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Abstract

Acid—base equilibria are generally studied and taught at universities using approaches and techniques that include the use
of dyes, spectrophotometry, conductometry, and potentiometry. Instead, voltammetric techniques, although employed for
research purposes for acid—base investigations, have rarely been included in electrochemical curricula. In this article, we
highlight the potential of microelectrode voltammetry in studying acid-base equilibria, their kinetics, and the acid and
base content in aqueous solutions by exploiting the hydrogen and oxygen evolution reactions. Microelectrodes are used as
they allow the attainment of reproducible and well-defined convergent mass-transport conditions and the achievement of
steady-state diffusion regimes in short times. The resulting steady-state limiting current is proportional to bulk concentra-
tion, diffusion coefficient, and electrode radius, which is useful for a more precise evaluation of each of latter quantities.
Mention is also made on how mathematical treatments and digital simulation procedures can help in the classification and

parameterization of the electrode processes involved.
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Introduction

An integral part of chemistry courses taught at universities
and colleges is the study of acids and bases and their equilib-
ria [1, 2]. Acids and bases [3] are important classes of chem-
ical substances, as they are involved in physiological func-
tions [4], in food stability, and in many areas of industrial
chemistry and synthesis of a variety of compounds [5-7].
Although acids and bases had intrigued observers of nature
since antiquity, their understanding has been shaped by the
progress of chemistry [1, 2, 4, 8]. Originally, acids and bases
were identified by the taste of their aqueous solutions (i.e.,
sour and bitter, respectively) and the ability to change colors
to solutions containing certain substances, as for example
the natural dye litmus (from blue to red for acids and red to
blue for bases) [2, 8]. The conceptual evolution of under-
standing acid—base characteristics is inseparably intertwined
with the history of chemistry. Prodromal to the theory for
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acids and bases were the studies regarding salts, electrolyte
dissociation in water solutions, cations and anions, and the
observation that passing electricity through water it was split
into its constituent elements [9]. It was in this context that
Nobel laureate Svante Arrhenius defined an acid as a com-
pound that when dissolved in water yields hydrogen cati-
ons and a base as one that when dissolved in water yields
hydroxide anion [10, 11]. Meanwhile, the Danish chemist
Sgren Peter Lauritz Sgrenson introduced in 1909 the concept
of pH (the negative power of 10 for the concentration of
hydrogen ion) as a scale for measuring acidity and alkalinity
[11]. A more general theory of acids and bases was proposed
by two physical chemists, the Danish Johannes N. Brgnsted
and the English Thomas M. Lowry, who extended the defi-
nition into solvents other than water by characterizing acids
as proton donors and bases as proton acceptors independent
of their solvent solution [1, 2, 4, 8, 9, 12, 13]. In the same
period, the American physical chemist, Gilbert N. Lewis,
presented a broader definition of acids and bases, also inde-
pendent of their solvent solution, by characterizing acids as
an electron-deficient, i.e., acceptor species, and base as an
electron donor species [4, 14, 15]. Among these models, the
Brgnsted—-Lowry (B-L) concept represents a practical and
useful compromise between the classical but too restrictive
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Arrhenius concept and the somewhat too general Lewis con-
cept, especially from an analytical point of view.

Considering B-L theory, acidity (or basicity) of a medium
and the acid—base equilibria are generally studied and taught
using approaches and techniques that include the use of dyes
(i.e., in classical volumetric titrations), spectrophotometry
and, among electrochemical techniques, conductometry
and potentiometry. Several old [1, 16, 17] and more recent
[2] books deal with these aspects, where fundamentals are
illustrated for an understanding of acid—base equilibria
involved in acid-base titrations, on how to obtain param-
eters such as pH (or pOH), acidity or basicity constants,
and total acid content in a medium. Laboratory experiments
for undergraduate students, aimed at supplementing current
textbook examples, have also proposed in lecture-type arti-
cles [18-20].

Earlier before 1960s, studies on acid—base equilibria have
also been performed by using polarography (i.e., the use
of mercury as the working electrode) [21, 22] and voltam-
metry at rotating disk electrodes [23, 24] to mainly obtain
information on thermodynamic and kinetic constants. In the
early eighties and later, with the advent of electrodes hav-
ing micrometer dimensions or less (i.e., microelectrodes,
also commonly known as ultramicroelectrodes) [22, 25-29],
voltammetric studies on acid-base systems have also been
extended to obtain information on the acid and base con-
tent in a variety of solutions. Nowadays, voltammetry and
microelectrodes have become topics in electrochemical and
electroanalytical teaching curricula. However, they mainly
deal with the general aspects of the techniques and with
some applications for the quantitative determination of ana-
lytes [30, 31]. Instead, the possibility offered by these tech-
niques, as alternative to potentiometry and conductometry,
for studying acid—base base equilibria or probing the acidity

(or basicity) levels of a medium, is almost ignored. There-
fore, herein, we highlight how information on the acid—base
properties of aqueous solutions can be obtained by micro-
electrode voltammetry, exploiting the hydrogen and oxygen
evolution reactions. Mention is also made to the mechanisms
involved in the electrode processes and how mathematical
treatments and digital simulation procedures can help in
their classification and parametrization. Microelectrodes
are considered as they allow the attainment of reproducible
and well-defined convergent mass-transport conditions and
the achievement of steady-state diffusion regimes in short
times [22, 25-29].

The examples presented in the article can be useful for
teachers who want to implement electrochemistry-based
laboratory experiments to improve the students’ ability to
understand the existing relationships between currents, due
to interfacial electron transfer, mass transfer, and chemical
reactions in the homogeneous phase coupled with the elec-
tron transfer process. In addition, it is also highlighted how
mathematical and simulation approaches can help in the
deeper understanding of the phenomena involved.

Acid-base equilibria and parameters based
on the B-L concept

According to the (B-L) model, a generic acid—base equi-
librium can be written as given by equation T1 (Table 1).
For a generic acid HA or base B in water solutions, relevant
protolysis equilibria can be expressed by reactions T2 and
T3, respectively (Table 1), where A~ is the base conjugate
to the acid HA and BH*is the acid conjugate to the base B.
According to reactions T2 and T3, H,O can act either as a
base or an acid. The strength of the acid or base, measured

Table 1 Basic reactions,
relationships for acidity and

basicity constants (K), and
definition of pH and pOH

Reaction Acidity and basicity constants

acid, +base, 2base, +acid, T1

HA+H,02H;0" + A~ K = Cuzor Ca- T2
a CHA

B+H,02BH* +OH" K, = G+ Con T3

Cy

2 H,02H,0" +OH"~ K, =ay,o+ - don- T4

Definition of pH and pOH

pH = —log ay o+ T5

AH,0+ = VH,0+ CH;O* To6

pOH = —log agy- T7

aoy- =You- Con- T8

pH=pK, —pOH T9

Pk, =—log K,, T10

The equations of K, and K, do not include the concentration of H,O, as the activity of water approaches
unity when the concentrations of HA or B are small [2]. pH refers to the [IUPAC recommendation [32],
which uses the H;0* activity (aH;0+). y is the activity coefficient of the species [1, 2]
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by the acidity or basicity constants, K, and K, respectively,
is expressed by the relationships shown in Table 1. In water,
K, and K, are related through the water autoprotolysis con-
stant K, given by equation T4. It must be noted that the rela-
tionships of thermodynamic constants should be expressed
in terms of activity. Here, the constants due to the protolysis
of HA and B are provided in terms of concentrations, as it
is assumed that their values are evaluated at a constant ionic
strength (different from 0) [1, 2].

