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Topicos

1) Apresentacao das principais técnicas eletroanaliticas
utilizadas em Quimica Analitica;

2) Fundamentos gerais de algumas técnicas eletroanaliticas:
amperometria, polarografia, voltametria e técnicas
relacionadas.
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Eletrodo:

M= e

Mot

—_ Mn++ne-

Processo Reversivel

Potencial de equilibrio: E, Q

“Corrente de troca”: nao promove reacao quimica = corrente capacitiva!



A Dupla Camada Elétrica
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Fig. 3.5 The Helmholtz model of the double layer. (a) Rigid arrangement of
ions; (b) Variation of the electrostatic potential, ¢, with distance x, from the
electrode; (c) Variation of C,4 with applied potential.

Brett, Ch.; Brett, A. M. O.; Electrochemistry — Principles, Methods and Applications ; 12 Ed.; Oxford Un. Press; 1993; 450 p.



A Dupla Camada Elétrica
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Fig. 3.8 The Grahame model of the double layer, for the mercury electrode. (a)

Arrangement of ions; (b) Variation of the electrostatic potential, ¢, with

distance, x, from the electrode, according to the applied potential; (c) Variation
of C4 with potential.

Brett, Ch.; Brett, A. M. O.; Electrochemistry — Principles, Methods and Applications ; 12 Ed.; Oxford Un. Press; 1993; 450 p.



A Dupla Camada Elétrica
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Fig. 3.9 The model of Bockris et al. of the double layer. (a) Arrangement of ions
and solvent molecules; ® represents a water molecule; (b) Variation of the
electrostatic potential, ¢, with distance, x, from the electrode.

Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



A Dupla Camada Elétrica
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Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



A Dupla Camada Elétrica
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Tipos de eletrodos
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Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



Fonte de tensao ou Potenciostato?
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Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.
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Células Eletroquimicas: 2 ou 3 eletrodos?

Ceélulas Eletroquimicas: 1, 2 ou 3 compartimentos?
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Figure 1.3.11 Typical two- and three-electrode cells used in electrochemical experiments. (a) Two-
electrode cell for polarography. The working electrode is a dropping mercury electrode (capillary) and the N
inlet tube is for deaeration of the solution. [From L. Meites, Polarographic Techniques, 2nd ed., Wiley-
Interscience, New York, 1965, with permission.] (b) Three-electrode cell designed for studies with
nonaqueous solutions at a platinum-disk working electrode, with provision for attachment to a vacuum line.
[Reprinted with permission from A. Demortier and A. J. Bard, J. Am. Chem. Soc., 95, 3495 (1973). Copyrigh
1973, American Chemical Society.] Three-electrode cells for bulk electrolysis are shown in Figure 11.2.2.

Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



“Janela” de eletrodo

Reacoes eletroquimicas (redox) da agua:

Catodo:
2H'aq + 2 e —— Hyy

2 HzO(l) +2 e ~— H2(g) + 2 OH'(aq)

Anodo:
02(g) + 4 H+(aq) +t4e —2 HzO(l)

02(g) + 2 HzO(l) + 4 e- _“_ 4 OH'(aq)



“Janela” de eletrodo
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Figure 18.1 Estimated potential ranges in aqueous solutions at 25 °C. (for colour version: see
colour section at the end of the book).

Zoski, C. G. (Editor); Handbook of Electrochemistry; Elsevier.; 2007; 880 p.



“Janela” de eletrodo
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Figure 18.2 Estimated potential ranges at Pt electrodes for non-aqueous solvent/electrolyte solu-
tions. Data from reference (1). (for colour version: see colour section at the end of the book).

Zoski, C. G. (Editor); Handbook of Electrochemistry; Elsevier.; 2007; 880 p.



Cinética Quimica x Cinética Eletroquimica



Voltametria

(@) General concept

Excitation System Response

(b) Spectrophotometric experiment
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Figure 1.3.3 (a) General principle of studying a system by application of an excitation (or
perturbation) and observation of response. (b) In a spectrophotometric experiment, the excitation
is light of different wavelengths (A), and the response is the absorbance () curve. (c) In an

electrochemical (potential step) experiment, the excitation is the application of a potential step,
and the response is the observed i-f curve.

Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



Voltametria
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Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



1)

2)

3)

Mecanismos de Hidrodinamica

Migracao: Movimento de espécies eletricamente
carregadas sob a influéncia de um campo elétrico (um
gradiente de potencial elétrico).

Difusao: Movimento de espécies sob a influéncia de um
gradiente de potencial quimico (ex.: concentracao).

Conveccao: Transporte de massa sob condicoes
hidrodinamicas. A homegeneizacao do meio pode ocorrer
por conveccao natural decorrente de um gradiente de
concentracao (ou temperatura) ou por conveccao forcada
(agitacao da solucao ou movimentacao relativa da mesma
em relacao ao recipiente). A conveccao & caracterizada
por regioes estagnantes, de fluxo laminar ou turbulento.



Cinética Eletroquimica
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Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



Cineética Eletroquimica
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1) Transferéncia de cargas
2) Transporte de massa (difusao)

Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



Cineética Eletroquimica
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Figura 22-3 Diagrama representativo (a) e grafico da concentragéio versus distancia (b) mostrando variagdes na concentragao na
superficie de um eletrodo de cddmio. A medida que fons Cd2* sdo reduzidos a dtomos de Cd na superficie do eletrodo, a concentragio
de fons Cd>* na superficie torna-se menor que aquela no seio da solu¢do. Entdo os fons difundem da solugfo para a superficie como
resultado do gradiente de concentragdo. Quanto maior a corrente, maior o gradiente de concentragdo, até que a concentragdo na
superficie caia a zero, seu menor valor possivel. Nesse ponto, a maxima corrente possivel, chamada corrente limite, € obtida.

Skoog, D. A.; West, D. M.; Holler, F. J.; Crouch, S. R.; Fundamentos de Quimica Analitica; 82 Ed.; Thomson.; 2006; 1100 p.



Corrente, I, mA

Cineética Eletroquimica

/ Corrente limite

Voltagem aplicada, E, A%

plicada>

Figura 22-4 Curva corrente-potencial para uma
eletr6lise mostrando a regido linear ou 6hmica, o
inicio da polarizacao e o plat6 da corrente limite.
Na regido da corrente limite, diz-se que o eletrodo
estd completamente polarizado, uma vez que seu
potencial pode variar amplamente sem afetar a
corrente.

Skoog, D. A.; West, D. M.; Holler, F. J.; Crouch, S. R.; Fundamentos de Quimica Analitica; 82 Ed.; Thomson.; 2006; 1100 p.



Cinética Eletroquimica
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Figure 1.4.1 Concentration profiles (solid lines) and diffusion layer approximation (dashed
lines). x = O corresponds to the electrode surface and 8 is the diffusion layer thickness.
Concentration profiles are shown at two different electrode potentials: (/) where Co(x = 0)

is about C /2, (2) where Co(x = 0) = O and i = iy.

Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.
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Figure 3.4.4 Tafel plots for anodic and cathodic branches of the current-overpotential curve for
O+ e=Rwitha = 05,7 =298 K, and j, = 107 A/cm?.

Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



Cineética Eletroquimica
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Fig. 1.12 — I-E and corresponding log /-E characteristics for an
irreversible electron transfer reaction. Solution as in Fig. 1.11.

Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.
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Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.
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Fig. 1.11 — Complete /-E curves over a wide range of overpotentials for a reaction
O + ne” = R when the solution contains cg = 3cg. (a) Reversible electron
transfer (b) irreversible electron transfer. a: Pure electron transfer control
b: mixed control c¢: mass transfer control.

Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



Cinética Eletroquimica
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Fig. 5.12. Streamlines for a rotating disc.

Levich equation,

Iy = 0.62nFD*Py=Y6c> /2

Brett, Ch.; Brett, A. M. O.; Electrochemistry — Principles, Methods and Applications ; 12 Ed.; Oxford Un. Press; 1993; 450 p.




Cinética Eletroquimica

1A Oxidation

%(]L,a + IL,C) =

Eq |
1 1 1 1 \ 1 1 1 1 + 1 >
-0.2 -0.1 Ey, 0.1 0.2
n(E — Ey)/V
IL,c
Reduction

Brett, Ch.; Brett, A. M. O.; Electrochemistry — Principles, Methods and Applications ; 12 Ed.; Oxford Un. Press; 1993; 450 p.
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Figure 2. Voltammograms obtained on a glassy carbon rotating disc
electrode. Solution of 50 mg/L of Cu(II). Scan rate 20 mV/s. Rotation rates
as indicated in the graph. Inset: Levich plot using the limiting current
values taken at the mid point of the plateaus.

BERTAZZOLI, R. ; WIDNER, R. C. ; LANZA, M. R. V. ; IGLIA, R. A. ; SOUSA, M. F. B.; Electrolytic Removal of Metals Using a Flow-Through Cell with a
Reticulated Vitreous Carbon Cathode. Journal of the Brazilian Chemical Society; v. 8, n.5, p. 487-493, 1997.
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Figure 3. Voltammograms obtained on a glassy carbon rotating disc
electrode. Solution of 50 mg/L of Pb(Il). Scan rate 10 mV/s. Rotation rates
as indicated on the graph. Inset: Levich plot using the limiting current
values taken at the mid point of the plateaus.

BERTAZZOLI, R. ; WIDNER, R. C. ; LANZA, M. R. V. ; IGLIA, R. A. ; SOUSA, M. F. B.; Electrolytic Removal of Metals Using a Flow-Through Cell with a
Reticulated Vitreous Carbon Cathode. Journal of the Brazilian Chemical Society; v. 8, n.5, p. 487-493, 1997.
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Figure 4. Voltammograms obtained on a glassy carbon rotating disc
electrode. Solution of 50 mg/L of Zn(II). Scan rate 2 mV/s. Rotation rates
as indicated on the graph. Inset: Levich plot using the limiting current
values taken at the mid point of the plateaus.

BERTAZZOLI, R. ; WIDNER, R. C. ; LANZA, M. R. V. ; IGLIA, R. A. ; SOUSA, M. F. B.; Electrolytic Removal of Metals Using a Flow-Through Cell with a
Reticulated Vitreous Carbon Cathode. Journal of the Brazilian Chemical Society; v. 8, n.5, p. 487-493, 1997.



02(8) + 2H+ + 2e” — H202

H202 + 2H+ + 2e” — 2H20
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Fig. 4. Steady-state polarization curves for the ORR on different proportions of
vanadium oxide materials supported on carbon, Vulcan XC-72R and Pt/C E-TEK in
oxygen-saturated 1 mol L-' NaOH at a scan rate of 5mV s~'. (Top) Ring current
E:ing = 0.2 V. (Bottom) Disk current at 1600 rpm.

Santos, M. C. ; Moraes, A. ; Assumpcédo, M. H. M. T. ; Souza, R. F. B. ; Gaubeur, |. ; Rocha, R. S. ; Reis, R. M. ; Calegaro, M. L. ; Lanza, M.R.V.; Use of
a vanadium nanostructured material for hydrogen peroxide electrogeneration. Journal of Electroanalytical Chemistry, p. 127-132, 2014.



Meétodos Voltameétricos

1) Determinacao de corrente em funcao do potencial aplicado

> “Voltametria”

2) Condicoes de completa polarizacao por concentracao

» Mecanismo preferencial: transporte de massa do analito
a superficie do eletrodo



Meétodos Voltameétricos

(Historico)

1) Polarografia: Voltametria usando eletrodo de gota de Hg

» Jaroslav Heyrovsky (~1920 / Republica Tcheca)

2) Aplicacoes

>

>
>
>

Processos de oxidacao em varios meios
Processos de adsorcao
Mecanismos de transferéncia de carga

Aplicacoes analiticas quantitativas



Sinais de excitacao: funcoes voltagem-tempo aplicadas ao
eletrodo

Grafico: “Voltamograma”

Nome

(a) Varredura
linear

(¢) Onda
quadrada

Figura 23-1

Skoog, D. A.; West, D. M.; Holler, F. J.; Crounch, S. R.; Fundamentos de Quimica Analitica; 82 Ed.;Thomson Press; 2006; 1050 p.
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Bard, A. J.; Faulkner, L. R.; Electrochemical Methods — Fundamentals and Applications ; 22 Ed.; John Wiley Co.; 2001; 850 p.



Eletrodos de Hg
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Skoog, D. A.; West, D. M.; Holler, F. J.; Crounch, S. R.; Fundamentos de Quimica Analitica; 82 Ed.;Thomson Press; 2006; 1050 p.



Voltametria de Varredura Linear
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Skoog, D. A.; West, D. M.; Holler, F. J.; Crounch, S. R.; Fundamentos de Quimica Analitica; 82 Ed.;Thomson Press; 2006; 1050 p.
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Skoog, D. A.; West, D. M.; Holler, F. J.; Crounch, S. R.; Fundamentos de Quimica Analitica; 82 Ed.;Thomson Press; 2006; 1050 p.
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Skoog, D. A.; West, D. M.; Holler, F. J.; Crounch, S. R.; Fundamentos de Quimica Analitica; 82 Ed.;Thomson Press; 2006; 1050 p.



Voltamogramas mistos (catédico/anédico)
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Ondas Voltamétricas de Oxigénio
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Polarografia (Eletrodo Gotejante de

Hg)

Cd?>" + 2e~ + Hg = Cd(Hg)
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Polarografia (Eletrodo Gotejante de Hg)
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Figura 23-17 Corrente residual para uma
solu¢do de HC10,1 mol L™,
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757 VA Computrace (Metrohm)
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Voltametria Ciclica
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Voltametria Ciclica
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Voltametria Ciclica

Parathion
ﬁ
(C,Hs0),P—O NO,
(A) #NO, + 4e” + 4H'" — $NHOH + H,0
3 A
(B) $NHOH — ¢NO + 2H* + 2¢- 2 |
<
1+ C
(C) ®NO + 2H" + 2¢~ — ®PNHOH g
5
@) 0
-1+
Informacoes Qualitativas i | B | | | |
|
0,4 0 -04 -0,6 -0,8

Potencial, V vs. Ag/AgCl

Skoog, D. A.; West, D. M.; Holler, F. J.; Crounch, S. R.; Fundamentos de Quimica Analitica; 82 Ed.;Thomson Press; 2006; 1050 p.



Voltametria de Pulso Diferencial
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Voltametria de Pulso Diferencial

Polarograma normal Polarograma de pulso diferencial
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(b) (a)

(b) Tetraciclina.HC1 0,36 mg/L em tampao acetato 0,1 mol/L (pH= 4)

(a) Tetraciclina.HCI1 180 mg/L em tampao acetato 0,1 mol/L (pH= 4)
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Voltametria de Onda Quadrada
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Cyclic Voltammetry Experiment

James J. Van Benschoten, Jane Y. Lewis, and William R. Heineman
University of Cincinnati, Cincinnati, OH 45221
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Part I—Fundamentals of Cyclic Voltammetry

The Felll(CN)g3~/Fell(CN)g?*~ couple is known to be well-
behaved both chemically and electrochemically (2). As such,
it is often used as a model system in electrochemical experi-
ments. It can be used to determine electrode areas and to
diagnose problems associated with new electrochemical cell
designs. In this experiment, the couple is used to clearly
demonstrate some important principles of cyclic voltam-
metry.

Benscholen, J. J. V.; Lewis, J. Y.; Heineman, W. R.; Roston, D. A.; Kissinger, P. T.; Journal of Chemical Education; v. 60 (9); 772-776,1983.
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Figure 1. (A) Cyclic voltammograms of 4 mM KaFe(CN)g in 1 M KNO;. Pt elec-
trode. Scan rate (v) = 20, 50, 75, 100, 125, 150, 175, and 200 mV/s. (B) Plot
of i versus ¥'/2 and iy, versus ¥'/2 from voltammograms in (A).
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Figure 2. (A) Cyclic voltammograms of KzFe(CN)g in 1 M KNO3. Scan rate = 20
mV/s. Pt electrode. Concentration = 2, 4, 8, 8, and 10 mM. (B) Plot of iy versus
concentration and iy, versus concentration from voltammograms in (A).
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