The IPZ model describes the kinetics of both the HER and 

HAR in a set of simple analytical equations which when 

solved, can fully describe their kinetics. Details about 

the model can be found elsewhere (11). The IPZ model 

describes the HER in terms of a coupled discharge Tafel 

recombination mechanism, i.e., 

If+Q +M—^-M-Hads (1) 

M-Had3+M-Hads —^-> 2M + H2 ( 2 ) 

where M-Hads 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. This adsorbed 

hydrogen, M-Hads, is also considered to be involved in the hydrogen absorption reaction, 

i.e., 

kab, 

M-Hads     O    M-Habs (3) 

Kdes 

where M-Habs refers to the absorbed hydrogen atom inside the 

metal lattice and kabs and kdes refer to the rate constants 

of the forward and backward directions of reaction 3. The 

basic equations of the IPZ model are summarised as follows: 

ic = FkiCH+(l-9H) exp(-aart) (4) 

icexp( aat|) = i0' ( 1-9H ) ( 5 ) 



,=Fk2e
2H (6) 

.-^ (7) 

^FkabsGH-FkdesC0 (8) 

, = Fk"9H (9) 

*•£* (10) 

icexp( aari)  = ü - -f^ü ( 11) 

where CH+ is the hydrogen ion concentration, a=F/RT, a is the transfer coefficient of the 

HER, Ti is the hydrogen overpotential, 0H is the hydrogen surface coverage, i0' =FkiC 

H+, ir is the recombination current of the HER, i« is the steady state hydrogen permeation 

current density, D is the hydrogen diffusion coefficient in the metal, C° is the steady state 

concentration of the absorbed hydrogen in the metal at the charging surface, L is the 

membrane thickness and k" is the thickness dependant absorption-desorption constant 

k 
which is defined as k" = ^-y-.    The left hand side of Eq.5 is referred to as the 

charging function and has units of A cm"2. Equation 11 is the backbone of 

the IPZ model as it represents a straight line relation 

between the charging function, icexp(aar|) and the steady 

state hydrogen permeation current density, i«. The slope of 

• * 

this  relation is - —2—   while the intercept equals io1. 
Fk" 

Accordingly/  the value of k''  can be obtained and, 



subsequently/ the hydrogen surface coverage can be 

evaluated from Eq.9. Moreover, the value of the 

recombination rate constant/ k2/ can be calculated from the 

slope of the relation between the i» and <fr     after 

substituting for the value of k" evaluated from the model. 

The discharge rate constant can also be evaluated from the 

value of io' (the intercept of Eq.ll). 

Fig.3 shows the relation between the steady state 

permeation current density and the square root of the 

recombination current density at different iodide ion 

concentrations for an iron membrane of thickness 0.25mm in 

0.1N H2SO4 + 0.9N Na2S04. This figure shows fairly straight 

lines passing through the origin/ indicating that the HER 

occurred by the coupled discharge-Tafel recombination 

mechanism (11) in both the absence and presence of iodide 

ions. The slopes of the lines in Fig. 3 increase as the 

iodide ion concentration increases. An increase in the 

slope of these straight lines might result from an increase 

in k" and/or a decrease in k2 ( see Eq.10). 

