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Abstract: Hydrogen chloride (HCI) oxidation was investigated on technical
membrane electrode assemblies in a cyclone flow cell. The influences of Naf-
ion loading, temperature and hydrogen chloride mole fraction in the gas phase
were studied. The apparent kinetic parameters, such as reaction order with
respect to HCI, Tafel slope and activation energy, were determined from the
polarization data. The apparent kinetic parameters suggest that the recom-
bination of adsorbed Cl intermediate is the rate-determining step.

Keywords: gas diffusion electrodes, Nafion, electrolysis, HCI gas phase oxi-
dation, kinetics.

INTRODUCTION

Anhydrous gaseous HCl is a by-product of different reactions in the plastics
industry, for example during production of isocyanates by treating amines with
phosgene.! This by-product is commonly absorbed in water or neutralized. A
further option for handling gaseous HCI is its recycling back to chlorine. This
option is more advantageous since chlorine is a high value product with a number
of applications in the chemical industry. HCI can be chemically or electroche-
mically converted to chlorine.2 The chemical process follows the so-called Deacon
stoichiometry: 4HCI + Oy — 2Cl, + 2H,0.

This process was initially outperformed by electrochemical processes, but,
due to the recent advances in ruthenium-based catalysts, it has been successfully
revisited.3 Still, even with the present progress in heterogeneous chemical catal-
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ysis, electrochemical processes outperform chemical HCI oxidation in terms of
the investment costs per ton of chlorine, the possibility of module-based (decen-
tralized) operation* and the required process temperature (ca. 343 K in the
electrochemical compared to 453773 K for the chemical process3). The major
electrochemical routes for recycling chlorine back from HCl were summarized in
recent publications.#© To recapitulate shortly, the state-of-the-art electroche-
mical process (DuPont—DeNora) is based on direct splitting of HCI into chlorine
and hydrogen: 2HCl — Cl, + Hj

Further developments in the electrochemical recycling of HCl were mainly
directed towards an increase in energy efficiency. In this respect, the major sav-
ings were obtained by influencing the thermodynamics of the process through
change in the aggregate state of the reactant or by changing the process stoichio-
metry. The change in the process stoichiometry by introducing an oxygen-con-
suming instead of a hydrogen-evolving cathode resulted in ca. 30 % energy sav-
ing compared to the state-of-the-art process.® This so-called Bayer—Hoechst-Uhde
process with an overall process stoichiometry corresponding to the Deacon pro-
cess has already been realized on the technical scale. Aqueous HCI is employed
in this process. It was demonstrated recently that utilization of gaseous instead of
aqueous HCI resulted in an additional energy saving (up to 50 % compared to
that obtained in the state-of-the-art process).>

Further development and optimization of this promising process variant
requires detailed knowledge of the reaction kinetics. In this respect, especially
kinetic information on the electro-oxidation of gaseous HCI are extremely rare.’
To obtain meaningful information for process development, kinetic measure-
ments have to be performed under technically realistic conditions using mem-
brane electrode assemblies (MEA), and keeping simultaneously the influence of
the counter electrode and the membrane negligible. These conditions can be rea-
lized in a specially designed electrochemical cell, the so-called cyclone flow cell.
The advantages of this special experimental set-up have been exemplified in pre-
vious publications-8-10 Recently, this set-up was employed for an investigation of
the influence of structural parameters of MEA on HCI oxidation.® The deter-
mination of apparent kinetic parameters, such as Tafel slopes, reaction order with
respect to HCI and the activation energy for HCI oxidation are the focus of this
contribution. The kinetic parameters were determined between room temperature
and 60 °C and for MEAs comprising different Nafion loadings. The significance
of these apparent parameters was further evaluated with respect to possible
mechanisms of HCI oxidation.

