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Abstract

Reductive methods for removing, detoxifying, or inactivating contaminants in water often involve reactions with
atomic hydrogen produced from water reduction. Knowledge of how the solution pH value and electrode potential
affect the concentration of atomic hydrogen on the reactive surface will be useful for evaluating possible reaction
mechanisms and in optimizing treatment schemes. Presently, there are no simple methods for determining the
atomic hydrogen surface coverage on the base metals that are typically used as cathodes or sacrificial reactants in
water treatment operations. This research develops and evaluates an iterative, coulometric method for determining
the fractional atomic hydrogen surface coverage (hH) on iron and nickel electrodes under water treatment condi-
tions. The method is applicable at pH values and potentials where proton discharge is the rate-limiting step for the
hydrogen evolution reaction (HER), and is valid under conditions where the metals are covered by oxide layers that
lower the apparent electron transfer coefficients by up to 40% as compared to oxide-free conditions at low pH
values. The method is also able to determine the exchange current density and the rate constants for the Volmer
discharge and Tafel recombination steps of the HER.

1. Introduction

Electrochemical reduction is becoming increasingly
utilized for removing a wide variety of organic and
inorganic compounds from contaminated waters. Inor-
ganic compounds such as Cu2+ [1], UO2

2+ [2], TcO4
) [3],

and CrO4
2) [4, 5], have been removed from water via

reduction to less soluble oxidation states, while com-
pounds such as NO3

) and NO2
) have been removed by

reduction to volatile products such as N2 or NH3 [6–8].
Electrochemical reduction of organic contaminants is
normally directed at detoxifying the compounds or
making them susceptible to biodegradation. The most
common applications of electrochemical reduction of
organic contaminants include: dehalogenation of chlo-
rinated and/or fluorinated solvents [9, 10], decoloration
of wastewaters from dye baths [11, 12], dechlorination
of polychlorinated biphenyls [13, 14], and inactivation of
nitroaromatic compounds, such as trinitrotoluene and
RDX [15, 16].
A wide variety of reductive treatment schemes have

been employed, most commonly involving reduction at
metal [17], graphite [18], glassy carbon [19], or diamond
film electrodes [1], or reduction by corroding metals,
such as iron [9, 10], zinc [20], or tin [21, 22]. There is

indirect evidence that the reduction of many contami-
nants occurs via parallel pathways that involve: (1)
direct electron transfer from the cathode or the corrod-
ing metal, (2) indirect electron transfer by atomic
hydrogen produced from water reduction, or (3) hy-
drogenolysis by atomic hydrogen adsorbed on the
electrode surface [17, 23, 24]. The best evidence for the
existence of parallel pathways is that reaction product
distributions and the relative reaction rates for homo-
logous compounds are dependent on the electrode
material, the electrode potential, and the solution pH
value.
Several lines of evidence suggest that reaction prod-

uct distributions and reactivity trends among homolo-
gous compounds are influenced by the fractional
atomic hydrogen surface coverage (hH). For example,
reduction of CT at a mercury drop electrode resulted
in stoichiometric production of chloroform [25],
whereas reduction of CT at nickel electrodes yielded
95% methane and <5% chloroform [17, 26]. Because
Hg electrodes are known to have very low levels of
adsorbed atomic hydrogen [27], the different products
of CT reduction on Ni and Hg electrodes may be
attributed to a mechanism involving reduction by
atomic hydrogen on the nickel electrode. Higher hH
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values at lower potentials may also explain the changes
in reaction product distributions for chloroalkene
reduction at nickel electrodes [17]. Parallel reaction
pathways involving direct electron transfer or indirect
reduction by atomic hydrogen was proposed to explain
changes in the relative reduction rates of trichloroeth-
ylene (TCE) and tetrachloroethylene (PCE) by corrod-
ing iron (23). Faster dechlorination of PCE vs. TCE at
neutral pH was attributed to direct reduction by the
iron metal, while faster TCE vs. PCE reduction at low
pH values was attributed to reduction by atomic
hydrogen. The greater importance of the atomic
hydrogen reduction pathway at lower pH values was
attributed to increasing hH values with decreasing pH.
Several methods have been devised for determining

