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a  b  s  t  r  a  c  t

The  diffusive–convective  equation  under  the  hydrodynamic  conditions  of  rotating  disk  electrodes  was
solved  for  electrochemical  reactions  following  the  Langmuir–Hinshelwood  kinetic  mechanism,  and  an
expression  has  been  obtained  for  the  current  (reaction  rate)  as  a  function  of  the  rotation  rate,  consider-
ing  adsorption–desorption  equilibrium  and  slow  reaction  of  adsorbed  species  on  the  electrode  surface.
This expression  has  been  applied  to  the  experimental  evaluation  of electrochemical  oxygen  transfer  to
eywords:
urface reactions
angmuir–Hinshelwood mechanism
lectrocatalysis
otating disk electrode
dsorption at solid–liquid interface

p-methoxyphenol  and  p-nitrophenol  on  lead  dioxide  electrodes.  The  Langmuir  equilibrium  constants
and  kinetic  reaction  rate  constants  obtained  with  the  rotating  disk  electrode  compare  well with  the
corresponding  values  determined  from  independent  adsorption  isotherm  and  electrolysis  studies,  respec-
tively,  demonstrating  that the  approach  presented  appropriately  describes  the  kinetic  couplings  between
mass transport,  adsorption–desorption  equilibrium,  and  surface  reactions,  occurring  in  processes  follow-
ing the  Langmuir–Hinshelwood  mechanism.
. Introduction

Transport phenomena in the kinetics of electrochemical pro-
esses have been considered rigorously since the development of
he rotating disk electrode (RDE) by Levich and co-workers [1,2].
he development of mathematical models is based on the solution
f the convective–diffusion equation, considering the hydrody-
amic boundary layer theory that results from the solution of
avier–Stokes and the continuity equations for appropriate geome-

ries [1–4]. Hydrodynamic electrochemistry at rotating disk and
otating ring-disk electrodes (RRDE) has been widely used to study
lectrode kinetics and mechanisms of different kinds of reactions
5–11]; the general idea is controlling accurately the flux of matter
hrough the rotation rate, in order to evaluate the number of elec-
rons transferred per mol  of compound, as well as quantifying the
inetic constant for the rate-determining step.

The Levich equation (1) applies to the totally mass transfer-
imited condition at the RDE and predicts that the current, I, is
roportional to the bulk concentration of electroactive species, c,
nd the square root of the rotation rate of the electrode, ω1/2 [1,3,4]:

 = 0.62nFAD2/3�−1/6ω1/2c (1)
Other parameters appearing in (1) are the number n of electrons
ransferred, the Faraday constant F, the electrode surface A, the
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diffusion coefficient D of electroactive species, and the kinematic
viscosity � of the electrolyte.

Mass transfer and first order electrochemical reactions with
comparable kinetics have been analyzed by Koutecký and Levich
[1,2] for a totally irreversible one-step electron transfer reaction
using the rotating disk approach; a deviation of a plot of I vs
ω1/2 from a straight line intersecting the origin suggests that a
kinetic limitation is involved in the electron-transfer reaction. In
this case the system has a mixed transport-kinetic control, and the
Koutecký–Levich relation predicts that I−1 is proportional to ω−1/2:

I = 0.62nFAkhD2/3�−1/6ω1/2c

kh + 0.62D2/3�−1/6ω1/2
(2)

where kh is the heterogeneous electron-transfer rate constant.
Treimer et al. [11] have considered the applicability of the

Koutecký–Levich equation for the diagnosis of charge transfer
mechanisms when various multi-step mechanisms are involved
in the total reaction process. These authors gave algebraic expres-
sions for different combinations of first-order electron-transfer and
chemical steps, both reversible and irreversible, and indicated how
to proceed for data analysis. However, many types of electrochem-
ical reactions suggest the establishment of adsorption–desorption
equilibria prior to the surface reaction; the use of Langmuir
adsorption isotherms in electrochemical process has been reported
[12–15], but kinetic models based on the Langmuir–Hinshelwood

equation for surface chemical reactions coupled with mass trans-
port in a RDE have not been hitherto developed.