EXPERIMENTAL
Membrane electrode assembly (MEA) preparation

The MEA was composed of a gas diffusion layer (GDL) and a catalyst layer (CL) sprayed
over a Nafion 117 membrane by a wet-spraying method as described in the lierature.> 60 mass
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% platinum supported on Vulcan XC72R (BASF) was employed as the catalyst. The catalyst-
sprayed membrane was hot-pressed for 3 min at 90 kg cm™. The total geometrical active
MEA area was 2 cm?.
Electrochemical measurements

All measurements were performed in a cyclone flow cell as described in the literature.
Hydrogen chloride was diluted with nitrogen in order to attain the desired concentrations. The
cell was kept in a convection oven with integrated temperature control (Mammert UNP500) in
order to maintain the system at the desired reaction temperature.

The electrodes were pre-conditioned by cyclic voltammetry in the range from 0.2 to 1.0
V vs. Ag/AgCl with a sweep rate of 50 mV s'! for 10 cycles. Polarization curves were
obtained under quasi-steady state conditions using linear sweep voltammetry with a Solarton
1286 potentiostat at a sweep rate of 1 mV s™!. Ohmic drop compensation was employed via
the current interrupt method. Before each temperature change, a linear sweep with N, was
recorded and employed as a base line correction for all measurements with hydrogen chloride.
The baseline corrections never exceeded 7 % of the total current. The results presented in this
work are the average of at least three measurements. All potentials are expressed vs. standard
hydrogen electrode (SHE).

RESULTS
Origin of limiting current behavior

Polarization curves for the electro-oxidation of gaseous HCI at MEAs
comprising different Nafion loadings at constant platinum loading (0.5 mg cm2)
are shown in Fig. 1. As can be seen, all electrodes reach technical current den-
sities (300 to 400 mA cm~2) at relatively low overpotentials. The optimization of
the Nafion loading resulted in an increase in catalyst utilization. In addition, the
increase in Nafion loading decreases the reaction overpotential (ca. 40 mV for
the electrodes comprising the highest with respect to lowest Nafion loading at
400 mA cm2). Although the difference is not strikingly high, it still has impor-
tance for energy saving in this process, especially taking into account that tech-
nical electrolysis systems operate at high current densities.

The maximal current densities observed in the present study were similar to
those reported by Eames and Newman” in a solid-polymer electrolyte reactor for
electrochemical conversion of anhydrous HCI to Cl,. However, the overpoten-
tials (expressed relative to the open circuit potentials) of ca. 200 mV in the
present study are much lower compared to those obtained in the study of Eames
and Newman’ study (ca. 1 V). This significant difference might be partly due to
an improved MEA structure in the present case. In addition, the data of Eames
and Newman’ accounts not only for the voltage losses related to the anode (as
here), but incorporate also the losses on the cathode side and in the membrane.
The membrane losses can be significantly high, since the conductivity of Nafion
strongly decreases in the presence of HCI. !4

As can be seen in Fig. 1, all studied the MEAs showed limiting current
behavior at more positive overpotentials. The limiting currents were also observed
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in the study with gaseous HCI oxidation’ as well as in studies where chlorine
evolution from aqueous HCI!! or NaCll2 were investigated. In the study with
gaseous HCI,” as possible sources of limiting behavior, the limitations caused by
the membrane and gas-phase mass transfer were discussed, and it was concluded
that the main cause for the experimentally observed limiting behavior was low
membrane conductivity due to dehydration. In the study on chlorine evolution
from brine solution, Conway and Ping!? considered limitations by slow diffusion
of the product chlorine. They performed their experiments using a rotating disc
electrode and observed only a small effect of the electrode rotation on the reac-
tion rate, which led them to the conclusion that the chemical step, i.e., chlorine
recombination, and not diffusion effects limited the currents at more positive
overpotentials.

Fig. 1. Influence of Nafion loading at constant platinum loading (0.5 mg cm2) on
HCI oxidation. Conditions: temperature: 60 °C, pressure: 101.3 kPa,
HCI flow rate: 500 ml min™! and sweep rate: 1 mV s°!.