The study of the acid-base equilibria typically involves
the knowledge of the acidity and basicity constants, the
kinetic involved in the dissociation and recombination reac-
tions, concentrations of all species at equilibrium, pH or
pOH, as well as the analytical (i.e., total) concentrations of
the acid (C,) or base (Cy).

Voltammetry under planar and radial diffusion

Voltammetry is a term used to indicate a variety of elec-
troanalytical techniques in which the current is measured
as a function of voltage [30, 31]. Among voltammetric
techniques, linear sweep voltammetry (LSV) and cyclic

Fig. 1 LSV waveform (a); E;

and Ej,, are the initial and final a
potential, respectively. Diffusion

field at a macroelectrode (b) and

microelectrode (c¢). Voltam-

metric responses and typical

parameters at a macroelectrode

(d) and at a microelectrode at

low scan rates (e)

voltammetry (CV) are the most popular techniques employed
by electrochemists for general investigations [22, 30, 31,
33]. In this article, we consider LSV, characterized by the
waveform shown in Fig. 1a. The current against potential
response depends on whether planar (Fig. 1b) or radial
(Fig. 1c) diffusion occurs. The different conditions can be
obtained, respectively, by using so-called conventional elec-
trodes (or macroelectrodes) [22, 25-29, 33], i.e., electrodes
having, typically, size in the millimeter dimensions [22] and
microelectrodes, characterized by at least one dimension
(e.g., radius of a disk or a fiber and width of a band, called
critical dimension) smaller than 25 pm [22, 25-29, 33]. Fig-
ure 1 includes typical voltammograms recorded for a generic
reversible reduction process Ox +ne=Red, at a millimeter
disk (Fig. 1d) and a micrometer disk (Fig. 1e) electrode. The
peak current (/, in amperes) of the LSV response at conven-
tional electrodes at 25 °C is given by [22]

1,=2.69x 10° n3AD: Cv3 )

where F is Faraday constant (exactly, 9.64853321233100184 x
10* C-mol ") [34], n is the number of exchanged electrons, A
is the electrode surface area (cm?), D (cm? s™!) and C (mole
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cm™?) are the diffusion coefficient and the bulk concentration
of the electroactive species, respectively, and v (V s7!) is the
scan rate. The steady-state diffusion limiting current (/; in
Fig. 1) at a microdisk electrode is given by [35]

I, = 4nFDCa )

where a is the radius of the microdisk, other symbols have
the meaning as above. It must be noted that at microelec-
trodes, radial diffusion applies when the thickness of the
diffusion layer is larger compared to the critical dimension
of the electrode [25]. This occurs at relatively long times, at
constant applied potentials, or at low scan rates in potential
sweep methods [22, 36]. Under such conditions, a steady-
state current is achieved in short times. Comparing Eqgs.
(1) and (2), an important consideration can be done on the
dependence of D on the experimentally measured quantities
(e.g., current or electrode dimension). Under conditions of
linear diffusion, I, is proportional to D2 and A (i.e., 7 ),
whereas under steady-state condition at the disk microelec-
trode 1, is proportional to D and a. Therefore, D depends on
Ip2 and /, using macro- or microdisk electrodes, respectively.
This implies that any errors on measured current produce a
smaller error on the evaluation of the diffusion coefficient
using microelectrodes [27].

The use of voltammetric methods to investigate electrode
reaction mechanisms and their kinetics typically requires the
analysis of experimental responses measured under only dif-
fusion conditions as a function of the potential scan rate, in
the case of macroelectrodes, or as a function of the electrode
size in the case of the steady-state measurement at micro-
electrodes [29, 33].

Voltammetry in aqueous media at noble
metal electrodes

In neutral deaerated aqueous solutions, e.g., those contain-
ing supporting electrolytes such as NaClO,4, LiClO,, KNO;,
and Na,SO,, the negative and positive potential limits at
noble metal electrodes, such as platinum and gold, are
due to the reduction and oxidation of water, involving the
hydrogen (reaction 3) and oxygen (reaction 4) evolution
process, respectively:

2H,0 +2e~ 2 H, + 20H" 3)

2H,0 2 0, + 4H"(aq) + 4e~ 4)

where H* (aq) represents the hydrated hydronium (H;0%).
Typical LSV responses at Pt and Au microelectrodes are
shown in Fig. 2. Other electrolyte, such as KCI (often
employed as supporting electrolyte), in the positive potential

@ Springer

region, can give rise to the oxidation process of the anion,
which can occur before or concomitantly to reaction (4).

As will appear clear in what follows, in dilute aqueous solu-
tions of acids and bases, the hydrogen and oxygen evolution
reactions provide voltammetric responses, which are separated
from the background discharge. From the current intensity, the
potential at which the process takes place and the shape of the
voltammetric wave, information on the acid or base strength,
kinetics involved in the equilibria, and the acid or base con-
centrations can be obtained. Examples are illustrated for some
most common strong and weak acids and bases. Most of the
work presented here relies on responses obtained by using
microdisk electrodes and LSV at low scan rates.

Hydrogen evolution from strong acid
solutions at platinum electrodes

The simplest case of a generic monoprotic strong acid is
considered first, as in aqueous solution it is fully dissociated
HA +H,0—H;0" +A~, and the hydronium reduction pro-
cess can be written as

2H;0" +2¢~ 2 H, +2H,0 (5)

At Pt electrodes, despite the complexity of the mecha-
nism, which involves adsorption and recombination steps,
the reduction process of H;O* can be assumed to be revers-
ible [37-40]. However, to obtain reproducible responses,
mechanical and electrochemical cleaning of the electrode
surfaces is needed [37—43]. The mechanical treatment con-
sists in polishing the electrodes with successively finer
grades of alumina (typically, from 5 um down to 0.3 um)
suspended in water on suitable microcloths. The electro-
chemical pretreatment consists in cycling the potential

204
0 J

220

1/nA

-40 -

-1.0 ' 0:0 ' 1 TO ' 2.0
E vs Ag/AgCI / V

Fig.2 LSVs recorded in an aqueous solution containing LiClO,
0.1 M, at Pt (red line) and Au (black line) disk microelectrodes, 12.5-
um radius, scan rate 5 mV s~
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several times over potential regions covering the Pt oxide/
hydroxide formation and reduction [37—40].