The Tafel slope for the blank solution was 120 mV 

corresponding to a transfer coefficient/ a = 0.5. This 

value was used to calculate the charging function,  ic 



exp(aari), under various conditions. Fig. 4 shows the 

relation between the charging function and the steady state 

permeation current at different iodide concentrations. The 

relations are satisfactory straight lines with negative 

slopes in agreement with the prediction of Eq.ll. The 

magnitudes of the slope decrease sharply with increase in 

the iodide ion concentration. The decrease in the slope of 

the lines can be brought about by an increase in k'' and/or 

a decrease in i0', see Eq.ll. The intercepts of the lines in 

Fig. 4 with the y-axis give the values of the exchange 

current density of the HER, iQ' = ie (l-0£) Ä io for cases 

where 0*H«1. The discharge rate constant was then 

calculated from the relation i0'=FkiCH+ from Eqs.4 and 5, and 

the slopes and intercepts of the lines in Fig. 4 were 

analyzed for the values of the absorption-desorption 

constant, k'f(according to Eq.ll). The values of k1 ' at 

different iodide ion concentrations were then used to 

estimate the recombination rate constant of the HER, k2, 

from the slopes of the lines in Fig. 3, in accord with 

Eq.10. Table.1 shows values for ic, klf k2 and k1 ' at 

different iodide ion concentrations. The results show that 

iodide ions inhibit the HER by decreasing the value of the 

discharge rate constant, kx. Similar results were found in 



the literature for the effect of organic inhibitors on the 

discharge rate constant of the HER (20) . On the other hand, 

iodide promotes the HAR by increasing the absorption- 

desorption constant, k1', Eq.9. 

The results in Table. 1 show that the iodide ions also 

slightly increase the recombination rate constant of the 

HER, k2. The latter could lead to a decrease in the hydrogen 

surface coverage. The values of k1 ' were used to estimate 

the hydrogen surface coverage using Eq.9 at different 

potentials and iodide concentrations. Fig.5 gives the 

relations between the coverage and potential. For the blank 

solution the coverage increases with an increase in the 

potential in the cathodic direction as expected, which 

confirms results obtained earlier by other authors for 

various systems (19-23). This figure also reveals that the 

hydrogen surface coverage decreases with increasing 

concentration of iodide ions in the charging solution. The 

decrease in the hydrogen surface coverage (Fig.5) dominates 

over the slight increase in the recombination rate constant 

of the HER, k2, (Table.1). For example, inserting the value 

of 0H =0.325 and k2=3.79xl0~
8 for an iodide ion concentration 

of 50mM (E=-0.7V(SCE)) into Eq.6 yields a three fold 

decrease in the recombination current over that of the 

blank solution. 



B- The Effect of thiosulfate on the Hydrogen 
Absorption by Iron from Neutral Solutions 

Fig.6 shows hydrogen permeation transients obtained on an iron membrane of 

thickness 0.25mm in a neutral solution of 0.5M Na2S04. 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 increases i« by about 2 fold while the 10 mM 

increases it by about 3 folds. This increase in the hydrogen absorption reaction in the 

neutral solution was accompanied by an increase in the HER kinetics. Fig.7 shows 

polarization plots obtained on iron in 0.5M Na2S04 at different thiosulfate ion 

concentrations. This figure reveals that thiosulfate enhances the HER by decreasing the 

hydrogen overpotential at the same value of the applied cathodic charging current. 

The mechanism by which thiosulfate enhances both the HER and HAR on iron is 

related to its thermodynamic instability and its reduction to hydrogen sulfide as follows 

S203
2" +6H+ +4e"^2S +3H20 (12) 

S+2H+ +2e"->H2S (13) 

The formation of hydrogen sulfide is known to give rise to 

an enhanced hydrogen absorption and evolution rates. 

10 



Conclusions 

Iodide ions in acidic solutions inhibit the HER on iron 

while enhancing the HAR. Analysis of the experimental 

results using the IPZ model shows that iodide ions lead to 

the following effects: 

a-A decrease in the hydrogen surface coverage, 8H, 

b-A decrease in the discharge rate constant of the HER, 

ki, and hence in the exchange current density, iQ. 

c-An increase in the absorption-desorption constant of 

the HAR, k" and 

d- A small but detectable increase in the recombination 

rate constant of the HER, k2. 

Accordingly, the above data and IPZ results reveal that the increase in the 

hydrogen absorption rate in the presence of iodide ions is caused by an increase in the 

absorption-desorption constant, k". This increase in k" dominates over the decrease in 

the hydrogen surface coverage, 6H, (caused by the decrease in ki and increase in k2 ) in 

Eq.9 and leads to the enhanced hydrogen absorption. The inhibiting effect of iodide ions 

on the HER is due to the decrease in ki as revealed by evaluating Eq.4, and by the 

decrease in the 8H as revealed by evaluating Eq.6. 