In the present study, since the MEA consists of several layers of different
thicknesses and porosities, different mass transfer resistances or combinations of
them can contribute to the observed limiting behavior. In addition, electrochemi-
cal reaction itself can be limiting. To estimate the effects of single resistances,
analysis with dimensionless numbers, as is common in chemical reaction engi-
neering and as shown by Vidakovi¢ et al.? using as an example methanol electro-
oxidation, was employed. Two kinds of dimensionless numbers were considered,
the Biot number for the estimation of diffusion resistances in the adherent layers
where only the diffusion occurs and the so-called second Damkohler number that
is used in reacting systems with diffusion. The second Damkdhler number is
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defined as the ratio of the resistance of diffusion and resistance of electroche-
mical reaction as follows:

ocL J (0

DCL

Day =
nFeyel HCl

where oOcr is the thickness of the catalyst layer (ca. 20 pm), j is the current
density (ca. 9 kA m2), cycy the HCI gas phase concentration (36.6 mol m—3
assuming ideal gas behavior at 101.3 kPa and 60 °C) and Dglél the HCI diffu-
sion coefficient in the CL (2.10x10-¢ m2 s~1). The HCI diffusion coefficient in
the CL accounts for the porosity of the layer (ca. 20 %); furthermore, it has been
assumed that the void fraction in the CL is filled with the gas phase. The given
data result in a Damkohler number of Daj = 0.012. This value indicates that the
resistance of the electrochemical reaction is bigger than the resistance of the dif-
fusion.

The relevance of the mass transport resistance in the gas diffusion layer
(GDL) was estimated by means of the following Biot number (Bji):

CL
BiGDL/CL _ DHCI /ocL 2)
DEBE / 86pL
where DSCDIL is the effective HCI diffusion coefficient in the GDL (8.63x10-°

m? s~1) and dgpy. is the thickness of the GDL (ca. 250 pm). The calculated value
of this Biot number is ca. 3, which means that the mass transfer resistance in the
GDL is 3 times higher than in the CL. This reflects the fact that the GDL is ca.
12 times thicker than the CL (250 vs. 20 pm), while the diffusion coefficient in
the GDL is only ca. 4 times greater than in the CL (8.63x1076 vs. 2.10x10-6 m?2
s).

The relevance of the external film resistance in relation to the resistance of
diffusion exerted by the GDL can be estimated in a similar manner:

pB;iHDL/GDL _ DchlL / éGpL 3)
km
where kp, is the film mass transfer coefficient (1.61x10-3 m s~1, calculated based
on correlation provided by Schultz and Sundmacher!3). The calculated value of
BiHDL/GDL based on the given data is ca. 20.

Multiplying Dayp with the Biot numbers defined above yields the electroche-
mical reaction rate (resistance of electrochemical reaction) in relation to the mass
transfer rates, i.e., resistance of diffusion in GDL and resistance of external film
diffusion, respectively:

Day BiSPYCL %0.036 4)

Day BiGPL/CL pHDL/GDL ~ .72 (5)
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The last expression gives the ratio between all mass transfer resistances and
the resistance of electrochemical reaction and shows that the two resistances are
comparable.

Determination of the apparent kinetic parameters

Tafel slope values. For complex electrochemical reactions involving diffu-
sion, electrochemical and chemical steps, it can be shown that in the steady state:!4

L1t ©)

Jmeas  Jdiff  Jreact Jkin

where on the right hand side only the last term will be dependent on the potential.
This equation demonstrates that at more positive overpotentials, the reaction rate
can become limited by diffusion (jgiff) or chemical reaction (jyeact). Since the
previous analysis showed that, under the present conditions and at more positive
overpotentials, the current is probably diffusion-reaction-limited, one can use the
Eq. (6) for an estimation of the rate of the electrochemical step (jki,) in accor-
dance to:

i = .](dlfﬁreact)Jrr'leas )

J(diffreact) — Jmeas

where the values of jjiffreacty can be estimated from the experimental data (Fig.
1) at more positive overpotentials. The calculated values of jii, can be now
plotted against the electrode potential in the form of a Tafel plot (Fig. 2). As can
be seen in Fig. 2, irrespective of the Nafion loading, two linear regions could be
observed with a lower Tafel slope value of ca. 30 mV dec™! at low overpoten-
tials, followed by a higher Tafel slope value of ca. 60 mV dec~! at high over-
potentials.