Using Pt microelectrodes, having radii around 12.5 pm
(or less), steady-state voltammograms as those shown
in Fig. 3a are obtained. They refer to LSVs recorded at a
12.5 um Pt disk electrode at 5 mV s~! in aqueous solutions
containing HCIO, at different concentrations and 0.1 M KCl
as supporting electrolyte. All strong acids (e.g., HCI and
HNOj;) at the same C, provide overlapping waves, as only
H,;O™ feeds the electrode process. The well-shaped sigmoi-
dal waves in Fig. 3a reflect the prevailing of radial diffusion
and the achievement of steady-state conditions. Therefore,
the plateau current is given by

Iy = 4FDy 0. Cy,0+a (6)
where Dy o+ and Cyy, 5+ are the diffusion coefficient and bulk
concentration of H3O+, the number of electrons n being
equal to 1, other symbols have their usual meaning. Equa-
tion (6) predicts a linear dependence between /; and Cy o+
and consequently also with C, (Fig. 3b). The calibration plot
can be used to detect an unknown concentration of H;O" of
a strong acid. It can also be exploited to obtain Dy ¢+ pro-
vided that all other parameters of Eq. (6) are known. From
the slope of the plot shown in Fig. 3b, a value of 7.92x 10~
cm? s~! [37] was evaluated, which is within other quoted val-
ues reported in the literature at the stated temperature of 25
°C (Table 2). Differences in Dy_q.can be due to the specific
experimental conditions employed in the measurements,

Fig.3 a LSV responses
recorded in 0.1 M KCI aqueous

E vs Ag/AgCI/V

-0.2

Table2 Literature values of Dy ¢+ at 25 °C in aqueous solutions hav-
ing the indicated supporting electrolyte/strong acid compositions

Solution composition DH30+(cm2-s_1) Ref.
0.5 M KCI/HCI (pH 2.05) (9.7+£0.9)x 107> [40]
0.5 M NaClO,/HCIO, (7.3+1.0)x107° [40]
0.1 M KCI/1 mM HCl 8.691x 107> [48]
0.1 M NaClO,/HCIO, (8.59+0.12)x 1073 [49]
0.1 M KCl/1 mM HNO; or 0.1 M (7.91£0.04)x 107> 371
KCI/1 mM HCIO,
0.2 M KNO,/1 mM HNO, 8.1x107° [39]
0.1 M KNO4/3 mM HNO, 7.9%107 [42]
0.1 M NaClO,_0.1 M HCIO, 7.8x107° [50]
0.1 M NaClO,_0.01 M HCIO, 7.1x107° [51]
0.1 M LiCIO,/1 mM HCl (7.9+0.2)x 107> [52]
0.1 M KCI/HC1 (8.46+0.2)x107° [53]
0.26 M HCI (by simulation) (7.62+1.59)x 107> [54]

*Dy, o+ employed to calculate the /) vs. C4 plots shown in Fig. 4b

for instance, on the actual temperature, on the nature and
concentration of the supporting electrolyte, which affect
the viscosity and ionic strength of the medium [44]. These
parameters affect the diffusion coefficient according to the
Stokes—Einstein law [45]:

-0.6 -0.4
solutions containing 0.3 mM ' : ’
(red line) and 0.5 mM (blue line)
HCIO,, with a 12.5 um radius Pt
microdisk, scan rate 5 mV s~
(adapted from Ref [47]. with
permission); inset in a SEM
image of the surface of a Pt
microdisk; b 7, vs. Cy, ¢ log 1, vs.
pH, andd E, /, vs. log C, plots
obtained in 0.1 M KCl aqueous
solutions containing HCIO, at
different concentrations

-7.24
7.5
-7.8

-8.14  Slope =-1.009

log Iy (y/ A)
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where k is the Boltzmann constant, 7 is the temperature (in
K), and ry, is the hydrodynamic radius. For diffusion coef-
ficient measurements, the radius of the microdisk needs to
be well calibrated, and this can be done by scanning electron
microscopy (SEM) (see image in inset Fig. 3a), or by steady-
state voltammetry using redox couples of known electro-
chemistry (e.g., Ru(NH;),**/** [46]), together with Eq. (6).

The acid concentration is related to pH of the solution
through equations T5-T6, and considering that Eq. (6)
relates the limiting current to the hydronium concentration, a
relationship between pH and J, or vice versa can be derived:

Liyy.o+ 4FDy g+a
H=—log(——— log I, = —pH + log(———
p 0g(4FDH30+a) or log £ p og( )

YH,0*
(N
A linear dependence exists between log /; and pH with a
slope equal to —1. This is shown in Fig. 3c for the simulta-
neous measurements of /; and pH, performed in a series of
HCIO, solutions at different concentrations in 0.1 M KCI
as supporting electrolyte. Provided that all other param-
eters are known, Eq. (7) can therefore be employed to
obtain pH from steady-state limiting currents or vice versa.

Voltammetric reversibility of the H;0*/H, couple

From the entire voltammogram, the potential parameters
half-wave potential (E, /2), i.e., the potential at half of the
steady-state limiting current, inset in Fig. le, and Tomes
difference (E; 4 — E5,,) [55] (i.e., the difference between
the potentials at % and % of the steady-state limiting cur-
rent, see Fig. le) can be obtained. E, ), is related to the
equilibrium potential of the redox couple and (E, ;4 — E54)
provides information on the reversibility of the electrode
process [56].

A specific characteristic of reaction (5) is the nonunity
stoichiometry, specifically 2:1, which is worth to be consid-
ered, as it influences the voltammetric responses. Firstly,
unlike the electrode reactions of 1:1 stoichiometry (e.g., like
that of the Ru(NH;)s**** redox couple [46]), in which E, ,,
is unaffected by the change of the bulk concentration of the
reactant specie, for reaction (5), E; /, depends on InCy o+
according to the following relationship [37-39, 57, 58]:

RT . DPuo- RT

E1/2 = EO.C _ F 11’1 DH + ﬁln CH3O+ (8)
2

where E*¢ is the reference potential of the H;0"/H, system
for unity activity of both forms of the redox couple in the
solution given by [38, 39]

RT

EO’C =El(3130+/H2 + ﬁ +In CHZ(PHz = 1 bar)] (9)

@ Springer

E& 0% /H, is the normal hydrogen electrode potential (NHE),
Dy, is the diffusion coefficient of H,, Cyy is the hydrogen
concentration corresponding to the hydrogen partial pres-
sure, PHz’ at 1 bar, and the other symbols have their usual
meaning. Equation (8) indicates that E| , shifts toward less
negative potentials by 29.6 mV for a decade decimal loga-
rithm variation (ddl) of CH30+ at 25 °C. Experimental data
points obtained from LSVs recorded in the series of measure-
ments recorded in HCIO, solutions at different concentra-
tions agree with this prediction (Fig. 3d). Secondly, the nonu-
nity stoichiometry of reaction (6) also affects the steepness
of the steady-state voltammogram, which can be accounted
for the (E, /4 — E5,4) parameter. In this case (E| 4 — E34)=
42 mV [37-39], which differs from 56.4 mV expected for a
reversible electrode process with a 1:1 stoichiometry [56].

Hydrogen evolution process from weak acids

For a monoprotic weak acid, the hydrogen evolution process
can occur through the so-called CE mechanism (i.e., chemi-
cal reaction in the homogeneous solution that precedes the
heterogeneous electron transfer process) [22]:

kl

HA +H,0 2 H;0" + A~ (10)
k2

2H;0" +2¢~ 2 H, +2H,0 a1

In such cases, the voltammetric responses is affected
by the nonunity stoichiometry of the hydrogen evolution
reaction, as well as by the kinetic of the acid dissociation,
that is, on the first-order forward, k,, and second-order
backward, k,, rate constants. These are related to the acid-
ity constant through K, =k /k,. Since the recombination
(backward) rate constant is usually diffusion-controlled
(e, ky~1x 10'°M~' s~ [59)), k, has about the same value
for various weak acids (Table 3). Therefore, the kinetic of
the acid dissociation reaction depends, essentially, on k;
(Table 3) and ultimately on K.