Some examples of relatively slow surface reactions involving
adsorbed states include electrochemical oxygen transfer reactions

dx.doi.org/10.1016/j.electacta.2012.07.025
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:ronaldvargas@usb.ve
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Nomenclature

A electrode surface (cm2)
a1 integration constant (mol cm−4)
a2 integration constant (mol cm−3)
c concentration (mol cm−3)
c0 initial concentration (mol cm−3)
c1 concentration at y = 0 (mol cm−3)
D diffusion coefficient (cm2 s−1)
ı diffusion boundary layer thickness (cm)
F Faraday constant (C mol−1)
I current (A)
j mass flux (mol cm−2 s−1)
K Langmuir adsorption equilibrium constant

(cm3 mol−1)
kapp Langmuir–Hinshelwood rate constant

(mol cm−2 s−1)
kh Koutecký–Levich heterogeneous electron transfer

rate constant (cm s−1)
m slope at ω−1/2 → ∞ (A−1 rad−1/2 s1/2)
n number of electrons transferred
nr number of moles (mol)
R roughness factor
r reaction rate (mol cm−2 s−1)
t time (s)
u integration variable (cm)
V volume (cm3)
−→� velocity vector (cm s−1)
vy axial velocity of the solution at the electrode surface

(cm s−1)
� kinematic viscosity (cm2 s−1)
ω electrode rotational rate (rad s−1)
y distance (cm)
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z integration variable (cm)

9,10,16], proton transfer reactions [17], and both the oxidation and
eduction of organic compounds [12]. For all these cases a rigorous
ydrodynamic analysis would contribute to provide thermody-
amic information on reactant adsorption as well as the kinetics of
urface reactions. Hence the aim of the present work is to present
n analytical solution for the current as a function of the rotation
ate, for processes involving adsorption–desorption equilibrium
nd reaction on the surface of a rotating disk electrode. We  also
erified experimentally the approach studying the electrochemi-
al oxidation of p-methoxyphenol and p-nitrophenol on a rotating
bO2 electrode; the adsorption equilibrium and kinetic rate con-
tants obtained compared well with those found from separate
dsorption isotherm and electrolysis studies, respectively.

. Derivation of modified Levich-type relations for
ccounting Langmuir–Hinshelwood surface reactions

The classical hydrodynamic analysis of the rotating disk elec-
rode [3,4] in the presence of an excess of supporting electrolyte
nvolves approximately only diffusive and convective contributions
o the transport equation:

∂cj

∂t
= Dj∇2cj − −→� ∇cj (3)
here −→� is the velocity vector of the solution and t is time. In
he steady-state ∂cj/∂t = 0, hence the rate of diffusional transport
f electroactive species to the electrode surface equates that of
 Acta 80 (2012) 326– 333 327

convective transport. Then, considering the symmetry of the RDE
in cylindrical coordinates,

D
∂2c

∂y2
= vy

∂c

∂y
(4)

where vy is the axial velocity of the solution close to the electrode
surface and y is the axial distance from the electrode to the solution.
The general solution of (4) can be expressed as:

∂c

∂y
= a1 exp

⎛
⎝ 1

D

y∫
0

vy(z)dz

⎞
⎠ (5)

c = a1

y∫
0

exp

⎛
⎝ 1

D

u∫
0

vy(z)dz

⎞
⎠du + a2 (6)

and, moreover, the full solution of these equations requires knowl-
edge of the velocity distribution functions. These may  be found
from the solution of the Navier–Stokes and continuity equations
obtained by Cochran [28] and von Kárman [29] and from this anal-
ysis vy can, with sufficient accuracy for the present purpose, be
approximately expressed as:

vy � −0.51

(
ω3

�

)1/2

y2 (7)

The complete description needs establishing the appro-
priate boundary conditions when the electrochemical pro-
cess follows a heterogeneous catalysis kinetic law, e.g., the
Langmuir–Hinshelwood mechanism, with rates comparable to
material transport. For the external boundary condition at a dis-
tance far away from electrode, y → ∞,  the nominal composition of
the solution remains unchanged,

y → ∞;  c = c0 (8)