In a similar way, the experimental data for MEA comprising 0.5 mg cm—2
platinum and 1 mg cm2 Nafion at a constant temperature of 60 °C and at vary-
ing partial pressures of HCI in the gas phase was analyzed, as shown in Fig. 3.
Again, two linear regions are clearly seen but only in the experiments at higher
HCI partial pressures, while at lower partial pressures, these two regions merge
into one with an effective Tafel slope of ca. 4045 mV dec!.

The MEA of the same composition was further tested at varying tempera-
tures with the other conditions being kept constant. The results presented in Fig. 4
show two distinct linear regions in the temperature range from 40-60 °C. The
Tafel slope values in these two regions were virtually independent of tempera-
ture. At room temperature, the transition from low Tafel slope region to high
Tafel slope region was more gradual with an intermediate Tafel slope value of
ca. 40 mV decl.
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Fig. 2. Tafel plot for the HCI oxidation on an MEA comprising a constant Pt loading
(0.5 mg cm2) and different Nafion loadings. Conditions as in Fig. 1.

Fig. 3. Influence of HCl partial pressure on HCI oxidation on an MEA comprising
0.5 mg cm2 Pt and 1 mg cm Nafion. Conditions: temperature: 60 °C, pressure: 101.3 kPa,
HCI flow rate: 500 ml min'! and sweep rate: 1 mV s™L.
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Fig. 4. Influence of temperature on HCI oxidation on an MEA comprising 0.5 mg cm™2 Pt and
1 mg cm2 Nafion. Conditions: HCI pressure: 101.3 kPa, HCI flow rate: 500 ml min™! and
sweep rate: 1 mV s'L.

Apparent reaction order. In addition to the Tafel slope, the reaction order is
an important kinetic parameter for discrimination between different reaction
mechanisms. In the present study, the apparent reaction orders were calculated
from the slope of In jki, vs. In ygcy plot at constant electrode potentials (Fig. 5).
The calculated values were 0.82+0.07, 1.07+0.09 and 0.97+0.07 at 1.065, 1.095
and 1.155 V, respectively. For the calculations, only the points up to 0.8 mole
fraction HC1 were considered. As can be seen in Fig. 5, the last points corres-
ponding to pure HCI gas lay out of the trend lines at all potentials.

The apparent activation energies. The apparent activation energies were cal-
culated from Arrhenius plots at constant overpotentials (Fig. 6a). The obtained
values changed from ca. 16 kJ mol~! at low overpotentials to ca. 30 kJ mol~! at
intermediate values of the overpotentials. At very positive overpotentials, again
values around 16 kJ mol-! were obtained (Fig. 6b).

DISCUSSION
The onset vs. equilibrium electrode potential, gas or liquid phase HCI oxidation

In the present experiments, HCl was introduced as a reactant in the gas
phase. However, in the employed experimental set-up, the Nafion membrane was
from one side equilibrated with acid and therefore fully humidified. Water from
the Nafion membrane could also enter the CL, which under some conditions can
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lead to flooding of the void fraction of the CL. In this scenario, HCI from the gas
phase absorbs in water prior to electrochemical reaction according to:

HCl(g) — HCl(aq) (8)
HCl(aq)l H'(aq)+Cl (aq) 9)

Fig. 5. Apparent reaction order with respect to the HCI concentration expressed in terms of
HCI mole fraction (in %) in the gas phase. Data extracted from Fig. 3.

The chlorine ion reacts further electrochemically according to the well-known
reaction for chlorine evolution from, e.g., brine solution:

2CI (aq) > Cly(g)+2e (10)

If reactions (8) and (9) are multiplied with 2 and summed with reaction (10),
one obtains:

2HCI(g) — Cl,(g) + 2H" (aq) + 2¢~ (11)

this corresponds to the case of direct HCI oxidation from the gas phase.