hH values on metal cathodes, including: Fourier
transform infrared (FTIR) spectroscopy [28], laser
desorption/mass spectrometry [29], and coulometric
methods [30]. These methods have limitations that
make them unsuitable for measuring atomic hydrogen
surface coverages on corroding metals or metal cath-
odes coated with oxides, as is the case in water
treatment applications. For example, the oxides coating
iron and nickel cathodes at neutral pH values interfere
with FTIR and laser desorption methods. Additionally,
coulometric methods such as that recently proposed by
Elhamid et al. [30], are limited to cases where the
electron transfer coefficient for the hydrogen evolution
reaction (HER) is known, as is the case for many
oxide-free metal surfaces (27). Unfortunately, determi-
nation of the electron transfer coefficient under a given
set of conditions requires knowledge of hH, as will be
shown below. The objective of this research was to
develop and test an iterative method for determining
the electron transfer coefficient, and subsequently hH
values, on iron and nickel electrodes under water
treatment conditions. Water treatment conditions
involve metal electrodes, freely corroding metals, or
nickel-plated, freely corroding iron filings [31, 32] at
near neutral pH values. The method is valid only for
metals that have a low rate of atomic hydrogen
absorption into their lattice as compared to their rate
hydrogen gas evolution, as is the case for iron and
nickel.

2. Model development

The HER on metal electrodes has been found to occur
via a catalytic mechanism involving a proton discharge
step [27]:

Hþ þ e� þM�!k1 M�Hads (Volmer discharge)

ð1Þ

an atomic hydrogen recombination step:

M�Hads þM�Hads�!
k2

2MþH2

(Tafel recombination) ð2Þ

and/or an electrochemical desorption step:

M�HadsþHþþe��!k3 MþH2

(Heyrovsky desorption) ð3Þ

where M is an active site at the electrode surface,
M ) Hads is atomic hydrogen adsorbed to a catalytic
site, and k1, k2 and k3 are the rate constants for each
reaction. Over a wide range of potential and pH values,
reaction 1 is the rate-limiting step for the HER [27].
With decreasing potential, reactions 2 or 3 may become
rate-limiting due to the exponential increase in the rate
of reaction 1 with decreasing electrode potential. Under
circumneutral pH values, reaction 3 contributes little to
the rate of hydrogen evolution [23], primarily because
of the low concentration of M)Hads species on the
electrode surface. However, with decreasing pH values,
increasing M ) Hads concentrations result in an
increasing contribution of reaction 3 to the rate of H2

evolution.
The electron transfer coefficient ða*) for a reduction

reaction is defined in the Butler–Volmer equation as
[33]:

I ¼ i0A½e�a
!
FðE�EeqÞ=RT � ea

 
FðE�EeqÞ=RT� ð4Þ

where I is net reaction current, i0 is the exchange current
density, A is the available electroactive surface area for
the reaction, F is the Faraday constant, R is the gas
constant, T is the temperature, E is the electrode
potential, Eeq is the equilibrium potential for the redox
reaction, and a

!
and a

 
are the electron transfer coeffi-

cients for the reduction and oxidation reactions, respec-
tively. The first term in brackets represents the rate of
the forward reduction reaction, while the second term
gives the rate of the reverse oxidation reaction. The
exchange current density depends on the reactant
concentrations and the nature of the electrode material.
The forward transfer coefficient depends on the number
of electrons transferred c

!
before the rate determining

step, the number of times the rate determining step must
occur [v], and the symmetry factor [b] for the reaction
[27]. For an overall reaction that involves the transfer of
n electrons, the forward transfer coefficient may be
expressed as [27]:

a
! ¼ c

!

v
þ rb ð5Þ

where r=0 if the rate determining step does not involve
electron transfer, otherwise r=1. The b parameter is
dependent on the symmetry of the potential energy
surface between the transition state and the reactant and
product species [27]. For a single-step electron transfer
reaction, b represents the fraction of the applied
overpotential that goes toward overcoming the activa-
tion energy of the reduction reaction, while (1 ) b)
represents the fraction of the overpotential that goes
towards increasing the activation energy for the reverse,
anodic reaction [27].
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Past work has shown that reaction 1 is the rate-
limiting step for the HER on iron and nickel electrodes
under a wide range of conditions [27, 34]. In this case,
c
* ¼ 0; v ¼ 2 and r=1, which results in a

* ¼ b: There-
fore, knowledge of the symmetry factor, b, is needed to
calculate hH values as a function of the electrode
potential. Although symmetry factors, and thus a

*

values, for reaction 1 have been observed to be near
0.5 for many metal electrodes under oxide-free condi-
tions, significantly lower values have been observed on
oxide-coated electrodes [26, 35].
Under conditions where reaction 1 is the rate-limiting

step, the rate of reaction 1 can be expressed as [27, 30]:

ic ¼ Fk1½Hþ� 1� hHð Þ exp � a
*
Fg
RT

" #
ð6Þ

where ic is the cathodic current density, [H+] is the
proton concentration, and the overpotential (g) is given
by: g=(E ) Eeq). The rate of a bimolecular combina-
tion reaction, such as reaction 2, can be expressed as
[36]:

ic ¼ k2Fh2H ð7Þ

Under steady state conditions, the rates of reactions 1
and 2 are equal. Therefore, equation 7 can be solved for
hH and inserted into equation 6, yielding:

ic exp
Fa
*

g
RT

" #
¼ i00 1�

ffiffiffiffi
ic
pffiffiffiffiffiffiffiffi
Fk2
p

� �
ð8Þ

where i¢0=Fk2[H
+]. If the left-hand side of equation 8,

which has been previously termed the charging function
[30], is plotted as a function of

ffiffiffiffi
ic
p

, a straight line should
result with a slope equal to )i¢0(k2F))0.5 and an intercept
of i¢0. However, a

*
is unknown and cannot be deter-

mined without knowing hH as a function of g, as
indicated in equation 6. This suggests that an iterative
method can be used to determine a

*
, since the correct

value should lead to a linear relationship between the
charging function and

ffiffiffiffi
ic
p

:

3. Materials and methods

A 1.13 cm diameter nickel or iron disk (Metal Samples
Co., Mumford, AL) with a nominal surface area of
1 cm2 was used as the working electrode in all exper-
iments. A Hg/Hg2SO4 electrode (EG&G, Oak Ridge,
TN) was used as the reference electrode, and a 0.3 mm
diameter by 4 cm long platinum wire (Aesar, Ward Hill,
MA) was used as the counter electrode. The counter
electrode was encased within a Nafion� (Dupont)
proton permeable membrane. All experiments were
performed in 10 mM CaSO4 background electrolyte
solutions using an EG&G model 616 rotating disk
electrode in 25 ml glass cells. In experiments conducted
at pH values lower than 7, H2SO4 was added to adjust
the solution pH.

Chronoamperometry (CA) experiments were per-
formed to measure the steady state currents for hydro-
gen evolution as a function of the electrode potential.
The disk electrode was rotated at a speed of 100 rpm
and the solutions were continuously purged with
�100 ml min)1 of nitrogen gas in order to eliminate
oxygen reduction as a side reaction. Before all experi-
ments, the face of the working electrode that was
exposed to the solution was chemically and mechani-
cally polished with an EG&G electrode polishing kit.
The electrode was then conditioned in the solution used
for each experiment at )785 mV with respect to the
standard hydrogen electrode (SHE) for 3 h prior to use.
All potentials are reported with respect to the SHE.
In addition to the CA experiments, Tafel scans were

also performed to determine the fractional atomic
hydrogen surface coverage under freely corroding con-
ditions (hH

ocp). These experiments used the same cell and
operating conditions as the CA experiments. However,
after polishing, the electrodes were allowed to equili-
brate with the solutions for 2 h. Tafel scans were then
performed by polarizing the electrodes ±200 mV with
respect to their open circuit potentials at a scan rate of
5 mV s)1.

4. Results and discussion

Equation 6 suggests that an estimate of the transfer
coefficient ½a0*� may be obtained from a plot of log(ic) vs.
E, as shown in Figure 1 for the iron electrode. Since this
plot ignores the potential dependence of hH, the a

*
value

calculated from the slope of Figure 1 will be smaller
than the true a

*
: If the a0

*
value is used to plot the

charging function vs.
ffiffiffiffi
ic
p

, a linear relationship is not
obtained, as shown in Figure 2. However, the a

*
value

can be iteratively increased until the required linear
relationship is obtained between the charging function
and

ffiffiffiffi
ic
p

, as shown by the data for a0
* ¼ 0:30 in Figure 2.

Figures 3a and b show the charging function vs.
ffiffiffiffi
ic
p

for iron and nickel electrodes at several pH values. As
indicated in Table 1, the correlation coefficients (R2) for
the best-fit a

*
values generally decreased with decreasing

Fig. 1. Steady state currents as a function of the applied potential

for an iron rotating disk electrode in a 10 mM CaSO4 solution at a

pH value of 7.
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pH value. This can likely be attributed to an increasing
contribution of reaction 3 to the HER with decreasing
pH values. For both the iron and nickel electrodes, the
best-fit a

*
values were found to decrease with decreasing

pH values, as shown in Table 1. According to the
proposed HER mechanism with reaction 1 as the rate-
limiting step, a

*
should not be a function of the solution

pH value. This apparent contradiction can be explained
by the presence of oxide functional groups on the
electrode surfaces that may specifically adsorb protons
or other ions in the solution (e.g., SO4

2)). Specific
adsorption of ions at the electrode surface will be both
pH and potential dependent, and will affect the apparent
electron transfer coefficient through its impact on the
electrical double layer [37].
At pH values sufficiently low to dissolve oxides

coating the electrode surfaces, a
*

values of 0.50 were
obtained for both the iron and nickel electrodes, as
shown in Table 1. These values are close to those
previously reported for the HER on iron, nickel and
other metal electrodes in acid solutions [27]. The fact
that a lower pH value was required for the nickel
electrode to achieve a

* ¼ 0:5 is consistent with the
greater difficulty in dissolving nickel, as compared to
iron, oxides [38]. Previous research has found that the
b-Ni[OH]2 that forms on nickel cathodes is resistant to
both reduction and dissolution [39].
Once the best-fit a

*
values have been iteratively

determined, the slope and intercept of the linear profiles
in Figure 3 can be used to determine k2 and i¢0 values.
For each potential where ic was measured, hH can then
be determined from equation 7. Figure 4 shows hH
values calculated for iron and nickel electrodes at several
pH values. The rate constants and exchange currents
calculated from the data in Figure 3 are summarized in
Table 1. At a pH value of 3, the exchange current

Fig. 2. Charging function vs.
ffiffiffiffi
ic
p

for the data in Figure 1 for two

different electron transfer coefficient values.

Fig. 3. Charging function vs.
ffiffiffiffi
ic
p

at different pH values using the

best-fit a
!

values listed in Table 1 for iron [a] and nickel [b] rotating

disk electrodes.

Table 1. Best-fit electron transfer coefficients ½a!� and their corre-

sponding correlation coefficients [R2] along with exchange current

densities [i0] and discharge [k1] and recombination [k2] rate constants

for iron and nickel electrodes in CaSO4 electrolyte solutions at dif-

ferent pH values

Electrode pH a
!

R2 i0
(lA cm)2)

k1
(cm s)1)

k2
(lmol cm)2 s)1)

Iron 7 0.30 0.99 0.23 6.7 � 10)3 1.5 � 10)2

Iron 3 0.50 0.93 2.7 7.7 � 10)6 8.9 � 10)2

Nickel 7 0.30 0.88 0.25 7.1 � 10)3 2.5 � 10)2

Nickel 3 0.39 0.91 0.76 2.2 � 10)6 5.9 � 10)2

Nickel 1 0.50 0.85 3.4 9.8 � 10)8 1.1 � 10)1

Fig. 4. Fractional hydrogen surface coverages [hH] as a function of

electrode potential at different pH values for iron [a] and nickel [b]

rotating disk electrodes.
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density for the iron electrode of 2.7 lA cm)2 is close to
the value of 2.0 lA cm)2 that has been previously
reported for iron at a pH value of 1 [30]. For the nickel
electrode at a pH value of 1, the exchange current
density of 3.4 lA cm)2 is within a factor of two of the
value of 6.3 lA cm)2 that has been previously reported
for nickel in acid solutions [27].
Because the free corrosion potentials for iron and

nickel electrodes are significantly below the Eeq for the
HER reaction, the rate of atomic hydrogen oxidation on
the electrode surface will be small compared to the rate
of H+ reduction. Therefore, corrosion current densities
(icorr) determined from Tafel scans and k2 values
determined from the polarization experiments can be
used to determine hH

ocp values. Under open circuit
conditions, ic is equivalent to icorr, and the hydrogen
surface coverage can be determined from:

hocpH ¼
ffiffiffiffiffiffiffiffi
icorr
pffiffiffiffiffiffiffiffi
Fk2
p ð9Þ

As shown in Table 2, icorr values for the iron and nickel
electrodes at several pH values ranged from 0.73 to
63 lA. From the k2 values in Table 1, hH

ocp values
ranging from 0.016 to 0.076 were obtained for the iron
and nickel electrodes.

5. Conclusions

This research investigated a method for determining
hH values for oxide-coated iron and nickel surfaces
under conditions where the electron transfer coeffi-
cients may deviate significantly from 0.5. The method
is valid at neutral and alkaline pH values where the
Volmer discharge reaction is the rate-limiting step for
hydrogen evolution. Determination of the effects of
electrode potential and solution pH values on
adsorbed concentrations of atomic hydrogen may aid
in elucidating reaction mechanisms responsible for
reductive dechlorination of solvents in contaminated
waters.
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