11 



Thiosulfate in neutral solutions enhances the hydrogen evolution and absorption 

reactions on iron. The effect was attributed to its reduction to hydrogen sulfide which is 

known to enhance hydrogen absorption into iron base alloys. 
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Table 1 Values of i«, ki, k2 and k" obtained on an iron membrane of thickness 
0.25mm in 0.1N H2S04 + 0.9N Na2S04, at different iodide ion concentrations. 

[r],mM i0, A cm"2 ki, cm s"1 k2j mol cm"2 s-1 k", mol cm-2 s'1 

0 2.00X10-6 1.25X10-6 2.61X10-8 5.21xl0-11 

1 l.HxlO-6 7.31xl0"7 2.73xl0"8 9.28xl0_n 

10 9.00xl0"7 5.62xl0"7 2.83x10-8 l.llxlO-10 

50 6.00xl0"7 3.75xl0-7 3.79x10'8 1.96xl0-10 

14 



Figures Captions 

Fig.l The relation between the steady state hydrogen permeation current and the 
cathodic potential of the HER obtained on an iron membrane of thickness 
0.25mm in 0. IN H2S04 + 0.9N Na2S04, at different iodide ion concentrations. 

Fig.2   Tafel plots obtained on an iron membrane of thickness 0.25mm in 0.1N H2SO4 + 
0.9N Na2SÜ4 at different iodide ion concentrations. 

Fig 3 The relation between the steady state hydrogen permeation current, L», and the 
square root of the recombination current, Vir, obtained on an iron membrane in 
0. IN H2SO4 + 0.9N Na2S04, at different iodide ion concentrations. 

Fig.4 The relation between the charging function, ic exp(aat|), and the steady state 
hydrogen permeation current, i«, for an iron membrane of thickness 0.25mm in 
0. IN H2SO4 +0.9NNa2SC>4, at different iodide ion concentrations. 

Fig. 5 The variation of the hydrogen surface coverage, 0H, with the cathodic potential 
obtained on an iron membrane of thickness 0.25mm, in 0.1N H2SO4 + 0.9N 
Na2SC>4, at different iodide ion concentrations 

Fig.6 Hydrogen permeation transients obtained on an iron membrane of thickness 
0.25mm in 0.5M Na2S04 at a charging current density of 1.25mA cm"2 and 
different thiosulfate ion concentrations. 

Fig.7   Tafel plots obtained on an iron membrane of thickness 0.25mm in 0.5 M Na2SÜ4 
at different thiosulfate ion concentrations. 

15 
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Fig.l The relation between the steady state hydrogen permeation current and the 

cathodic potential of the HER obtained on an iron membrane of thickness 0.25mm in 

0. IN H2SO4 + 0.9N Na2S04, at different iodide ion concentrations. 
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Fig.2   Tafel plots obtained on an iron membrane of thickness 0.25mm in 0.1N H2S04 + 

0.9N Na2SÜ4 at different iodide ion concentrations. 
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Fig 3 The relation between the steady state hydrogen 
permeation current, i«>, and the square root of the 
recombination current, Vir , obtained on an iron membrane in 
0.1N H2S04 + 0.9N Na2S04, at different iodide ion 
concentrations. 
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Fig.4 The relation between the charging function, ic exp(aar|), and the steady state 
hydrogen permeation current, u, for an iron membrane of thickness 0.25mm in 0.1N 
H2SO4 +0.9N Na2S04, at different iodide ion concentrations. 
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Fig. 5 The variation of the hydrogen surface coverage, 0H, with the cathodic potential 
obtained on an iron membrane of thickness 0.25mm, in 0.1N H2SO4 + 0.9N Na2S(>4, at 
different iodide ion concentrations 
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Fig.6 Hydrogen permeation transients obtained on an iron membrane of thickness 

0.25mm in 0.5M Na2SC>4 at a charging current density of 1.25mA cm"2 and different 

thiosulfate ion concentrations. 
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Fig.7 Tafel plots obtained on an iron membrane of thickness 0.25mm in 0.5 M Na2S04 at 
different thiosulfate ion concentrations. 
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