The standard equilibrium potentials of reactions (10) and (11) are signi-
ficantly different with values of 1.358 and 0.988 V, respectively. The observed
open circuit potentials in the present work were around 1.03 V. This value is closer
to the standard equilibrium potential of the gas phase reaction (Eq. (11)). Under
the present conditions, a deviation from the standard value could be caused by
deviations in the proton activity and the chlorine partial pressure from their
standard values. The temperature dependence with a temperature coefficient of
—0.1 mV K- (calculated based on literature data!3) is not strongly expressed (which
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(a)

(b)
Fig. 6. a) Arrhenius plots for HCI oxidation on an MEA comprising 0.5 mg cm™ Pt and
1 mg cm™2 Nafion (data extracted from Fig. 4) and b) dependence of the apparent activation
energies on potential.

also corresponds to the experimental observations in Fig. 4). The proton activity
is given by the activity of protons in the Nafion membrane, which at 60 °C is ca.
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2.16 This deviation from the standard conditions contributes to a ca. 16 mV
increase in the equilibrium potential, which would result in a value close to the
experimentally observed one. However, it should be mentioned that the chlorine
activity was not controlled under the employed conditions, and this effect would
decrease the equilibrium potential value.

The standard potential of the liquid phase reaction (Eq. (10)) is much more
positive than the observed experimental values. However, assuming the forma-
tion of a very concentrated HCI solution (e.g., 30 mass %) and taking into
account the high non-ideality of such a solution, a reduction of the standard value
by ca. =140 mV could be obtained. The deviation of the chlorine activity from
standard conditions would cause a further lowering compared to the value under
standard conditions, which could bring this potential eventually close to the mea-
sured values. The temperature dependence for this reaction with a temperature
coefficient of ca. 1.2 mV K-! is more pronounced than for the reaction (Eq.
(11)) resulting in a ca. <40 mV difference between the values at room tempera-
ture and 60 °C.

The experimentally observed deviation with temperature (Fig. 4) was only
ca. =3 mV, which could be an argument for the gas phase reaction (Eq. (11)).
However, the less explicit dependence of measured open circuit potentials than
expected for the liquid phase reaction could be the consequence of the tempera-
ture influence on the gas—liquid equilibrium (reactions (8) and (9)). Consequently,
the expected molality of chlorine ions in the liquid phase at room temperature
would be higher (ca. 15.5 mol kg~!) than at 60 °C (ca. 12 mol kg~!). Taking into
account that the HCI acid deviation from ideality at room temperature was more
expressed than at elevated temperatures (molal activity coefficients 37.55 and
9.83 at room temperature and 60 °C, respectively!7) a value of ca. 26 mV could
be calculated based on this effect. In addition, the membrane potential would
contribute in a similar manner, giving a virtually unchanged potential value, as
was observed in the experiments.

In the experiments with varying partial pressures of hydrogen chloride at 60 °C,
the experimentally observed difference of the open circuit potentials between the
lowest and highest HCI partial pressures was ca. 19 mV. Assuming ideal gas
behavior for HCI under all conditions, a deviation of ca. 46 mV could be expected.
If a reaction from the liquid phase is assumed, a deviation of ca. 55 mV could be
obtained. Both values are significantly different compared to the experimentally
observed value.

The measured open circuit potential values are additionally influenced by
junction potentials in the present experimental set-up. The most significant one is
the membrane potential, the so-called Donnan potential.!> The Donnan potential
is caused by the different activities of protons inside the membrane and in inter-
facing solutions. In the case of the liquid phase reaction (Eq. (10)), assuming the
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activity of protons is the same as that of chlorine ions; a value of ca. —-140 mV
(calculated for 60 °C) could be obtained. This value will be different in the case
of the gas phase reaction (Eq. 11), since in this case, the Donnan potential is
formed only at the liquid/membrane interface, giving a value of ca. 20 mV
(calculated for 60 °C). It should also be mentioned that in the experiments with
varying temperature or partial pressure of HCI, the Donnan potential would be
also influenced through changes in the proton activities.

Finally, the measured values are influenced by the diffusion potential at the
interface of the reference electrode and the liquid acid, which is difficult to cal-
culate for the case of concentrated solutions. An estimation based on the Hen-
derson Equation!5 gives a value of ca. 3 mV, which is significantly smaller than
the Donnan potential.