Due to the high values of k; and k,, protolytic reactions
in aqueous solutions of most weak acids belong to the class
of very fast processes [2, 59], and reaction (10) is under a
mobile equilibrium. This behavior is common for mono-
protic weak acids with K,/C, > 107> and when the micro-
electrodes have radii >5 pm [37, 38, 43, 52, 60, 61]. When
K,/C, <1073 or the microdisks are very small, the kinetics
of the dissociation reaction to form H;O* becomes a signifi-
cant factor. Furthermore, when the acid dissociation is too
slow, the undissociated HA can directly be reduced to hydro-
gen through the following alternative path [43, 52, 60, 62]:
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2HA +2¢” 2 H, + 2A~ (12)

It must be considered that the latter mechanism rarely
occurs in aqueous media at Pt electrodes as the water reduc-
tion hides all other processes (see below). Examples on how
the different situations can be identified are described below.

Typical steady-state voltammograms recorded at a Pt
electrode 12.5-um radius, for a series of weak acids, and for
comparison that of a strong acid, at the same 1 mM ana-
lytical concentration, in aqueous solutions containing 0.1 M
KClI as supporting electrolyte, are shown in Fig. 4a. The
acid strength affects the voltammetric parameters 1;, E ,,
and (E, /4 — E5,4). In particular, at a given C,, /; decreases,
E ), shifts toward more negative potentials (Fig. 4b, black
symbols), and (E, ;4 — E5,) increases (Fig. 4b, blue sym-
bols) as K, decreases. These facts imply that the reduction

E vs Ag/AgCI/V
-0.8 -0.6 -0.4

-0.2 0.0

--10

--20

I/ nA

--30

L _40

1204

Ij/nA

12
Ca/mM

16

Fig.4 a LSV responses recorded at a Pt microelectrode, 12.5-um
radius, in 0.1 M KCl aqueous solutions containing 1 mM of the weak
acids: H,PO,- (pink line); CH;COOH (blue line); CICH,COOH
(green line); HCIO, (red line); background discharge from 0.1 M
KCI solution (black dotted line); scan rate 5 mVs~! (adapted from
Ref. [37] with permission). b E, 52 vs. PK, (black symbols) and

Eq1/21V vs Ag/AgCl

waves of weak acids of low K, are shifted to more negative
potentials and flatten to such an extent that their processes
cannot be distinguished from the background current or the
water discharge process. This is the case, for instance, of HA
with pK, ~9 or higher [37, 60, 62, 69]. The effect of pK, on
the (E, , — E5,,) parameter, which increases by increasing
pK,, is explained considering that both H;O" and HA diffuse
toward the electrode surface, and therefore, their different
diffusivities, concentrations at equilibrium, and acid disso-
ciation kinetics play a role in the overall reduction process.
The effect of C, on the wave height and position is of
interest from both an analytical and kinetic point of view.
Figure 4 includes plots of I, vs. C, (Fig. 4c, symbols) and
E, ), vs.log C, (Fig. 4d, symbols) for a range of weak acids.
As is evident, for the weak acids, I, is not strictly linear
over a wide concentration range, while E, /, shifts toward

-0.44 -
'\-\.\ ] 90
— [ >
Q, 0481 b \ a0 E
< (-
(=]
< -0.521 u 70 ..§,
2 w
> .0.56- L60 ¥
~ S
o ./. | '-l.lh
¥~ -0.60 a—" \ F50 =~
w
l/ T
'064 T v T v T v T v T v T v T v T 40
0o 1 2 3 4 5 6 7
pKa
pKa
m SA
A4S — v — v ® 155
A 268
-0.50 1 v 3.66
> & 4.56
< 6.16
-0.55 1 * 6.75
-0.60 4\4\4\‘
-0.65 4

27 24 24

Log CA(Ca /M)

(Eyj4 — E3;4) vs. pK, (blue symbols) from a range of weak acids. ¢
I, vs. C, plots for the weak acids: H,PO,- (red line and symbols);
CH;COOH (blue line and symbols); lactic acid (black line and sym-
bols) (adapted from Ref. [37] with permission); the full lines corre-
spond to theoretical plots obtained by Eq. (15). d E; ), vs. log C, for a
range of acids with different pK, as indicated in the figure
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Table 3 First-order forward, k;, and second-order backward, k,, rate
constants of some weak acids

Acid k s7YH ky (L mol™'s71) Ref.
Acetic 3.46x10° 1.28x 10" [63]
7.18x10°-7.53x10°  4.1x10'°-4.3x 10" [64]
1.39x10° 3.8x10'° [65]
8x10° 45x%10' [66]
1.91x10° 1.09x 10" [67]
7.6x10%" 42x%10'% [68]
Benzoic 2.88x10° 1.37x 101 [63]
4.0%10% 2.84x 10" [65]
6.3x10° 3.7x10'° [66]
Chloroacetic ~ 2.9x 107 1.0x 10" [68]
Dihydrogen ~ 2.5x10% 6.2x101% [21, 68]
phosphate
ion®
Formic 4.83x%10’ 1.28%10° [63]
1.80x10° 4.75%10' [65]
Lactic 3.85%10° 0.86x 10" [65]
5.4x10° 1.74x10' [65]
22x1 1.0x10' [68]

*Values used to obtain the simulated data shown in Fig. 5
*H,PO,- is introduced into the solution as NaH,PO,,

either less negative or more negative potentials by increasing
Cy, depending on pK,, of the acid. In particular, E, , shifts
toward less negative potentials for the acids with pK,<3.6
(i.e., hydrogen sulfate ion and chloroacetic acid), similarly to
what has been seen above for the strong acid, but to a lower
extent (i.e.,<29.5 mV ddl_l); E, 2 shifts toward more nega-
tive potentials for weak acid with pK, > 3.6 (i.e., acetic acid
and dihydrogen phosphate ion), while it is almost constant
for a weak acid with pK, around 3.6 (i.e., lactic acid).

The above experimental results were rationalized from a
theoretical point of view by using either digital simulation or
mathematical treatments [29, 37, 38, 52, 60, 68, 70-72]. The
general case, involving both first and second-order kinetics
for reaction (10), has been treated by digital simulation [37,
68, 72]. When the chemical reaction preceding the electron
transfer is fast, such that the overall electrode process can
proceed under diffusion control, the steady-state limiting
current is given by [37]

DHA CA’
L (1 +—DH3O+ Kﬂ) s
L s (1
K,

a

where Dy, is the diffusion coefficients of HA, J; is equal to
4FDy o+Cya (i.e., the limiting current which would be
expected if the weak acid were fully dissociated), and C - is
the bulk concentration of A~ at equilibrium. In the simula-
tion, it is assumed that the species HA and A~ share the
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. . . . 1 . .
same diffusion coefficient. l—‘ for strong acids is of course
!

0
equal to 1, while for the weak acids, at the same concentra-
tion, it decreases and depends mainly on K,. Thus, the agree-
ment between the calculated (using Eq. (13)) and experimen-

tal 11—‘ values represents a useful criterion for establishing
lo

whether the acid dissociation reaction is rapid or not. Exam-
ples of application of such criterion are displayed in Fig. 5,
which compares calculated (red symbols) and experimental

(black symbols) 11—‘ values for series of weak acids of differ-
I

ent K, over a range of concentrations. The 11_1 equal to 1 for
lo
strong acids is included for reference. For weak acids with

K,> 107°M (i.e., monochloroacetic, lactic, and acetic),
experimental and theoretical values almost overlap, indicat-

) L . - . 1
ing fast dissociation reactions. For H,PO,", experimental 1—1
lo

are lower than those predicted by Eq. (13) (see also the
enlargement in Fig. 5) indicating that the acid dissociation
step is somewhat under kinetic control. The deviation is
greater at higher C, due to the circumstance that the extent
of protolysis depends also on the latter parameter [1, 2]. The

validity of the 11—' criterion to identify kinetic effects on the
lo
acid dissociation reaction has also been assessed by digital

simulation [37, 52, 68] using the k; and k, values for acetic

acid and H,PO,™ marked with an asterisk in Table 3. 11—1
lp
obtained by simulation (shown in Fig. 5 with blue symbols)

fit well experimental data for both acids, while those calcu-
lated by Eq. (13) fits only those for acetic acid (see inset in
Fig. 5b).

Another experimental way to ascertain the occurrence of
the diffusion-controlled process for the weak acids is based
on recording steady-state currents using microelectrodes
having different radii. If the dissociation of the weak acid
is fast enough to maintain equilibrium, a linear relationship
between I vs. a is found. Instead, deviation from linearity
indicates the occurrence of kinetic hindering. This criterion
relies on the fact that decreasing the electrode radius, the
mass transport becomes more efficient (i.e., the flux rate
increases) and the coupled chemical reaction is masked to
an extent that depends on the size of the microelectrode [22,
27,29, 64]. Using a range of microdisks with radii varying
between about 5 and 25 um, fast dissociation was ascertained
for a series weak acid, including acetic acid, which satisfy, as
anticipated above, the condition K,/C, > 1073 [60]. Instead,
deviation from linearity is found for H,PO,~ for which
K,/C, <1073 even for C, around 0.1 mM [60].

Considering again Eq. (13), the definition of /, , the
mass balance of the acid (C, = C4- + Cy,), and neglect-
ing the Cyy o+ and Cqy- due to the autoprotolysis of water
(an approximation that holds for not very dilute weak acid
solutions [69]), Eq. (13) can also be written in one of the
following forms:
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Fig.5 Ii values at different C, for the acids: (1) perchloric, (2) mono-
!

chloroaéetic, (3) lactic, (4) acetic, (5) dihydrogen phosphate ion. Symbols
refer to calculated with Eq. 13 (red), experimental (black), and simulated

Iy = 4Fa(Dy o Cyy 0+ + DiyaCpip) (14)

I = 4Fa{(Dy,0+ — Dya)Cri,0+ + Dua Ca } (15)

Equation (14) has also been derived by resorting to the
concept of the apparent diffusion coefficient of the weak
acid (D) given by D,,,Cy = (DH3 o+ Cr,0t + DuaCria);
which is combined with Eq. (2) [60, 68, 73]. A similar equa-
tion has also been derived analytically at hemispherical
microelectrodes under the assumption that the acid dissocia-
tion step is fast [60, 71].

Equations (14) and (15) account for the lack of linearity
between /; and Cy, due to the circumstance that Dy o+ > Dy,
(see Table 4 for Dy, of a series of weak acids), and because
the concentrations of the two species at equilibrium depend on

C L . . .
C,, the c 12— ratio being progressively higher as C, increases
H30%

[1, 2]. The 1, vs. C, plots, shown in Fig. 4c with full lines for
acetic and lactic acids, were calculated by Eq. (15), using the
values of Dy o+ and Dy, indicated with an asterisk in Tables 2
and 4, the radius was set equal to 12.5 um, and Ch,o+and Cyyy
were calculated by the equilibrium law, and as anticipated
experimental values (symbols in Fig. 4b) agree well with the
calculated ones. For H,PO™, an apparent linearity exists due
to the circumstance that both the slow acid dissociation step
and the low K, make the reduction process essentially depend-
ent only on Dy, and C,.

The lack of linearity between ; vs. C, for most weak acids,
in principle, would prevent the use of calibration plots for the
detection of C, (i.e., the so-called titratable acidity [1, 2]).
However, an apparent linearity can be found considering /; vs.
C, plots over restricted concentration ranges, thus allowing
the use of calibration plots also for the weak acids [73]. An

0.304

0.254 N

0.201

I

0.15

0.10

0.05 T T T T T
0.0 1.0 2.0 3.0 4.0 5.0

Cap/mM

(blue) values. Inset: enlargement of data for acetic acid and dihydrogen
phosphate ion

alternative method for the detection of C, relies on the simul-
taneous measurements in the same acid solution of /; and pH
and on the application of Eq. (15). The measured pH can be
converted into Cy, o (through equations T5-T6 or exploiting
calibration plots of the type displayed in Fig. 3c, b), and pro-
vided that other parameters are known, C, can be calculated.
This procedure avoids the need to resort to titrations curves
[47], which are comparatively more time-consuming or cum-
bersome for some specific applications [47]. Examples of the
suitability of this approach are given in Table 5 for the detec-
tion of C, of acetic and lactic acids.

Buffer solutions

Buffers formed by weak acids and their salts (i.e., the con-
jugate acid—base pairs) are of very practical interest, as they
allow resisting to pH change of a medium on addition of an
acid or base. Buffers can be obtained by mixing equal con-
centrations of the weak acid and its salt (Cg), i.e., Cy=Cg,
or by using different % ratios. The buffer concentration (Cr)

is given by C;=C, + Cg, and the various conditions
employed to prepare the buffer affect the solution pH
according to the well-known Henderson — Hasselbalch
equation [1, 2]:

Ca-
pH=pK, + log—C (16)
HA
For the special case Cy-= Cys, pH=pK,.
The hydrogen evolution process in these systems follows
paths that are essentially similar to those discussed above for
the weak acid alone, as only the free hydronium and the
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Table 4 Literatt}re values of Acid D (em?s™) Ref.
Dy of weak acids at 25 °C
Acetic 1.00x1073 [5, 64]
1.02x1075-1.05x 1073, in 0.3% NaCl + 10 mM [5]
NaAc+HAc (1.50-5.32 mM)
0.97x1073in 0.01 M Li CIO,* [60]
1.07%107%in 0.1 M KClI [74]
0.815x 107 in 0.25 M KCI/10 mM HCl [75]
0.959x107° [76]
1.07x107% in 0.1 M KCI [73]
Monochloroacetic 0.974% 107 in 0.1 M KCl1 [73]
Dihydrogen phosphate ion 0.64x1073in 0.01 M Li CIO,* [60]
0.96x107%in 0.1 M KCI [68]
0.767 x 10~ in 0.0991 M NaH,PO, [77]
Lactic 0.865% 107 in 0.1 M KCl [74]
0.859% 107" in 0.1 M KCl [73]
Hydrogen sulfate ion 0.96x107%in 0.1 M KCI [68]
1.03x 1073 in 0.1 M K,SO, [53]

*Dya employed to calculate the /, vs. C, plots shown in Fig. 4c

At 20 °C

undissociated acid at equilibrium feed the electrochemical
process. Therefore, when the protolysis of HA in the buffer
is fast, the CE mechanism applies and the relationships
(13)—(15) can also be used to predict the steady-state diffu-

sion limiting currents in the buffers. Furthermore, the 4
lo
criterion can be employed to ascertain whether the dissocia-

tion of HA in the buffer is fast or not. As for the wave posi-
tion in these systems, it depends on the acid strength and on
the % ratio, the latter affecting in turn the pH of the medium.

Thes;: aspects are highlighted below considering voltam-
metric data obtained with a Pt microdisk 12.5 pm radius, in
a series of acetate buffers (i.e., mixtures of CH;COOH,
HACc)/CH;COONa, NaAc) (Fig. 6).

The case in which both C, and Cg increase while keep-
ing their ratio equal to 1 is of interest, as these conditions
assure the highest buffer capacity [1] for a given conjugate
acid-base pair. At a given Cr, assuming that Cy o+ and
Con- are negligible compared to C, and Cg, respectively,

Table 5 Experimental current (/j,,) and pH values obtained in solu-
tions containing acetic and lactic acids at the indicated analytical con-
centrations.

Acd L, mA)  pH(20.01)  Cy(mM)  Cy (mM)
Acetic 975 3.88 1.21 1.23

35.0 3.50 5.50 5.37
Lactic  17.9 3.44 1.49 1.42

512 3.07 5.89 5.72

C,; and C,, are the concentrations found and taken, respectively
(from Ref. [47])
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Cp=Cya, C3=C,-, and pH=pK,. Under these conditions,
LSVs provide waves in which /; increases linearly (Fig. 6a,
black symbols) and E, /, shifts toward more negative val-
ues (inset in Fig. 6a) by increasing C, of the buffer. I, vs.
C ., over restricted concentration ranges (as those displayed
in Fig. 6a), is linear, mainly because Cy o+ in the various
buffers is almost constant, as can be verified by pH meas-
urements using a glassy electrode (Fig. 6a, blue symbols).
Therefore, also the term Dy . Cy o+ of Eq. (14) is essen-
tially constant, and the latter equation can be rewritten in
the following form:

I, =4FaDy,Cyp +m (17)

where m =4Fa Dy ¢+ Cy, o+ The slope of the experimental /,
vs. C plot can be used to obtain the diffusion coefficient of
HAc, provided that other terms are known [74, 78].

Figure 6b shows another example of buffer in which
NaAc (i.e., the base conjugate to the acid) is incrementally
added to a solution containing initially only CH;COOH.
In this case, the steady-state limiting current decreases
(Fig. 6b black symbols), while E, , shifts toward more
negative potentials (inset in Fig. 6b). This is congruent
with the decrease of Cy ¢+ as is also testified by the
increase of pH (Fig. 6b, blue symbols). Kinetic informa-
tion on the acid dissociation reaction can be obtained by
comparing experimental and theoretical % Data shown in
Fig. 6¢ indicate that when the g—: ratios aroe large, the acid
dissociation is slightly kinetically hindered. In the latter
conditions Cy- > Cy o+ and the backward step of reaction
(10) is pseudo-first-order. These conditions are useful
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Fig.6 Voltammetric parameters obtained in HAc/NaAc buffers, using
a Pt microelectrode 12.5-um radius. a I, vs. C, (black symbols) and pH
vs. C, (blue symbols), inset E; , vs. Cy, in buffers in which % =1Lb

I, vs. Cg (black symbols) and pH vs. Cg (blue symbols), inset yEl 12 VS.
Cs, in buffers in which C, =0.5 mM and Cg incrementally added up to

% =200. ¢ 11_1 vs. Cg for buffers as in b; exp=experimental,
!

e(i =obtained b)(; Eq. (14), sim=obtained by simulation

from a theoretical point of view, as they allow simplifying
the mathematical treatment of the diffusion problem for
the evaluation analytically of k,, and through the relation-
ship K, =k,/k,, also k, of the weak acid. An example of
this treatment is reported in Ref. [64]. The differential
equations for the concentrations of the various species

involved in the reaction have been solved in a spherical
diffusion field for HAc/NaAc buffers and using C, and Cg
such that the conditions Dy,Cyp » Duyo+ G0+ and
kyCa-Dyp > ki Cyi,0+ apply. Under these conditions, the
following analytical solution for the steady-state current
density (i;) can be obtained [64]:

F(DH3O+)1/2k1CHA
(k,Cy)'/?
ky rs(DH3O+)1/2
Dya(kyCa-)'?

18)

where r is radius of a microsphere. This equation can also
be used for a microdisk, considering that the current density
at the microdisk is identical to that of a microsphere of
radius = % [27, 64, 79, 80]. Equation (18) for the micro-

disk can therefore be rewritten as follows:

1 kGO za
I F(DH3O+)1/2k1CHA 4FDyp Cyp

19)

1
The plot of 7, vs. a provides a straight line of slope (S) and
intercept (Y), given by the following relationships:

§=—"
4FDyy, Ciin (20)
(kyCp)'/?
N @1
F(Dy o)k, Cyp

From the slope, Cyy, Can be evaluated. In addition, con-
sidering that k; Cyp = k,Cy, o+ C4- and substituting k; in Y,
one obtains

1

ky(Cy, 0 e P
. (YF)*DyaCis-

(22)

Cy,0+ can be obtained by using K. In his way k, equal to
41x'9M s7!and 4.3x10'°M s7! in two buffers made of
40 mM HAc/1 M NaAc and 70 mM HAc/1 M NaAc, respec-
tively, were evaluated [64]. It must be considered that for
these measurements, it is necessary to have available a range
of microelectrodes of different radii.

Mixtures of monoprotic, polyprotic acids
and buffer solutions

The above treatments can be extended to mixtures of
monoprotic, polyprotic acids and buffers formed by using a
variety of acid—base pairs. For these systems, the hydrogen
evolution process results from the simultaneous protolysis
equilibria of the type (10), each due to donating protons of
the acids, coupled with reaction (11). Steady-state limiting
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Fig.7 LSV responses recorded 80 - alpm
at a Au microelectrode, 12.5- 150, T T T T T
um radius, in 0.1 M NaClO, ¥ Q 10 15 20 25 30
aqueous solutions containing 4
1.70 mM NHj (blue line) and ‘O- o —n
1.5 mM NaOH (red line), scan 60d = 14 b, »G./
rate 5 mVs~!. Inset: E, vs. a Ry ) /. fiay 4
(open symbols) and concentra- 3
tion C (filled symbols) plots for < 4 g
NH; (blue symbols) and NaOH o w
(red symbols) (figure adapted ~ 1.30
from Ref. [91] with permission) ~ 40+
1.20
0.0
20 -
0 -—‘?‘ - T r T .
0.0 0.5 1.0 1.5

currents, half-wave potentials, and other voltammetric
parameters depend on the acidity constant, kinetics of each
equilibrium, concentrations of the species at equilibrium,
and their diffusivities. In aqueous solutions, in general,
single or at most two waves can be distinguished, each
of them including one or more species, depending on the
complexity of the mixture. This has been observed using
either LSV or square-wave voltammetry (SWV), the latter
allowing to improve the separation of the waves [61, 81,
82]. Using LSV and considering the additivity of currents
that applies for steady-state voltammograms, an equation
of the type (15) can be derived for any mixture of acids,
provided that all dissociation steps are fast. The equation
links the overall steady-state limiting current to the over-
all analytical concentration of all acids in the mixture.
Thus, as noticed above, the simultaneous measurements
of steady-state limiting current and pH allow obtaining the
titratable acidity of the medium. Readers are referred to
the cited literature [47, 52, 60-62, 78] for more detailed
accounts of these systems.

Oxygen evolution from strong and weak
bases at gold microelectrodes

The oxygen evolution process, recorded in relatively dilute
aqueous solutions of both strong and weak bases, paral-
lels, to some extent, that described above for the hydrogen
evolution reaction recorded in acid solutions. Therefore,
under given conditions, theoretical relationships and expla-
nations similar to those given above can be used/invoked
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E/V vs Ag/AgCI

to rationalize the general voltammetric behavior of bases.
For the latter measurements, gold microelectrodes proved
more suitable [83, 84], compared, for example, to platinum
and nickel microelectrodes, which could also be used for
the same purposes [85, 86]. In a few reports, boron-doped
diamond [87], mesoporous titanium dioxide materials [88],
tungsten-based materials [89], and platinum-modified zeo-
lite electrode [90] have been used as efficient material for
OH™ oxidation. In all cases, the main electrode reaction for
strong bases involves the direct oxidation of hydroxide ions:

40H™ 2 O, +2H,0 +4e” (23)
60
40
<
=
204
0 — T d T T T v T T T T T
0.0 0.3 0.6 0.9 1.2 1.5 1.8
E/V vs SCE

Fig.8 LSV responses recorded at a Au microelectrode, 12.5 um
radius, in a 0.1 M Na,SO, aerated aqueous solution containing
1.0 mM NaOH at scan rate: 5 (blue line), 50 (cyan line), 100 (pink
line), and 200 mV s~ (green line)
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producing one electron for each OH™ ion, with a nonunity
stoichiometry. For weak bases, reaction (23) is preceded by
the chemical step:

kf
B + H,0 2 BH* + OH"
kb

(24)

characterized by the basicity constant K, (Table 1) and the
forward (k;) and backward (k) rate constants. In what fol-
lows, examples exploiting the above reactions are limited to
the strong base NaOH and the weak base NH;.

Figure 7 (main picture) shows typical LSVs obtained at
an Au microdisk 12.5-um radius in a solution containing
1.5 mM of NaOH or NH,OH (NH; +H,0).

Well-defined waves at potentials above 1.2 V vs. Ag/AgCl
are observed in both cases; the steady-state limiting currents
decrease and the potentials at half the diffusion limiting cur-
rent (E,;4, not strictly equal to Ej,, as the latter refers to
reversible processes [92]) depend on the base strength, as
well as on the radius of the microelectrode employed. At a
given analytical concentration of the base (Cy), the steady-
state limiting current decreases (main picture) and E,_;; shifts

120+
d
800 4
904
< 6004
c 4 «
-~ £ w
iy -
60 4 -
1 o T v T T T T T T T
00 02 04 06 08 10 12 14 16 18
30_ Evs SCE/V
0 ¥ T v T e T T T v T
0.0 0.3 0.6 0.9 1.2 15 1.8
E/V vs SCE
ol b C
3.04
60 -
< g ]
£ g 2.0
= 40- =
< 1.0
(=)
o
Rl 0.0
0+ -1.04+2— : i . i
0.0 0.5 1.0 1.5 2.0 25 3.0 9 10 11 12 13
Cg/mM pH

Fig.9 a LSV responses recorded at a Au microelectrode, 12.5-
um radius, in 0.1 M Na,SO, aqueous solutions containing NaOH
at increasing concentrations: 0.2 (red line), 0.65 (black line), 1.25
(green line), and 2.8 mM (blue line); scan rate 5 mVs~!. Inset: LSV

responses recorded at the same Au microdisk and scan rate, in 0.1 M
Na,SO, and 30 mM NaOH (with permission from Ref. [85]). b I vs.
Cjy plot. ¢ log I, vs. pH plot
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toward more positive values as pK, or the microdisk radius
decrease (inset in Fig. 7, filled symbols). This behavior is
related to the fact that reaction (23), unlike reaction (11),
is irreversible [83, 85, 92, 93], due to the formation of gold
oxides onto the electrode surface, which impose a barrier to
the heterogeneous charge transfer at the electrode/electrolyte
interface [83, 85, 94]. In these measurements, the use of low
scan rates (i.e., 5-10 mV s~') is mandatory, as at larger scan
rates a broad wave at much less positive potentials (at about
0.6 V in Fig. 8), due oxide formation, becomes evident. Cor-
respondingly, the wave at 1.4 V (Fig. 8) is much less defined
and difficult to analyze. Instead, at low scan rates, the waves
recorded in either NaOH or NH; solutions, using gold micro-
disks with different radii (over the range 2.5-30 um), showed
good linearity between /, vs. a, indicating that the OH™ oxida-
tion is diffusion controlled [83, 85, 91, 93].

The analytical concentration of the base affects the
LSV profiles, and this also depends on the base strength.
Figure 9a (main picture) shows a series of LSVs recoded
at a 12.5-um radius Au microdisk in aqueous solutions
containing NaOH in the concentration range 0.1-3 mM
and 0.1 M Na,SO, as supporting electrolyte. /; increases
with the increase of the base concentration, and it can be
predicted by [83, 84, 93]

Il = 4FchOH— COH* (25)

where Dy~ and Cyy- are the diffusion coefficient and bulk
concentration of the hydroxide ion, respectively. Since
Con- = Cg, linearity exists between I, and Cy (Fig. 9b).
From the slope of the plot, Dy can be evaluated; the value
obtained from data of Fig. 9b is shown in Table 6 [93],
which compares well with others available in the literature
(Table 6).

As for the wave position, E, shifts toward more positive
values by increasing Cg, as higher OH™ concentrations lead
to the formation of thicker gold oxide layers. This in turn

leads to further inhibition of the electron transfer process,
to such an extent that the oxidation wave even splits (inset
in Fig. 9a). However, the overall steady-state limiting cur-
rent recorded at higher overpotentials (i.e., at about 1. 6 V
vs. SCE, in Fig. 9a) still depends linearly on the analytical
concentration of the base [85].

The steady-state limiting current is related to pH through
equations T7-T9:

LYo

H = pK,, +1
PH = pK,, +log g —

or log I; = pH - log<y0¢) - pkK,,

4FaDgy-
(26)

where symbols have their usual meaning. Figure 9c shows
experimental log /; vs. pH plot obtained from the simultane-
ous LSV and pH measurements in aqueous solutions con-
taining NaOH at different concentrations and 0.1 M Na,SO,
as supporting electrolyte. The experimental plot displays a
slope equal to 1.02, close to theoretical value predicted by
Eq. (26).

For a weak base with no very low K, such that the
kinetic of reaction (20) is fast enough to support the mass
transfer control, the steady-state limiting current can be
predicted by an equation similar to (14). This is the case
of NH; (pK,=3.02% 1075 at 0.1 M ionic strength [103] or
1.75% 1073 at 0 ionic strength), which in aqueous solution
undergoes the following acid—base equilibrium:

kf
NH; + H,0 2 NH,* + OH~ 27)
kb

The forward and backward rate constants k;=5.0x 10°
s'and k,=3x 10" M~ s7! [104] and k; 8.3x 10° s~! and
k,=2.8% 10'°M~! 57! [91] ensure mass transport control.
Therefore, the steady-state limiting current is given by [91]

I = 4Fa(Doy-Con- + Dy, Cm, ) (28)

Table 6 Literature values of
Doy- and Dy,

Diffusion coefficient

Ref.

OH~-
4.62x107 em? s~ in 0.1 M NaClO, [93]
4.5 (+£0.5)x 1073 in 0.2 M LiClO, [95]
5.6x107° cm? s~ at 20 °C in 0.1 M Na,SO, [96]
4.56x 1073 cm?s™! at 25 °C, in 0.26 M NaOH (by simulation) [54]
6.80x 1075 cm? s~1, at infinite dilution; 5.40x 107> cm? s}, at 0.1 M LiClO, [97]
1.64x 1075 cm? s71-5.40x 1075 cm? 57! in LiClO, + LiOH (at 1 M ionic strength) [98]
NH,

1.75% 1075 cm? 57! at 25 °C in 0.1 M NaClO, [91]
1.75%107° cm?s~' in 1 M KOH + (NH,),SO, (room temperature) [99]
2.1x1075 cm®s7!in 1 M Na,SO,, at 23 °C [100]
2.1x1075 cm? 57! at 25 °C in 0.25 M (NH,),SO, + (NH,),Citrato + NaOH pH 8.6 [101]
2.3x107 cm? 57! [102]
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where Dyy, and Cym, are the diffusion coefficient and bulk
concentration at equilibrium of ammonia. In the derivation
of the latter equation, it is also assumed that NH; and NH4Jr
share the same diffusion coefficient. Since Doy-> Dy, (see
Table 5), also for weak base, no linearity should exist over
a wide concentration range. However, in this case, the dif-
ference between p .- and Dyy, is smaller than in the case

of Dy,0+ and D therefore, deviation from linearity mainly
HA

applies in the lower Cg range, where the base dissociation is
relative}y larger.

The 1]_0 criterion can be used to establish whether the chem-
ical reaction is fast enough to support diffusion-controlled
currents. In this case, "l corresponds to the steady state limit-
ing current of the weak base assumed to be completely dis-
sociated. The validity of Eq. (28) was confirmed by digital
simulation. Figure 10 compares calculated by Eq. (28), simu-
lated and experimental /, vs. Cy values recorded at two gold
microdisks of 13 and 5 um radius in solutions containing
NH; over the concentration range 0.1-10 mM.

1207
1 x
)
<’:80-
- $
<404 ¢
#
0- &
0 2 4 6 8 10
60 - b
<’:40- L X
c l Xto‘
=20- x e ®
s °
1 ¢
‘6
04 e®
0 2 4 6 8 10

CBImM

Fig. 10 Theoretical and experimental steady-state limiting current
against concentration of NH; for a 13- and b 5-pm-radius gold micro-
disks. Theoretical values obtained by ( A ) Eq. (28), (®) simulation, and
(%) experimental values (adapted from Ref. [91] with permission)

Voltammograms like those described above for the weak
base can also be obtained in buffer solutions obtained by
mixtures of the weak base and the salts containing the conju-
gate acid. As examples, the case in which NHj; is mixed with
either different or equal amounts of NH,ClO, or NH,NO;
[91] is mentioned. LSVs having a shape as those shown in
Fig. 7 (blue line) can be recorded. Moreover, the steady-state
limiting current is proportional to the analytical concentra-
tion of ammonia of the buffer when it was kept over the
range 1-10 mM, provided that the OH™ concentration (and
therefore the pH of the medium) remains constant [91]. For
instance, it was shown that in a 10 mM NH,ClO, solution
using a 5-pm radius gold microdisk, the steady-state limiting
current was proportional to the analytical concentration of
ammonia, indicating that NH; is the diffusion species that
mainly feeds the electrode process [91].

Conclusions

In this article, we have highlighted some experimental and
theoretical aspects on how acid—base equilibria can be inves-
tigated by voltammetry at microelectrodes, exploiting the
hydrogen and oxygen evolution processes. The advantages
of using microelectrode voltammetry relies mainly in the
attainment of reproducible and well-defined convergent
mass-transport conditions and the achievement of a steady-
state diffusion regime in short times. This enables the use
of a one-dimensional hemispherical approximation [52,
64] to derive analytical solutions to predict voltammetric
responses. However, most information provided in this
article has been modeled by the two-dimensional simula-
tions of the investigated systems. Although we did not enter
details on these methods, we hope that the illustrated exam-
ples will arouse the interest of teachers and students toward
modeling electrochemical processes using mathematical
and simulation methods, generally overlooked in electro-
chemical curricula. We noted that some articles, included
in this Education & Electrochemistry collection, deal with
the use simulations in electrochemistry for educational cur-
ricula [105], or highlight the usefulness of the use of com-
puter or simulations to learn various concepts inherent the
electrochemical experiments [106]. In particular, in Ref.
[106], the author highlights the state of the art in computer
and simulations in electrochemistry curricula and the ben-
efit of existing computer-aided methods and techniques to
improve students’ ability to learn various concepts inher-
ent in the electrochemical experiments. We agree with the
authors’ analysis, from which it appears that these aspects
are overlooked in the education of electrochemistry [106].
Therefore, it is hoped that considerable effort will be made
by the electrochemical community to adopt appropriate edu-
cational programs that include computer-aided approaches.
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Commercial software such as KISSA and DIGISIM (cur-
rently DigiElch) Comsol and open-source electrochemistry
simulation packages [107-109], together with educational
examples, are available to study mechanisms and extract
kinetic parameters of electrode processes. Besides, the more
recent machine learning (or artificial intelligence) methods,
which have emerged as a powerful tool in electrode mecha-
nism classification and parametrization, would also be use-
ful, as it accelerates the prediction of entire voltammetric
responses on the basis of known parameters (i.e., kinetic and
thermodynamic constants, formal potential, and diffusion
coefficients) or vice versa [70, 110]. For instance, artificial
intelligence has been applied to predict thermodynamics and
kinetics of the dissociation of acetic acid in aqueous solution
[70], as well as the current vs. potential profile, with good
agreement with experimental results.

Finally, we would like to point out that the methods
described in this article to study and quantify acids and bases
in aqueous solutions can be extended to other nonaqueous
protic solvents (e.g., methanol and ethanol), aprotic solvents
(e.g., acetonitrile and DMSO), and room temperature ionic
liquids (RTILs). The chemical and physical nature of the sol-
vents of course plays a role as they affect the acid—base equi-
libria and the strength of acids and bases. These aspects have
not been considered here. Articles reporting investigations on
acids and bases in nonaqueous solvents performed by either
macro or microelectrode voltammetry are available. Readers
interested in such topics may refer to the literature cited and
references included therein [111-122].
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