The inner boundary condition is determined by the surface reac-
tion rate r equal to the steady-state diffusional flux j, with the so
far unknown concentration c1 of the transported species adjacent
to the surface:

y  = 0; r|c1 = j|c1 (9)

We further consider that the slow surface reaction occurs
after the establishment of an adsorption–desorption equilibrium.
Then the kinetics of the heterogeneous catalytic reaction can
be described by the Langmuir–Hinshelwood reaction mechanism
[16,23,30–36],

r = kappKc

1 + Kc
(10)

where kapp is the kinetic rate constant for the surface reaction, and
K is the Langmuir adsorption equilibrium constant between the
electroactive species in solution and on the electrode surface. Rep-
resenting the diffusional flux with Fick’s first law and combining
Eqs. (9) and (10), the boundary condition at y = 0 can be expressed
by:

kappKc1

1 + Kc1
= D

(
dc

dy

)∣∣∣
c=c1

(11)

So far the concentration c1 is unknown, but an appropriate
expression for this quantity will arise later on in the course of the
analysis.

Substituting the boundary condition at y = 0 in the concentration

profile given by (6) and in the concentration gradient given by (5),
we find, respectively:

y = 0; c1 = a2 (12)
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Fig. 1. I vs. ω1/2 representation of the transport equation with adsorption and surface reaction (24). (a) Effect of the Langmuir equilibrium constant with
kapp = 1 × 10−6 mol  cm−2 s−1 and K → ∞ (Levich equation) (1), K = 1 × 107 (2), 1 × 106 (3), 1 × 105 (4), 1 × 104 (5) and 1 × 103 (6) cm3 mol−1. (b) Effect of the
Langmuir–Hinshelwood rate constant with K = 1 × 104 cm3 mol−1 and kapp → ∞ (Levich equation) (1), kapp = 10 (2), 2 (3), 1 (4), 0.2 (5) and 0.1 (6) ×10−6 mol cm−2 s−1.
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ther  parameters: n = 1; D = 1 × 10−5 cm2 s−1; F = 96,485 C mol−1; A = 1 cm2; � = 0.01

 = 0;
dc

dy
= a1 (13)

Considering the Langmuir–Hinshelwood mechanism (10) and
nserting (13) in (9),  then the inner boundary condition may  be
xpressed as:

 = 0;
kappKc1

1 + Kc1
= Da1 (14)

Substituting the external boundary condition at y → ∞ in (6),
e find:

0 = a1

∞∫
0

exp

⎛
⎝ 1

D

u∫
0

vy(z)dz

⎞
⎠du + a2 (15)

The integral in this equation corresponds to the diffusion bound-
ry layer thickness ı obtained by Levich:

 =
∞∫
0

exp

⎛
⎝ 1

D

u∫
0

vy(z)dz

⎞
⎠du (16)

 = 1.61D1/3ω−1/2�1/6 (17)

Hence (15) becomes

0 = a2 + a1ı (18)

and using (12), (14) and (18) we find:

kappKc1

1 + Kc1
= D

ı
(c0 − c1) (19)

From this equation the concentration c1 adjacent to the elec-
rode surface is obtained as:

−(k Kı + D − DKc ) + [(k Kı + D − DKc )2 + 4D2Kc ]
1/2
1 = app 0 app 0 0

2DK
(21)
−1; c0 = 0.0001 mol  cm−3; ω = 0.1−523 rad s−1.

The material flux to the electrode surface is:

j = D

ı
(c0 − c1) (22)

or

j = DKc0 + kappKı + D − [(kappKı + D − DKc0)2 + 4D2Kc0]
1/2

2Kı
(23)

and the current becomes:

I = nFA

2K(1.61D1/3ω−1/2�1/6)
{DKc0 + kappK(1.61D1/3ω−1/2�1/6)

+ D − [(1.61D1/3ω−1/2�1/6kappK + D − DKc0)
2 + 4D2Kc0]

1/2
}(24)

The current given by (24) is a nonlinear function of the rotation
rate, with the number of electrons transferred per mole of reac-
tion, the rate constant, and the adsorption equilibrium constant,
appearing as parameters. These can be determined fitting (24) to
the experimental data.

Fig. 1 shows I as a function of ω1/2. In these coordinates, the
Levich equation (1) for mass transfer-limited electrochemical pro-
cesses, is linear with intercept at the origin, while the transport
equation with adsorption and surface reaction (24) is linear at low
transport rates, becoming independent of the rotation rate at high
transport rates. This behavior is usually observed when kinetic
limitations are present during the electrochemical process [1,4].
However in this case the deviation depends on the value of the
adsorption constant, indicating that the observed maximum reac-
tion rate depends upon the coverage of the electroactive species
on electrode surface (Fig. 1a). Departure from the Levich behavior
also depends on the kinetic rate constant (Fig. 1b). Furthermore,
at high reaction rates the concentration of chemical species at the

interface becomes zero and (24) describes the behavior predicted
by the Levich equation (1).

The I−1 vs. ω−1/2 representation is suitable for studying the effect
of surface reactions combined with mass transport, and as shown
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ig. 2. I−1 vs. ω−1/2 representation of kinetic equations for rotating disk electrodes.
evich equation (—), Koutecký–Levich equation (- - -) and (24) equation correspond-
ng  to mass transport with adsorption and surface reaction (– —).

n Fig. 2, Eqs. (1), (2) and (24) have distinct and well-defined behav-
ors. In these coordinates the Levich equation (1) is a straight line
egressing to the origin; the Koutecký–Levich equation (2) is also
inear but with positive intercept inversely related to the charge
ransfer rate, whereas Eq. (24), describing mass transport, adsorp-
ion and surface reaction, shows non-linear behavior. At low matter
ow rates (ω−1/2 → ∞)  it approaches the linear behavior predicted
y the Levich equation, but at faster flow rates (ω−1/2 → 0) a limit-

ng current is approached, associated to the heterogeneous kinetic
aw of adsorbed chemical species at the electrode surface.

It should be noted that in the previous discussion, the limit
t ω−1/2 → ∞ represent low rotation rates, however maintaining
he hydrodynamic conditions considered by Levich. As the rotation
ate actually approaches zero, the thickness of the hydrodynamic
oundary layer becomes infinitely thick and Levich’s analysis,
ased upon the existence of a thin hydrodynamic boundary layer,
reaks down. Therefore in this work the condition expressed as
−1/2 → ∞ refers to situations represented by decreasing rotation

ates sufficiently apart from zero.

. Experimental

Rotating ring-disk experiments were carried out with a Pine
nstrument Co. Bipotentiostat AFCBP1 with Analytical Rotator
peed Controller AFMSRX, under Pinechem v 2.73 software. Mea-
urements were conducted using a three-compartment glass cell
f 150 ml,  with a glass frit separating the working and sec-
ndary electrode compartments. A large area platinum wire and

 saturated calomel electrode (SCE) were used as secondary
nd reference electrodes, respectively. The working electrode
as a platinum–platinum rotating ring-disk electrode model
FE7R8PTPT obtained from Pine Instrument Co. (disk area
.164 cm2; ring area 0.036 cm2; collection efficiency 0.22); the disk
as modified by a film of PbO2 (ca. 1.0 �m thick) potentiostatically
eposited from a 1.0 mM Pb2+ + 1.0 M HClO4 solution at 1.70 V vs.
CE [18–22].  After PbO2 deposition the electrode surface acquired
ark-colored appearance and the roughness factor R = ∼1 × 103

as evaluated by cyclic voltametry in the capacitive region [10].
eagents were of analytical grade (Aldrich or Sigma) and all solu-
ions were prepared with distilled and ultrafiltered (Nanopure®)
ater, using Na2SO4 as supporting electrolyte. The initial pH was
djusted at 6 units.
The electrochemical oxygen transfer reaction of p-

etoxyphenol (PMP) and p-nitrophenol (PNP) involves
dsorption–desorption equilibrium prior to surface reaction
 Acta 80 (2012) 326– 333 329

[16,23] and was selected for the experimental validation of
the proposed analysis. In order to establish phase equilibrium
between the electrode and the corresponding phenol solution
before each experiment, the working electrode was placed in a
static semi-infinite condition for 20 min  before establishing the
hydrodynamic condition. For PMP, a voltammetry from 1.1 at 1.8 V
vs. SCE was acquired at the disk electrode, while the oxygen also
produced at the disk was  simultaneously determined at the ring
electrode; in the case of PNP, its concentration was monitored by
measuring UV–vis spectra using an Agilent Technologies spec-
trometer model 8453 under UV-Visible ChemStation Software
(845X), during constant potential electrolysis at 1.7 V vs. SCE. In
both cases the electrochemical information was obtained as a
function of the rotation rate of electrode, in 1.0 × 10−4 mol  cm−3

aqueous solutions of the phenols. This concentration corresponds
to an intermediate value in the Langmuir adsorption isotherm for
PMP, while for PNP represents a concentration close to surface
saturation.

The Langmuir adsorption isotherms of PMP  and PNP on lead
dioxide were obtained at room temperature contacting PbO2 elec-
trodeposited on platinum gauze, with dark-colored appearance and
real area 7.3 × 103 cm2, with 20 ml  of solutions of the respective
phenols at different concentrations. This setup was continuously
stirred, and it was considered that adsorption equilibrium was
reached upon attainment of a steady state in successive UV–vis
absorbance spectra of the phenolic solution. The equilibrium con-
centrations of the phenols were determined from the UV–vis
spectra, and the amounts of adsorbed phenol on the metal oxide
surface were calculated in each case from the difference between
initial and final concentration at equilibrium.

Electrolysis of 70 ml  of PMP  and PNP aqueous solutions at dif-
ferent initial concentrations were carried out at 1.7 V vs. SCE, using
PbO2 electrodeposited on platinum gauze with large surface area
as working electrode, and a Princeton Applied Research poten-
tiostat/galvanostat model EG&G PAR 273A, under M270 software.
Solutions were kept well mixed with magnetic stirring. Changes
in phenol concentrations during electrolysis at room temperature
were determined with UV–vis spectroscopy, from 100 �l samples
acquired from the electrolysis cell at different times after dilu-
tion to 100 ml  with water. The UV–Vis spectra were deconvoluted
using Jandel Peakfit v. 3.0, and the concentrations of the differ-
ent compounds present in solution were determined using the
Lambert–Beer law, with the molar absorption coefficients corre-
sponding to the wavelengths of maximum absorption for each
compound [10].

Linear fits were performed using traditional least squares
algorithm. Nonlinear least squares fits were realized with
Matlab® v. 7.0, considering Trust-Region, Levenberg–Marquardt
and Gauss–Newton algorithms; these routines were considered in
a robust and non-robust method, with non-negative iteration of the
fitting parameters [24–27].

4.  Comparisons between theory and experiments

4.1. p-Methoxyphenol and p-nitrophenol oxidation on PbO2
electrode

Electrochemical oxygen transfer reactions involve the oxidation
of organics by hydroxyl radicals formed by water decomposition
concurrently with oxygen evolution [7,9,10,16,18,19,23,37–40].
Depending upon the nature of both electrode and the organic com-

pound, the adsorbed states determine the oxidation and extent of
the reaction [16,37–40].  The electrochemical oxidation of phenol
and substituted phenols on metal oxide electrodes has been exten-
sively studied as a direct method of degradation in wastewater



330 R. Vargas et al. / Electrochimica Acta 80 (2012) 326– 333

Table 1
Number of electrons transferred and Langmuir–Hinshelwood adsorption equilibrium and rate constants for oxidation of p-methoxyphenol and p-nitrophenol on PbO2

electrode.

Reaction Method n 106kapp (mol cm−2 s−1) 10−3K (mol−1 cm3)

C7H8O2 + H2O → C6H4O2 + CH3OH + 2H+ + 2e− Nonlinear fit to (24) 4 ± 1 1.17 ± 0.07 41 ± 2
Graphic method 3 ± 1 0.80 ± 0.05 42 ± 3
Adsorption isotherm – – 48 ± 3
Electrolysis – 3.01 ± 0.09 35 ± 2

C6H5O3N + 2H2O → C6H4O2 + NO3
− + 5H+ + 4e− Nonlinear fit to (30) – 1.05 ± 0.06 1547 ± 75

– 1.34 ± 0.07 1623 ± 87
– – 1230 ± 43
– 1.77 ± 0.08 1020 ± 58
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sponding to the intersection of the two  asymptotes of (24), the
Levich current and that of the heterogeneous reaction, can be evalu-
ated as ω−1/2 = 0.62nFAD2/3�−1/6c0I−1

limit or ı = nFADc0I−1
limit. Using

the experimental current value (Iw) at this rotation rate in (24),
Graphic method
Adsorption isotherm
Electrolysis

reatment [16,23,37,39,40]. Oxidation is preceded by transport of
he reactant in solution (Rsol) towards the electrode surface, fol-
owed by adsorption (Rads) on catalytic sites at the metal oxide
node, MOx[ ]; water reacts at the metal oxide surface generat-
ng adsorbed hydroxyl radicals, and transfer of oxygen atoms to
he organic molecule results from reaction of the adsorbed species,
ith regeneration of adsorption sites on the surface. Oxygen evolu-

ion is an undesired but unavoidable parallel reaction under these
onditions, occurring from the recombination of adsorbed hydroxyl
adicals [16,37,38].  Thus adsorbed states are involved in relatively
low surface reactions [16,23,39] during the oxidation of phenol
nd substituted phenols. It has been established that the elec-
rochemical oxidation of p-methoxyphenol and p-nitrophenol on
bO2 electrodes follows Langmuir–Hinshelwood kinetics [16,23],
herefore these systems were chosen for the experimental evalu-
tion of the rotating electrode approach for the study of surface
eactions described in this work.

.2. Study of p-methoxyphenol oxidation using an
lectrochemical method

The ring-disk electrode allows discriminating the contributions
f the different processes occurring during oxidation of organic
ompounds at metal oxide disc electrodes. The disc current is the
um of contributions due to oxidation of the organic compound
nd formation of molecular oxygen; the latter may  be determined
rom the oxygen reduction current at the ring, and then the organic
urrent may  be determined by subtraction from the disk current,
onsidering the ring-disk collection efficiency. This methodology
as been reported in detail by several authors [7,10,16], and in this
ork we have used it to obtain the currents corresponding to p-
ethoxyphenol oxidation. The Faradaic efficiency, defined as the

atio between the current for phenol oxidation and the disk current
phenol + H2O), was found to be around 70%.

Fig. 3 shows the PMP  current as a function of the rotation rate, in
−1 vs. ω−1/2 coordinates. The experimental data are well described
y the behavior predicted by the transport equation with adsorp-
ion and surface reaction (24); at ω−1/2 → ∞ the current tends to the
evich equation, while as ω−1/2 → 0, a limiting current is observed.
he number of electrons transferred, the rate constant, and the
dsorption equilibrium constant, were determined by nonlinear fit-
ing of experimental data to (24). The results are reported in Table 1;
he value of the number of electrons transferred was found to be
verestimated, while the values for K and kapp are consistent with
hose reported in the literature [23].

A graphical method to simplify the analysis and obtaining
he reaction constants from equation (24) represented in I−1 vs.
−1/2 coordinates, is shown in Fig. 4. As indicated by the limit at
−1/2 → ∞ of (17) and (21), at low flow rates the current is limited

y transport; under this condition we find that c1 → 0. It may  be
eadily noted that in this condition (24) turns into the Levich equa-
ion, and the electron number can be estimated by evaluation of
he slope (m) of the straight line at ω−1/2 → ∞.  The corresponding
Fig. 3. I−1 vs. ω−1/2 representation for p-methoxyphenol oxidation on PbO2 rotating
disk electrode, showing the nonlinear fit (–) of equation (24) to experimental data
(•)  and the Levich equation (· · ·).

expression is: m = (0.62nFAD2/3�−1/6c0)−1. At the opposite limit of
fast mass flow rates, the current is limited by the heterogeneous
reaction rate and in this condition the Langmuir–Hinshelwood rate
law (10) dominates, with the current given by:

Ilimit = nFAkappKc0

1 + Kc0
(25)

In the transition between transport control and heterogeneous
reaction control (intermediate rotation rates), the ω−1/2 corre-
Fig. 4. Schematic representation of graphic method used to determine adsorption
equilibrium and kinetic rate constants from I−1 vs. ω−1/2 plot (see text).
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values obtained by the graphical method, Langmuir adsorption
isotherm experiments and kinetic analyses from electrolysis data
were made independently.
R. Vargas et al. / Electroch

nd solving the resulting equation with (25), the values of the
dsorption equilibrium constant K and the rate constant kapp can
e obtained.

The intersection of the asymptotic expressions of the developed
quation defines the intermediate condition at which the rates of
ass transport and surface processes are comparable, and eval-

ation of (24) at this curvature point yields information on the
uantities that determine the rates of both. For practical consid-
rations, the experimental value of the experimental current (Iw)
ssociated with the rotational rate calculated in the previous anal-
sis for the transition region, was obtained after establishing a
umerical interpolation procedure between the experimental data
loser to that value.

The expressions to obtain the number of electrons transferred,
he adsorption equilibrium constant and the rate constant, using
he graphical method proposed in a I−1 vs. ω−1/2 representation
slope at ω−1/2 → ∞;  limit current at ω−1/2 → 0 and Iω value at
−1/2 = 0.62nFAD2/3�−1/6c0I−1

limit), are summarized in (26)–(28),
espectively:

 = 1
0.62FAcD2/3�−1/6m

(26)

 = Ilimit(2Iw − Ilimit)

c0(Ilimit − Iw)2
(27)

app = Ilimit(1 + Kc0)
nFAKc0

(28)

A further comment on the derivation of Eq. (27) is to neces-
ary recognize that the term nFADc0ı−1 is equal to the limit current
alue.

The results obtained using the graphical method for the elec-
rochemical oxidation of p-methoxyphenol on PbO2 electrode are
lso reported in Table 1, and are in close agreement with the results
btained from the non-linear fit to (24).

.3. Study of p-nitrophenol oxidation using a spectrophotometric
ethod

PNP interacts very strongly with different materials, and its
trong adsorption on the platinum ring surface inhibits detection
f oxygen produced at the disk. Thus the oxidation of PNP was eval-
ated spectrophotometrically at constant potential, measuring the
V–vis absorption spectrum of the PNP solution as function of time
nder well-defined hydrodynamic conditions at varying rotation
ates. After numerical deconvolution [10], the spectra were trans-
ormed into phenol concentration with the Lambert–Beer law. The

oles reacted per unit time (dnr/dt) were then evaluated from anal-
sis of the concentration–time curves, and this rates are related to
he electrical current through:

dnr

dt
= I

nF
(29)

Accordingly, (24) relates the molar reaction rates with the rota-
ion rate:

dnr

dt
= A

2K(1.61D1/3ω−1/2�1/6)
{DKc0 + kappK(1.61D1/3ω−1/2�1/6)

+ D − [(1.61D1/3ω−1/2�1/6kappK + D − DKc0)
2 + 4D2Kc0]

1/2
}(30)

Following an analogous procedure, it is possible to establish a

ethod based on (30) for determining the kinetic constants of the

angmuir–Hinshelwood model. It should be noted that the use of
he spectrophotometric method described (or other non electro-
hemical method) compromises the determination of the number
Fig. 5. Spectrophotometrically determined (dnr/dt) vs. ω for p-nitrophenol
oxidation on PbO2 electrode, showing the nonlinear fit (–) of equation (30) to exper-
imental data (•) and the Levich equation (· · ·).

of electrons transferred. The expressions to obtain the adsorption
equilibrium constant and reaction rate constant are:

K = (dn/dt)limit[2(dn/dt)ω − (dn/dt)limit]

c0[(dn/dt)limit − (dn/dt)ω]2
(31)

and

kapp = (1 + Kc0)(dn/dt)limit

AKc0
(32)

The results obtained using the graphical method for the electro-
chemical oxidation of p-nitrophenol on PbO2 electrode using the
(dnr/dt)−1 vs. ω−1/2 representation are shown in Fig. 5 and Table 1.
The value obtained for the constant are in close agreement with the
results obtained from non-linear fit to (30).

4.4. Adsorption isotherm and electrolysis

In order to compare the values of the rate constant and the
adsorption equilibrium constant obtained from fitting the exper-
imental data to (24) and (30), respectively, and the corresponding
Fig. 6. Adsorption isotherm of p-methoxyphenol (©) and p-nitrophenol (�) on PbO2

electrode. (Inset) Langmuir’s linear representation (�−1 vs. c−1). Fits to Langmuir
equation ( ).
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ig. 7. Kinetics of the electrolysis of phenols on PbO2 electrode. ln (c/c0) vs. t duri
.0  (�) ×10−4 mol  cm−3, and p-nitrophenol (b) at initial concentrations of 0.4 (•), 

-nitrophenol (d) showing the fits (–) to Langmuir–Hinshelwood kinetics.

Fig. 6 shows the experimental results for PMP  and PNP adsorp-
ion on PbO2 and the Langmuir isotherm fitting; the adsorption
quilibrium constant was reported in Table 1 and this value is com-
arable to the results obtained from the hydrodynamic analysis.

Besides the kinetic analysis already discussed, the initial reac-
ion rate can be obtained from the initial slope of c vs. t data.
ig. 7a–d shows the oxidation kinetics of PMP  and PNP, respec-
ively, on PbO2 at 1.7 V vs. SCE, as a function of initial concentration
f the organic compound. In the analysis of this type of heteroge-
eous reactions (reaction between adsorbed phenol and adsorbed
H• radicals on the electrode surface), the reaction rate comprises

 thermodynamic contribution due to the interaction of the phe-
ol with the surface, and a kinetic contribution due to reaction
f hydroxyl radicals with adsorbed phenol [23]. Such behavior is
redicted by the Langmuir–Hinshelwood kinetic mechanism. Fig. 7
uggests that the process is controlled throughout by the hetero-
eneous reaction rate, determined by the surface concentration of
he species. At low concentrations (Kc 	 1) the kinetics tends to
e linear, indicating that surface saturation is not reached, while
t high concentrations (Kc 
 1) the reaction rate becomes inde-
endent of concentration. The rate and the adsorption equilibrium
onstants (kapp and K) obtained from electrolysis are reported in
able 1, and are in close agreement with the results obtained from
he hydrodynamic analysis expressed by (24) and (30).

. Conclusions

To facilitate the study of processes where mass transfer, adsorp-
ion equilibrium and surface chemical reactions are kinetically
oupled, we have developed equations to describe mass transport
ith Langmuir–Hinshelwood surface reaction kinetics at rotating
isc electrodes. We  have shown that the number of electrons trans-
erred per mole of reaction, the adsorption equilibrium constant,

nd the kinetic rate constant of the surface reaction, can be deter-
ined from measurements of the electric current as a function of

he rotation rate. These have been verified experimentally for the
lectrochemical oxidation of p-methoxyphenol and p-nitrophenol

[

[

dation of p-methoxyphenol (a) at initial concentrations of 0.1 (•), 0.6 (�), 2.0 (�),
), 2.0 (�), 4.0 (�) ×10−4 mol cm−3, and reaction rates of p-methoxyphenol (c) and

on rotating PbO2 electrodes, with results that compare well with
thermodynamic and kinetic information obtained from equilib-
rium adsorption isotherm and electrolysis studies carried out using
large surface area electrodes. Moreover, the rate constants found
are consistent (in order of magnitude and considering the respec-
tive area/volume ratio) with recent theoretical computations for
the reaction between hydroxyl radicals and organic compounds
[23,41–44].
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34] R. Vargas, O. Núñez, Journal of Molecular Catalysis A: Chemical 300 (2009) 65.
35] M.J.S. Farías, G.A. Camara, A.A. Tanaka, T. Iwasita, Journal of Electroanalytical

Chemistry 600 (2007) 236.
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