To summarize, the presence of junction potentials and the uncertainty in the
effect of the partial pressure of chlorine on the equilibrium conditions of the reac-
tions (Egs. (10) and (11)), makes it difficult to conclude which of these two
reactions effectively determines the observed open circuit values.

Mechanism of HCI oxidation

The only proposed mechanism for the gaseous HCI oxidation (corresponding
to overall reaction Eq. (11)) was presented by Eames and Newman,’ Egs. (A-1)
and (A-2), with the chemical reaction (A-2) as a rate determining step (r.d.s.).
This mechanism will be further denoted as mechanism “A”:

HCl(g)+ Pt PtCl+H*(aq)+e~ (A-1)
2PtCl1 - 2Pt + Cl, (g) (A-2)

It is also possible to assume that both steps proceed as electrochemical reac-
tions:

HCl(g)+ Pt PtCl+H*(aq)+e~ (B-1)
HCl(g) + PtCl »> Pt+Cly + Ht(aq) +e~ (B-2)

This mechanism will be further denoted as mechanism “B”.

Alternatively, if instead of the overall reaction (Eq. (11)), the overall reac-
tion (Eq. (10)) would be valid, similar reaction mechanisms could be formulated,
simply by replacing HCI(g) with Cl—(aq). Additionally, protons would disappear
from the expressions for mechanisms “A” and “B”. The presence of protons
appears to be an important criterion to differentiate between the overall reactions
Eqgs. (10) and (11), since for reaction Eq. (10), the protons should not have any
influence on the equilibrium conditions. However, Boggio et al.18 determined a
reaction order with respect to protons of —1 in the case of chlorine evolution from
brine. This could indicate that in addition to previously mentioned chlorine spe-
cies, also non-dissociated HCl(aq), reaction Eq. (9), could be a potential source
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of chlorine. Presently, as was previously discussed, it is not possible to assign
which overall reaction occurs, but the following analysis is not affected by this
uncertainty.

The mechanisms “A” and “B” with CI~ as the reacting species were pre-
viously introduced by Gileadi.!® He assumed that in both mechanisms, the sec-
ond reaction was the rate determining one, which was further assumed to be irre-
versible. The first step was always assumed to be in quasi-equilibrium. In his
analysis, the pre-exponential term in the Frumkin isotherm, assuming effectively
the so-called Temkin isotherm, was neglected. With these assumptions, the values
of Tafel slopes and the reaction orders for different degrees of coverage at the
electrode surface were determined. The data that have been recalculated for the
temperature range in the present study are presented in Table I.

TABLE 1. Tafel slopes and reaction orders with respect to HCI calculated based on literature
data!®

Coverage Mechanism “A” Mechanism “B”
Tafel slope Reaction Tafel slope Reaction
mV dec’! order mV dec’! order
Low (6— 0) 17-19 2 13-14 2
Intermediate (0.2 < 8<0.8) 26-29 1.5 26-29 1
High (60— 1) 51-57 1 0 -

The Tafel slope values that were observed in the present study are in the
range from ca. 30 mV dec! at low overpotentials to ca. 60 mV dec~! at high
overpotentials. These values were relatively temperature independent. The only
exception was the value at room temperature with a slope of ca. 40 mV dec™!) at
low overpotentials. In the experiments with changing HCI partial pressure, the
Tafel slope values also changed from 30 to 60 mV dec™! for low and high over-
potentials. These values were concentration dependent with an average Tafel
slope of ca. 40-45 mV dec! at low HCI partial pressure. If these values are
compared with the theoretical predictions in Table I, good agreement between the
calculated values for mechanism “A”, with a chemical step as a rate determining
step, at intermediate and high degrees of coverage with adsorbed intermediates,
and the experimental one could be registered. Mechanism “B” can obviously be
disregarded, since at high coverage, it predicts an infinite Tafel slope value.
Slightly different Tafel slope values under low temperature conditions and low
HCI partial pressures could obviously be the consequence of the influence of tem-
perature and concentration on the degree of coverage with adsorbed inter-
mediates.6

The second apparent kinetic parameter that was determined in the present
paper was the reaction order with respect to HCI. The determined values were ca.
0.82, 1.07 and 0.97 for 1.065, 1.095 and 1.155 V, respectively. The first two
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values correspond to the region of the first Tafel slope (intermediate coverage of
adsorbed intermediate) and the last value to the region of the second Tafel slope
(high coverage of adsorbed intermediate). The theoretical values in Table I are
between 1.5 and 1 for mechanism “A”. As can seen, the apparent values deviate
from calculated ones, which was especially evident in the first Tafel slope region.
It should be recalled here that the last points in Fig. 5 corresponding to pure HCI
were off trend lines at all potentials. Inclusion of these points obviously resulted
in an increase in the apparent reaction orders, but straight lines in that case would
have very low linear coefficients, making them unreliable. Since the gas—liquid
equilibrium of the HCI(g) — water system exhibited high non-linearities (espe-
cially in the range of low and high HCI partial pressures) and taking into account
the previous discussion on gas or liquid phase HCI oxidation, the data in Fig. 5
was recalculated with respect to Cl~ activities. It was assumed that the CI~ acti-
vity coefficient was the same as the mean activity coefficient of the acid. The
recalculated data are presented in Fig. 7. As can be seen, the data at all potentials
in the whole range of studied activities followed the trend lines. The slopes of
these trend lines were 1.2740.06, 1.29+0.07 and 0.98+0.12 for 1.065, 1.095 and
1.155 V, respectively. The new calculated values are in much better agreement
with the theoretical values in Table I for the case of mechanism “A” with the
chemical step (recombination of adsorbed Pt—Cl) as the rate-determining step.

Fig. 7. Apparent reaction order with respect to HCI concentration expressed in terms of Cl°
activity in the liquid phase. Kinetic current densities are extracted from Fig. 3.

Finally, the determined values of the apparent activation energies in the
range from 16 to 30 kJ mol~! support further Pt—Cl recombination (Eq. (A-2)) as
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the rate determining step.!9 As can be seen in Fig. 6b, the apparent activation
energy is potential dependent. This was expected since the apparent values
include also the contribution of the electrochemical activation. Additionally, the
observed trend indicates the dependence of the activation energies on the surface
coverage with Pt—Cl. The increase in the apparent activation energies at more
negative overpotentials (first Tafel slope region) was probably caused by an
increase of the Pt—Cl surface coverage. At more positive potentials, the overall
values decrease due to the higher dominance of electrochemical activation as well
as smaller changes in the apparent activation energies because of the very high
Pt—ClI coverage.

CONCLUSIONS

The kinetics of HCI oxidation was studied on technical MEAs comprising
different Nafion loadings at constant Pt loading. The influence of temperature
and HCl partial pressure was studied for a selected MEA comprising 0.5 mg cm 2
Pt and 1 mg cm2 Nafion. It was found that the HCI oxidation at industrially
relevant current densities was viable on all studied MEAs. The optimization of
the Nafion loading resulted in an increase of the catalyst utilization and a reduc-
tion in the reaction overpotential. An analysis with dimensionless numbers showed
that the current at more negative overpotentials was at mixed reaction—diffusion-
limitations.

Analysis of the apparent reaction order and Tafel slopes showed that the
most viable mechanism to describe gaseous HCI oxidation is the one assuming
dissociative electrochemical adsorption of reacting chlorine species and chemical
recombination of the adsorbed Pt—Cl as the rate-determining step. According to
this mechanism, the reaction proceeded under conditions of intermediate and
high degree of coverage with adsorbed Pt—Cl.

A significant question in the present analysis was the question of whether a
gas or liquid HCI oxidation mechanism applies. It was shown that based on the
values of the open circuit potentials and their dependences on the operating para-
meters (temperature and HCI partial pressure), it is not possible to distinguish
between these two scenarios. As was discussed, the appearance of different junc-
tion potentials in the system, where the membrane potential is probably the most
influencing one, makes this analysis even more difficult. However, the depen-
dence of the kinetic currents on the CI~ activity adds some argument for liquid
HCI oxidation.
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Oxcuzanyja XJI0pOBOLOHMKA je NMpoy4yaBaHa Ha TEXHUUKHM TacHO-TU(MY3HOHUM esek-

Tpojama y UMKJIOHCKOj henuju. McuTHBaH je yTHIQj KOMWYHMHE HaHOHA Y KATATUTUYKOM
CJI0jy, TEMIIEpaType ¥ MOJICKOI yfie/la XJIOPOBOJJOHHKA y racoBUTOj (asu Ha KUHETHUKY OBe
peakuuje. Ha ocHOBy Mepewa ofpeheHH Cy NPUBHUAHU KHHETHYKH MapaMeTpH, Kao LITO Cy
pen peaxuuje 1no XJI0pOBOJOHUKY, TadenoB Harud M eHepryja akTHBauuje. BpemHocTn 0BMX
napaMeTapa ykasyjy Ha To ja je pekombuHauuja afcopdoBaHUX aToMa XJIopa CIOpH CTynam y
peaxuuju.

—_—

15.
16.
17.
18.
19.

— o 0o

(ITpumibeno 19. HoBemOpa 2013)

REFERENCES
C. Six, F. Richter, in Ullmann's Encyclopedia of Industrial Chemistry, Wiley-VCH, 2000

. P. Schmittinger, T. Florkiewicz, L. C. Curlin, B. Liike, R. Scannell, T. Navin, E. Zelfel,

R. Bartsch, in Ullmann's Encyclopedia of Industrial Chemistry, Wiley-VCH, 2000
J. Perez-Ramirez, C. Mondelli, T. Schmidt, O. F. K. Schlueter, A. Wolf, L. Mleczko, T.
Dreier, Energy Environ. Sci. 4 (2011) 4786

. T. Vidakovic-Koch, I. Gonzalez Martinez, R. Kuwertz, U. Kunz, T. Turek, K. Sund-

macher, Membranes 2 (2012) 510

R. Kuwertz, 1. Gonzalez Martinez, T. Vidakovic-Koch, K. Sundmacher, T. Turek, U.
Kunz, Electrochem. Commun. 34 (2013) 320

1. Gonzalez Martinez, T. Vidakovi¢-Koch, R. Kuwertz, U. Kunz, T. Turek, K. Sund-
macher, Electrochim. Acta (2013), submitted

D. J. Eames, J. Newman, J. Electrochem. Soc. 142 (1995) 3619

K. Sundmacher, J. Appl. Electrochem. 29 (1999) 919

T. Vidakovic, M. Christov, K. Sundmacher, Electrochim. Acta 49 (2004) 2179

T. Vidakovic, M. Christov, K. Sundmacher, J. Electroanal. Chem. 580 (2005) 105

R. S. Yeo, J. McBreen, A. C. C. Tseung, S. Srinivasan, J. McElroy, J. Appl. Electrochem.
10 (1980) 393

. B. E. Conway, G. Ping, J. Chem. Soc., Faraday Trans. 86 (1990) 923
13.
14.

K. Sundmacher, T. Schultz, Chem. Eng. J. 82 (2001) 117

T. Vidakovi¢-Koch, V. K. Mittal, T. Q. N. Do, M. Varni¢i¢, K. Sundmacher, Electro-
chim. Acta 110 (2013) 94

C. H. Hamann, W. Vielstich, Elektrochemie, Wiley-VCH, Weinheim, 2005.

M. Umeda, K. Sayama, T. Maruta, M. Inoue, lonics 19 (2013) 623

G. Akerlof, J. W. Teare, J. Am. Chem. Soc. 59 (1937) 1855

R. Boggio, A. Carugati, G. Lodi, S. Trasatti, J. Appl. Electrochem. 15 (1985) 335

E. Gileadi, Electrode Kinetics for Chemists, Chemical Engineers, and Materials Scien-
tists, Wiley-VCH, New York, 1993.

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS





