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L GENERAL INTRODUCTION 

Introduction 

Research in this group has been devoted to two primary areas — the development of 

techniques and materials for use as sensors/detectors and the development of techniques and 

materials for use in catalyzing anodic oxygen-transfer (O-transfer) reactions, a field now 

referred to as electrocatalysis [1-16]. The following reaction is a generic example of O-

transfer reactions: 

R H2O —* RO + 2 If +2 e- ( 1 ) 

In Equation I "R'* is a generic organic molecule in an either basic or acidic aqueous 

solution. The species "RO" is the product of a single transfer of oxygen from water to ~R~. 

This reaction can be used for organic synthesis, detecting an organic species eluting off an 

HPLC column, or for converting toxic waste into less toxic compounds. Certainly, the 

heterogeneous kinetic rate constants that govern Equation I vary widely depending on the 

electrode material used. Additionally, preceding or subsequent reactions can make the 

overall O-transfer mechanism much more complicated than that shown by Equation I. 

On inert electrodes (Au. PL glassy carbon) where electron-transfer reactions are 

facile, often O-transfer reactions occur very slowly or do not at all. To utilize anodic O-

transfer reactions effectively in practical applications (electrolytic remediation, 

electrosynthesis. amperometric sensors/detectors, etc.). it is necessary to develop new 

electrode materials or techniques with selective catalytic activity for the transfer of oxygen. 

The research described within this thesis will focus on these issues. Some recent 
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developments in the electrocatalysis of anodic O-transfer reactions have augmented some of 

the topics of greatest interest to us. 

Lead dioxide films have long been used in the academic and industrial laboratories to 

support O-transfer reactions in various organic processes [17-22]. Our group has focused on 

the use of lead dioxide film anodes doped with variety of metallic and non-metallic dopants 

incorporated within the non-stoichiometric lattice structure of both the a- and 0- forms of 

lead dioxide. Current trends of metal oxide film electrocatalysis have been toward the use of 

antimony-doped tin dioxide films, boron-doped diamond films, and a quaternary metal oxide 

film referred as the dimensionally stable electrode [23-29]. The latter of these films holds 

great promise for the future, however due to the technical difficulties and sophisticated 

instrumentation required for the preparation of these anodes, we elected to focus on the use 

of doped-PbOi anodes. 

The highly doped Bi(V)-doped p-PbOi electrode (0.33 at/at) has been well 

characterized in literature [1.7.12-13]. The Bi(V)-doped P-PbO? film supports a wide variety 

of O-transfer reactions, has good signal-to-noise ratio (S/N). and relatively high mechanical 

stability. Of greatest benefit is that this film can be deposited with very reproducible 

characteristics. More recently, we have discovered that the doping of both a- and P-PbO? 

films with Fe(III) generates a film with activity similar to that of Bi(V)-doped P-PbOi. 

however at much lower doping levels [2-4.8-11]. Similar results have been observed 

recently by at least one other research group [30-31]. We speculate that there is room for 

improvement in the performance of Fe( IH)-doped P-PbOi films by raising the dopant level to 

that found in highly active Bi(V)-doped (J-PbOi films. Since Fe( III) is non-toxic, perhaps 
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when the most active Fe(III)-doped {J-PbOj film is identified, the matrix can be modified to a 

less toxic and more environmentally friendly substrate, such as MnOi-

There are several techniques currently being developed to enhance the activity of 

electrode surfaces. Leddy and coworkers are developing magnetic bead impregnated 

polymer electrodes that exhibit enhanced heterogeneous kinetics in the presence of magnetic 

fields [32-33]. Cooper and Coury have investigated the catalytic effects of ultrasonic 

irradiation of an electrode surface, a technique now referred to as sonovoltammatry [34]. 

Further. Madigan et al. used 20 kHz ultrasonic irradiation of an electrode to significantly 

increase heterogeneous rate constants at a rotated disk electrode [35]. Saterlav et ai have 

used sonoelectrochemistrv on boron-doped diamond films to enhance the deposition of lead 

dioxide and silver films [36-37], Certainly the more studied auxiliary excitation source in 

electrochemistry is the irradiation of electrode/solution interfaces with UV light. Bockris. 

Fox. and Tributsch were some of the first researchers to develop significant fundamental 

understanding of the role photocatalysis plays in the electrochemical activation of semi­

conducting metal oxide films [38-43]. In more recent work. Fox and Rodriguez et al. have 

extended the use of photoelectrocatalytic oxidations for use in environmental remediation 

[44-45]. 

The focus of this thesis was first to characterize and improve the applicability of 

Fe( III) and Bi(V) doped PbO% film electrodes for use in anodic O-transfer reactions of toxic 

and waste organic compounds, e.g. phenol, aniline, benzene, and naphthalene. Further, we 

investigated the use of alternative solution/electrode interfacial excitation techniques to 

enhance the performance of these electrodes for remediation and electrosynthetic 

applications. Finally, we have attempted to identify a less toxic metal oxide film that may 
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hold promise for future studies in the electrocatalysis and photoelectrocatalysis of O-transfer 

reactions using metal oxide film electrodes. 

Dissertation Organization 

The research described in this dissertation was performed under the direction of 

Professor Dennis C. Johnson beginning in August 1997. This thesis contains six main 

chapters, preceded by this general introduction and followed by a general conclusion. Five 

of these chapters are papers that were published, submitted for publication, or undergoing the 

patent review process prior to submission to peer-reviewed electrochemical or environmental 

journals. The papers are each written according to the format requirements of the journals to 

which they were submitted or are intended to be submitted. 

Chapter H presents a paper containing a collection of mathematical equations 

pertaining to the use of Kouteckv-Levich plots for the determination of various electron-

transfer mechanisms encountered during electrochemical experiments using a rotated disk 

working electrode. The initial literature survey was performed by Andrew Tang and 

subsequently updated by this author. There is significant mathematical theory in the 

literature which supports the use of Koutecky-Levich plots to aid in determining electron-

transfer. EE. and various CE (CrEr. CrE,). EC (EjCr. EjCt. EC,'.). ECEand blocked 

electrode mechanisms. We offer diagnostic criteria for use in aiding future researchers 

elucidate electrochemical mechanisms when performing electrochemical measurements at a 

rotated disk electrode. 

Chapter III presents a mathematical model that attempts to describe the current-

potential relationships of anodic O-transfer reactions at rotated disk electrodes. We focus on 

two specific phenomena encountered in electrochemical measurements: the anodic transfer of 
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oxygen from water to an organic reactant in the absence of reactant adsorption to the 

electrode, and the anodic transfer of oxygen from water to an organic reactant when the 

reactant adsorbs weakly to the electrode. The theoretical implications of the model fit very 

well with experimental results and offer, for the first time, a mathematical explanation to the 

complex voltammetry observed in anodic O-transfer reactions. 

Chapter IV offers a paper that began to apply some of the basic knowledge we have 

gained in the development of a mathematical model for O-transfer reactions. We attempted 

to demonstrate the electrocatalytic oxidation of the aromatic molecules toluene and m-xylene. 

We compared the voltammetry of these organic O-transfer reactions at various metal oxide 

electrodes: undoped lead dioxide, Bi-doped lead dioxide, and Fe-doped lead dioxide. We 

showed the enhanced rate of oxidation of toluene at very mildly Fe-doped PbO? films 

compared to that of a much more heavily Bi-doped PbO% film. We found that toluene is 

oxidized in a stepwise fashion first to benzyl alcohol, then to benzaldehvde. and finally to 

benzoic acid. Also, we offered evidence of the stepwise functional group oxidation of m-

xylene at the Fe-doped PbO% film. 

Chapter V is a paper that examines a practical application of anodic O-transfer 

reactions. We have developed an electrochemical cell in which dilute organic solvents are 

anodically oxidized in a single pass through the cell. We envision such an electrochemical 

cell to be utilized in liquid chromatographic applications for which organic containing 

effluent can be oxidized in quantities greater than 90% in a single pass, online configuration. 

We found that the addition of Mn2 to the dilute solvent solutions allowed anodic oxidation 

and degradation of various solvents with 99% efficiency in some cases. Solvents thar were 
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examined were: acetonitrile, methanol, methyl ferr-butyl ether (MTBE), methylene chloride. 

1.4 dioxane, and others. 

Chapter 6 is a paper that presents the practical application of anodic O-transfer 

reactions in the remediation of various industrial and groundwater type wastes. The 

electrochemical incineration of phenol, aniline, and various additional compounds is 

observed. To measure the efficiency of the incineration process we employed an NDIR CO; 

detector and a closed loop electrochemical reactor in addition to COD measurements. 

Our initial experiments demonstrated fairly low activities for the electrochemical 

incineration of various compounds even at known highly active electrodes. We explored the 

hypothesis that irradiation of aromatic molecules with ultraviolet (UV) light in a thin sheath 

around an active anode would increase the rate of incineration compared to no use of UV 

irradiation. Our first assumption was that irradiation of the chromophore would cause the 

excited molecule to have a lower energy barrier for oxidation. We found that certainly the 

use of UV irradiation caused increased anodic oxidation of our target molecules, but 

evidence points to the conclusion that the LTV radiation serves to increase the activity of the 

semi-conductor metal oxide anode rather than an excitation of the organic molecule. 

Finally, chapter VII is an extension of the work that was begun in chapter six. 

however focusing on one uniquely active anode. We have found that a mixed metal oxide of 

Fe. Mn. and Pb showed significantly higher activity for the electrochemical incineration of 

phenol solutions compared to the Fe-doped PbO% anode. The constant-current incineration 

COz-time curves exhibit a very distinct appearance and proved to be reproducible. In 

addition, it was found that though this electrode possesses very high initial activity for the 

oxidation of phenoL the reaction reproducibly terminates at 67-70% completion. The 
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resulting product solution is believed to be a near quantitative conversion of the phenol 

aliquot to acetic acid. 

Through this research, we have studied anodic O-transfer reactions. Our goal is to 

improve the practical application of various techniques and materials for the anodic oxidation 

of organic compounds in aqueous solutions. We foresee industry, government, and academia 

utilizing some of the methods we've developed for such purposes ranging from 

environmental remediation of pollution to the conversion of industrial waste to saleable 

starting materials for use in other product development 
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H- A CONSIDERATION OF THE APPLICATION OF KOUTECKY-LEVICH 

PLOTS IN THE DIAGNOSES OF CHARGE-TRANSFER MECHANISMS AT 

ROTATED DISK ELECTRODES 

A paper accepted for publication in Electroanalysis 

Stephen Treimer. Andrew Tang1 and Dennis C. Johnson2 

Abstract 

It has become common practice to estimate the numbers of electrons (n. eq mol-1) 

transferred in faradaic reactions at rotated disc electrodes (RDEs) from the slope of plots of 

reciprocal current ( 1/1) vs. reciprocal square root of rotational velocity ( l/<ol/2). This practice 

is based on the Koutecky-Levich equation derived for a one-step electron-transfer 

mechanism. Furthermore, the intercept of the Koutecky-Levich plot is assumed to be a 

reciprocal function of the heterogeneous rate constant (k&, cms"1) for the electron-transfer 

process. In this review, we examine the validity of the practice of estimating values of n and 

kh for various multi-step mechanisms at RDEs. 

I. Introduction 

I.I. Rotated disc electrodes (RDEs) [1-7] 

Applications of rotated disc electrodes (RDEs) to studies of electrode kinetics and 

mechanisms are documented [1-7]. Advantages of RDEs include: (i) The rate of mass 

1 Present Address: PC-Computers. 108-5tfa Sl_ Ames. IA 50011-31II 
" Corresponding author. 



www.manaraa.com

12 

transport of reactants to a RDE surface is controlled precisely by fixing the rotational 

velocity (to) of the electrode, (ii) Electrode currents (I) quickly achieve steady-state values 

(dl / dt = O) following establishment of applied electrode potential (E*pp) for moderate-to-

high rates of rotational velocity (oi > ca. 10 rad s-1). As a consequence, voltammetric 

response (I-Egpp) for a species transported from the bulk solution to the RDE surface is 

independent of potential scan rate for low rates of scan (<t> < ca. 0.1 V s-1). (iii) Current 

response at RDEs is insensitive to incidental vibrations of the apparatus. 

I J!. The Levich response [1-7] 

Consider the simple cathodic mechanism: 

A -r ne * B: E° (I) 

At steady-state, the rates of diffusionai and convective transport of A are equal at the 

electrode surface and expressed: 

d/4%] - vJ5£A] (2, 
V  O X  J X = Q  V  O X  J X = Q  

In Equation 2. vx is the axial velocity of the solution at the electrode surface (x % 0) given 

approximately by the first two terms of a power series: 

vx = -0.510CÙ-1 2v~l 2x2 -r 0J33CD2V"'Xj (3) 

where vis the kinematic viscosity of the solution (cm2 s-1)- The second term in Equation 3 is 

frequently ignored for solutions of electroactive species having low diSusivity [1-7]. 

The cathodic electrode current (/c) for the reduction of the oxidized, species (A) to its 

reduced form (B) is written: 
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Ic = nFitr'D^ 
d C A  A 

y Ô X. y 
= nFwDi 

^ -CS
A 

x=0 
(4) 

where n is the number of electrons transferred (eq mol-1), F is the Faraday constant (96.487 

C eq-1). Tt r is the geometric disc area (cm2) and CS
A is the concentration of A at the 

electrode surface (x = 0). Also, in Equation 4. S represents the thickness of the diffusion 

layer at the electrode surface and is defined by Equation 5 for species having low diffiisivity. 

5 = [O.ôlO^D^V'6©-172 

For large negative applied overpotential (q = E^, - E° « 0). C\ —> 0 and the cathodic 

(5) 

response corresponds to that value limited by the maximum rate of convective-diffusional 

mass transport, as predicted by the so-called Levich equation for reactant species having low 

diffusivitv [I]. 

IHm.c = 0.620nFîtr2Di V1 V 2C1 (6) 

For species having high diffiisivity. the form of the Levich equation recommended by 

Gregory and Riddiford [6] is given by Equation 7: see especially p. 365 of [7]. 

[ 0.554 
I lim.c 

0.893 + 0316(D/v) 0J6 
nF*r2Di3v- , / 6(o I / 2Cb (7) 

Accordingly, for reactant specie having high diffiisivity. the thickness of the diffusion layer 

is siiven bv: 

à - i 
0.554 

~r—l 

i 0.893 + 03 l6(D/v) 0J6 
DA3V''6(D"1/2 (8) 
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Evidence that an electrode response corresponds to Equations 6 and/or 7 is the observation of 

a linear dependence of I/^c on the product a>I/2C^. 

In the remainder of this review, reactant species will be considered to have low 

diffiisivity, i.e.. Equations 5 and 6 are assumed to define ô and I|,-m r. 

13. Voltammetric principles 

For small values of r| in a solution of A. having fast electron transfer. is defined: 

CS
A = cXexp{6| (9) 

where 9 = nFr|/ RT. The electrode current can then expressed: 

nF7tr2DAC. 

'= ™ 8[l-exp{ejj U0) 

Plots of Ic vs. to1/2 are predicted to be linear at all r| with slopes proportional to n. At q = 0. 

i.e.. Eapp = E°. exp{9} = I and L = 0.5I|im.c. For 9 « 0. exp{0} = 0 and Ic = Wc-

1.4. The Koutecky-Levich response [9| 

Equation 6 is the ideal response of fast electron-transfer processes. For systems with 

slow electron transfer, the electrode current is defined: 

/ = nF7ar'khC\ ( I I )  

where k& (cm s l) is the heterogeneous rate constant for electron transfer. 

kh = k0 exp 
- aFr[ 

RT 
(12) 
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In Equation 12, a is referred to as the electrochemical transfer coefficient- As predicted by 

Equation 11, C A —• CA for kt, -*• 0 and C A —> 0 for kh —• oo. 

Of greatest importance for this review are examples of reactions for which the rates of 

mass transport and electron transfer are comparable and 0 < C\ < CA. These cases are 

described as having mixed transport-kinetic control. The electrode current for such cases is 

then described by both Equations 4 and 11. Combining these equations to eliminate C\ and 

solving for Ic produces the so-called Koutecky-Levich equation [8]. 

'• • etf 
The functionally useful form of Equation 13 is the reciprocal of Ic, given by: 

Ic nF7tr2DACi nFîtr2khC^ 

Substituting Equation 5 into Equation 14 yields: 

1 1 I 

(14) 

Ic 0.62nF7tr2DA 
3v_I 6©172C A nFitr2khC^ 

Hence, for cathodic reactions governed by mixed transport-kinetic control, plots of I/Ic vs. 

I/ct)1'" for constant values of kh. i.e.. fixed t], are predicted to generate straight lines having 

slopes proportional to l/n and intercepts proportional to l/kj,. It is important to observe that 

the slopes of these plots are independent of applied overpotential. 

It is tempting to apply Equation 16 for the analyses of all amperometric and 

voltammetric data to determine values for n and k&. Indeed, this action appears viable when 

(15) 



www.manaraa.com

16 

experimental plots of I/Ic vs. I/o1/2 exhibit linearity. This review examines the nature of I/Ic 

vs. l/tù"2 plots predicted for various mechanisms at RDEs. 

1.5 Multi-Step Mechanisms 

In the discussion below, electron-transfer and chemical steps are represented by 

symbols E and C. respectively. Furthermore, subscripts r and / qualify the steps as being 

reversible (kinetically fast) or irreversible (kinetically slow), respectively. Hence, a C<£i 

designation implies an irreversible chemical step followed by an irreversible electron-transfer 

step. 

It also is assumed that all steps in the mechanism proceed at comparable rates or that 

one step is slow. i.e.. the rate determining step (rds). For example, in an EC mechanism, the 

E step is assumed to be fast, else the C step does not proceed significantly and the 

mechanism exhibits the characteristics of a single E step. It is also assumed that all species 

in solution have equal values of diffusion coefficient (D). 

2.1. EE Mechanisms [9,101 

Consider a cathodic mechanism involving two consecutive one-electron steps, i.e.. an 

EE mechanism, as represented by: 

A - e — B: E° (16) 

B - e - C; E°' (17) 
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In deriving equations for the net cathodic electrode current, it is assumed that the first step is 

at equilibrium, E° >E?, and the diffusion coefficients for all species are identical [9]. 

Furthermore, in this mechanism, any reaction between the reactant and the product. Le., 

comproportionation, is assumed negligible. Sakai et al. present a nice treatment for the 

current response at an RRDE due to an EE mechanism [10]. 

2. La. Special Case of ErEr. 

The current for the E,Er mechanism is given by: 

tc = Fm-D^CA ? _ 
exp{82}+2exp{8| +83} 

l + exp{02}+exp{6i + 02} 
(18) 

where 8, = / RT and 02 = FT|2 / RT. Taking the reciprocal. Equation 18 becomes: 

1= F*r2DAcX 

I + exp{82} + exp{0T + 02} 

2 +• exp{02} 
(19) 

Accordingly, plots of 1/Ic vs. I/toia are expected to be linear with zero intercepts and slopes 

that vary as a function of applied overpotential. At very negative potentials ( E° » r|). the 

exponential terms in Equation 19 are negligible, and the current is limited by convective-

diffusional transport, as described by: 

I I 

Ic Ilimx 0.62nF7tr2DX 3v~l ' 6col ' 2C^ 
(20) 

Only in the case where E2 » r; is the slope of the reciprocal plot a reliable measure of the 

total value of n for the sequential processes. 
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2.1.b. Special Case of £& 

The second step in the E,Ei mechanism is denoted: 

kh 
o' B + e" -• C; E° (21) 

The electrode current for an E,Ei mechanism is defined: 

Ic = F7tr-DACl ? _ 
DA[2exP{QlK l] 

5kh +DA[exp{9t}+ l] 

F7tr-DAC^ 

5 

Da + 25kh 

_5kh +DA[exp{9i} + l] 

According to Equation 22. the apparent value of n approaches 2 eq mol-1 for S kt, —> 0. i.e.. 

large negative overpotential. This is equivalent to a convective-difiusionai transport-limited 

reaction with n = 2 eq mol-1. Written in reciprocal form. Equation 22 becomes: 

(22) 

I Skh + PA[exp{e, } + i r  

TC Ftct2DACA L Da -h25kh 

There are two limiting cases for Equation 23: (i) For Eapp > Ez, the second step is 

slow. This corresponds to DA » 25kh. and the current is the same as for Er and is given by-

Equation 20. (if) When Eapp < E%, the second step is fasL This corresponds to DA « 25 kh. 

and the reciprocal current is given by: 

(23) 

I -xp{6iî 
,b 
A Ic 2Fitr2DAcX 2FTtr2khC^ 

Hence, for the EtEt mechanism. plots of 1/Ic vs. l/t»"2 exhibit a slope inversely proportional 

to the total number of electrons passed in the step-wise mechanism ( I/n^t) and an intercept 

(24) 
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inversely proportional to the heterogeneous rate constant for the second irreversible step 

( 1/kh). From this, we conclude that, for a multi-stepwise mechanism, the apparent number of 

electrons (n*pp) determined from the plot of 1/Ic vs. I/cd"2 corresponds to the sum of the 

electrons passed for the fast steps plus the rate determining step. Clearly, this value of n*# 

can be equal to or less than the total number of electrons (n**) determined from the 

coulometric result of exhaustive electrolysis. 

3. Introduction to EC and CE Mechanisms [11,121 

It is common to have chemical reactions occurring in solution before, after or 

between electron transfer steps. The mathematical analyses of these mechanisms are 

simplified by the use of the reaction layer approach [12.13], the principle of which is 

illustrated by the following example. For an EC reaction scheme, we write: 

A - e - B: E° (25) 

k 
B —• C (26) 

The formation of C from B is assumed to be complete within a reaction layer at the electrode 

surface having a thickness of u. defined by: 

u = (Da/k)1 * (27) 

A small u corresponds to a very short lifetime of B (k » 0). e.g._ for fx « 5. the contribution 

from convection can be ignored and the problem is reduced to a diffusion-controlled process 

modified by a chemical reaction. The reaction layer thickness is also viewed as a parameter 

that emerges through the solution of the equations describing the electrochemical-chemical 

system [ 13]. where k is a linear combination of the rate constants of the chemical step. 
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4. CE Mechanisms [13-16] 

Initial interpretations of CE mechanisms were made by Koutecky and Levich [13]. 

Further contributions were offered by Albery [14], Compton et al. [15], and Rebouillat et al. 

[16]. For the electroinactive species A in equilibrium with the electroactive B species, the 

first step in the CE mechanism is represented by: 

kf 
A ~ B: where K. = k</kb and k = kf -+- kb 

kb 
(28) 

Several unique versions of CE mechanism exist, and are presented below. 

4.1. Case of CrEr 

The second step is represented by: 

B - e * C: E? (29) 

For the situation, the electrode current is given by: 

nF^r2DBK:Cb 

C (30) 

where Cb = C A -r Cg. Equation 30 is accurate when (DB/V)iz3 « k/c». When K. » I. Ic = 

[iim.c- Equation 30 can be rearranged to: 
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J_ = 6[K + (1 + K)exp{8i}] + ^ 

Ic nFitr2DBKCb nFitr2KDBCb 

According to Equation 31, plots of 1/Ic vs. I/to1/2 are predicted to be linear with intercepts 

proportional to ji/K. Again, it is important to note that the slopes of reciprocal plots for this 

mechanism are a function of applied overpotential. 

4.2. Case of CrEt 

The second step is represented by: 

kh 
B + e" -» C 

The current is given by: 

nf7tr2DBKkhCb 

c ~ DB(I + K:) + kh(R+6K) 

which, in the reciprocal form, is written: 

I  _  5  ^  P B (1  +  K.)  +  

Ic nF%r2DBCb nFra-2DBEGchCb 

For this mechanism, the slopes of reciprocal plots are not a function of applied overpotential. 

5. EC Mechanisms [17—21] 

Gal us [17] first made observations of the EC mechanism represented by: 

A ~ e =* B: E° (35) 

in which species B is converted to an eiectroinactive species C via a chemical process. Bard 

and Faulkner have provided a general overview of EC processes at RDEs [18]. 

(32) 

(33) 

(34) 
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5.1. Case of ErCr 

The chemical step is reversible, as represented by: 

kf 
B C: where K = k$/kb and k = k/+ kb (36) 

kb 

The current is given by the expression: 

_ nFttr2DA(l + K)CA 

8[L+ K> exp{et}]+nKexp{6i} 

with the reciprocal being written: 

J_= 5[1 + K^exp{8i}] ^ pKexp{Qt} 

tc nFre2DA(l-K.)CA nF*r2DA(l + K)C^ 

For this mechanism, slopes of the reciprocal plots are a function of applied overpotential. 

(38) 

5.2. Case of ErC, 

The second step is irreversible, as represented by: 

k 
B -* C (39) 

The current for which is: 

lc ="p7tr Da<^a 
(40) 

5 - u.exp{9i} 

which, in the reciprocal form, is given by: 

J_ = 5 £iexp{9t} 

lc nF7tr2DACA nFmr2DACA 

(41) 
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This expression is reasonably accurate for values of 5 /|x > 50. As noted in Equation 41. 

slopes of the reciprocal plots are not a function of applied overpotential. 

53. ECi Mechanisms 

Mclntyre et al. [19] elucidated the EQ' mechanism. Compton and co-workers have 

contributed significant recent interpretations for the ECi mechanism [20,21]. The reactant is 

regenerated from the product by a chemical step, considered to be catalytic. as indicated by: 

A •+• e~ - B; E°' (42) 

k 
B -» A (43) 

The current is given by: 

, , J*E!da£L (44) 

n[I + exp{6t}] 

For this mechanism. [|im c = nF7tr2(DA / (i-)C A at 8 « 0. 

It is apparent from Equation 44 that the current observed for ECi' is a factor of 5/g 

times the current due solely to mass transport and is independent of the rotational speed. 

This conclusion assumes k, is large compared to DA/8 and. hence, the effect of mass transport 

is negligible. When this assumption is no longer valid, the observed current has both mass 

transport and catalytic components. The observed current approaches the transport-limited 

current for the A species in the bulk solution as the rotational velocity is increased. In 

general, for ECi' mechanisms, plots of /c vs. to"2 have non-zero intercepts. The ECi' 

mechanism at chemically modified electrodes, though well documented in the literature, will 
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not be interpreted by this work due to complications arising from the interpretations of 

Michaelis-Menten style kinetics. 

6. ECE Mechanism [22-24] 

Filinovskii. made some of the early predictions for various ECE mechanisms [2]. 

Subsequent work by Amatore and coworkers [2223] and Compton et al. [24] further 

developed the theoretical model for the ECE mechanism. In a caihodic ECE mechanism, the 

reactant (A) is reduced to the eiectroinactive species B via electron-transfer. The species B is 

chemically transformed in solution to an electroactive intermediate (C) which undergoes 

further reduction to give the final product (D). The three steps in the ECE mechanism are 

represented by: 

A e = B: E? (45) 

kf 

B - C: where K. = k^kb and k = kf - kb 
kb 

(46) 

C - e" — D: (47) 

6.1. Case of E£rEr 

The cathodic current for this sequential mechanism is given by: 

2 F TIT2 DaKCA 
(48) 

ô K - |i( I - EC)exp{9t} +- SexpfQt +- 82 

Rearranging to the reciprocal form, gives: 
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J_ = 8[K+exp{ei+82)] + n(H-K)exp{8i} {49) 

IC 2FTCT2 DAKCA 2F7tr2DAKCA 

Again, it is important to note that the slopes of reciprocal plots for this mechanism are a 

function of applied overpotential. 

6.2. Case ErC,Ei 

For such a mechanism, the third step corresponds to: 

kh 
C + e~ —• D; (50) 

with the current denoted: 

,  = -Fitr~DA KkhCA 

C 5BCkh^[DA^p(I + K)kh]exp{8i) 

Rearranging to the reciprocal form, we get: 

J_ = S _ [P \ 1 + K.) khIexP{8i} 

L= -FTCT" DACA -F^R" DAKkHCA 

The slopes of reciprocal plots for this mechanism are not a function of applied potential. 

(52) 

7. Partially Blocked Electrodes [25-33{ 

The preceding treatments assume that the electrode surfaces are uniformly active and 

accessible to the reactants. Landsberg. Scheller. and co-workers brought to light significant 

advances in blocked or inhomogeneous electrodes: electrodes that are not fully accessible to 

solution [25-27]. possibly the result of the formation of an inert organic film, oxide, adsorbed 

gas bubbles, or insufficiently clean surface preparation. There are two types of 
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mhomogeneous electrodes: macroscopic [28.29] is when the size of active regions and the 

distance between them are similar to the thickness of the diffusion layer; and microscopic 

[30.31] is when the size of the active regions and the distance between them are much 

smaller than the thickness of the diffusion layer. 

Useful treatments for the diagnosis of mechanisms at polymer coated rotated disc 

electrodes using Koutecky-Levich plots have been developed recently, but will not be 

presented in this brief manuscript. 

7.1. Macroscopic Inhomogeneity. 

The response of an mhomogeneous electrode is complicated by radial (non-linear) 

diffusion and convection mass transport. Let f denote the fraction of the surface that is 

inactive. For an mhomogeneous RDE with f = 0.5. Levart [32] compared digital simulations 

of the effect of the radius of the active sites (rs) on the ratio (p/ of the observed currents to the 

transport-limited currents for a fully active RDE. For these simulations, the diameter of the 

active sites was set equal to distance between these sites. For rs > 105. p was independent of 

<5. At r< > 5. p increased with increasing <5. Because p depends on 5. the l-tol/2 plot exhibited 

a reaction under mixed transport-kinetic control. Over the range 0.96 > f > 0.50. p was 

greater than I - f: i.e. the current was larger than expected if the total active area behaved as 

one contiguous surface. The additional current was due to the contribution of radial 

convection to mass transport. 

Radial diffusion is most significant at small electrodes and low rotation speeds. 

Landsberg and co-workers [25] offered an analytical approach to the current response due to 

radial convection, further refined by Scheller and co-workers [26.27], and summarized by 
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Filinovskii and Pleskov [23]- According to the model, active sites were circular with radius 

n, uniformly distributed on the electrode surface, and concentric with one end of a larger, 

imaginary cylinder. Mass transfer between the sites and the solution occurred by diffusion 

inside the cylinders, each with length 5 and radius r%. Given 5 » r2, the model predicted 

linear plots of l//vs. l/to"2, with intercepts as Bessel functions of the quantity n!r->. This 

case has been experimentally verified [25-27], For 5« r%, a plot of / vs. m1/2 was linear with 

slope as a different Bessel function of r\!rx, less than the Levich slope. The model was not 

very realistic because each site would have its own diffusion layer [28], but gave the correct 

functional dependence [26]. Caprani and Frayret [33] developed an equation for a partially 

blocked surface with independently active sites, for which the current is summed for each 

microelectrode over the entire surface. The equation is: 

p = I.litr1/3(1 -05/6dl/6 (53) 

where r is the radius of the RDE and d is the number of active sites per unit of geometric 

area. 

7.2. Microscopic Inhomogeneity 

Amatore et aL proposed two sub-cases for diffusion to microscopically 

inhomogeneous surfaces [30]. First, when f « L the standard rate constant for electron 

transfer is ( 1 — f) times that of the standard rate constant for a fully active electrode. Second, 

for f = I. the amount of reactant electrolyzed is sufficiently low relative to the rate of 

diffusion, therefore the concentration near the electrode reaches a steady state and the 
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voltammetric response obtained for a quiescent solution has the appearance of the response 

obtained in stirred solution. The limiting current is given by: 

_ far2PACj 

2r0O(l-n 

where 0(1 -f) is 0.3(1 -f)~l/2 for disc type sites and I - ( 1/%) Ln sin{ (%/2)( 1 -f)} for stripe-

type sites and 2r0 is the distance between the centers of two adjacent sites. 

Although the results of Amatore et al. were derived for diffusion to stationary 

electrodes, they should apply for RDE systems if 5 » 2r0. Therefore a microscopically 

mhomogeneous RDE with f « 1 is equivalent to a fully active electrode of the same 

geometry with a slower electron transfer rate at the same applied potential. When f —» 1. the 

current is not a function of rotational speed and is not necessarily smaller than the diffusion-

limited current at a geometrically identical, fully active electrode. 

8. Diagnosis of Mechanisms 

The primary motivation in many electroanalvtical studies of electrode response at 

hydrodynamic electrodes is the determination of the value for n (eq mol-1) corresponding to 

the charge-transfer component of the response mechanism. A secondary objective is 

identification of the simplest mechanism that is consistent with observed variations in 

electrode response as a function of changes in the rate of convective-diffusional mass 

transport. And. of course, associated with this mechanistic diagnosis is the evaluation of the 

rate constant corresponding to the rate-determining step (rds). 

Linearity of Levich plots of I vs. to1'2 over an extended range of CD values. e.g.. 5 -

1.000 rad s ' (50 - 10.000 rev min~l ). is indicative of a response mechanism that can be 
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approximated as a single step resulting in the rapid transfer of n electrons characterized by a 

large heterogeneous rate constant (kh). For this case, the n value can be reliably estimated 

from the slope using literature values of v and D. If these values are not available, the 

estimation v— LOxlCT2 cm2 s~l is useful for most aqueous media and D = 1.0x10 " cm2 s~l is 

a common approximation for small reactant species in aqueous media. Negative 

curvature in plots of I vs. to1/2 can be indicative of slow charge-transfer kinetics, as indicated 

by Equation 10. Of course, this is the mechanism presumed in the derivation of the 

Koutecky-Levich equation and. therefore, the plot of l/I vs. 1/ta1/2 is recommended. 

Accordingly, we recommend estimation of n values from both the linear segment of the 

Levich plot at low at values (< ca. 100 rad s-1) and from the linear segment of the Koutecky-

Levich plot at large to values (> ca. 100 rad s~l). Equality of these two n values can be 

interpreted as confirmation of the diagnosis of a one-step mechanism involving the transfer 

of n electrons with a moderately slow heterogeneous rate constant (kh). Furthermore, kh can 

be evaluated from the non-zero intercept of the Koutecky-Levich plot, as indicated by 

Equation 15. 

Should one observe that the value of n calculated from the Levich plot for low to 

values is larger than that estimated from the Koutecky-Levich plot for large to values can be 

interpreted as indicative of two or more consecutive charge transfer steps, e.g.. ErEt and 

E,CEi mechanisms, wherein the second charge-transfer step occurs with a kh value much 

smaller than that for the first charge-transfer step. It can be helpful in such cases to 

determine an overall n value from coulometric results for an exhaustive electrolysis. 
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Partially blocked electrode surfaces usually are the undesired consequence of the 

adsorption of organic impurities from the bulk solution and/or the polymerization of free-

radical intermediate products of incomplete electrode reactions involving organic reactants. 

Therefore, electrode response under these situations will demonstrate a steady decay with 

continued use. Electrode response can be restored by mechanical polishing, sonication. 

and/or application of positive-negative potential steps to cause anodic or caihodic desorption 

of the films [34-37]. 

Finally, apply different electrode geometries and/or chronoamperometry and the 

corresponding theories to elucidate ambiguous results of the RDE voltammetry to assist in 

the unambiguous determination of the mechanism [38]. 
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EŒ. SIMPLIFIED MODEL FOR ANODIC OXYGEN-TRANSFER REACTIONS 

WITHOUT AND WITH WEAK REACT ANT ADSORPTION 

Summary 

We propose a mathematical model for two of the most commonly encountered types 

of oxygen-transfer reactions - those without and with weak reactant adsorption to the 

electrode surface. These models are meant to explain the variety of features observed in 

the rotated disk electrode voltammetry of organic compounds using doped metal oxide film 

anode. A new result indicates that the heterogeneous rate constant determined from 

Koutecky-Levich plots is not the rate constant for the water discharge reaction, but rather 

the rate constant for the oxygen transfer reaction. Significant strides were made to explain 

the variation of the half-wave potential. E1Z. with the flux of reactant to the electrode 

surface. Experimental results show excellent agreement with theory for 0.33 Bi(V)-doped 

PbO: and 0.01 Fe(HT)-doped PbO: electrodes. 

Introduction 

Metal oxide film electrodes have been used frequently in academic and industrial 

electrocatalysis because of their ability to facilitate the transfer of oxygen or hydrogen atoms 

in various electrode reactions [1-8]. Research in this laboratory has investigated the benefit 

of inorganic modifications of PbO% film electrodes for use in anodic O-transfer reactions. It 

was found that doped PbO% electrodes, formed by electrodeposition from acidic solutions of 

Pb( IT) and foreign metallic ions, exhibit significant activity for oxygen transfer reactions. 
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The mechanism, of oxygen-transfer reactions has been thoroughly addressed in numerous 

works [9-18]. However, there are few mathematical treatments offered in literature that 

apply to anodic oxidation reactions which occur through the transfer of oxygen from aqueous 

electrolyte to organic reactant molecules present in solution [19-20], 

Dimethvlsulfoxide (DMSO) has frequently been used as a model reactant for anodic 

O-transfer reactions for several reasons: a) DMSO is oxidized to DMSO2 in a single 2-

electron step, b) DMSO does not produce well-defined anodic voitammograms at undoped 0-

PbO% electrodes, and c) DMSO produces mass transport-limited response at a previously 

developed and well characterized Bi-doped PbO% electrode. The further refined mathematical 

model given below represents a thorough mathematical treatment of two related but distinct 

oxvgen-transfer mechanisms with experimental evidence to support the theoretical 

implications of the model. 

Experimental 

Chemicals and solutions - Water was purified by deionization to 18 MQ cm in a 

Nanopure 11 purification system ( Bamstead. Dubuque. LA) using water supplied through 

single-stage anion and cation exchange cartridges (Culligan. Northfield. MN). Reagent grade 

perchloric acid, dimethyl sulfoxide and iron powder (Fisher Scientific. Pittsburgh. PA) were 

used as received. Certified A C S. grade sulfuric acid (Fisher Scientific) was used as 

received. Bismuth nitrate (98+ %) and lead nitrate (99.9999+%) ( Aldrich. Milwaukee. WT) 

were used as received. 

Electrochemical apparatus and procedures — Voltammetric measurements were made 
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using a model AFCBP1 bipotentiostat and electrode rotator with MSRX control (Pine 

Instruments, Grove City, PA). Voltammetric measurements were performed in a double 

walled faraday cage in a laboratory maintained at 23 ± 1° C. All potentials were referenced 

to the saturated sodium calomel electrode (SSCE) for which the £° for the ferricyanide-

fèrrocyanide redox couple was determined to be 0.45 V. 

Films were deposited from 0.10 M HCIO4 using a RDE3 potentiostat and MSRX 

rotator (Pine Instruments). All voltammetric experiments were performed in 0.50 M H2SO4 

using film electrodes deposited on a Au disk electrode (0.164 cm2. Pine Instrument). 

Potential-time waveforms were generated and data were acquired by a PC utilizing 

Lab View6 5.0 software and a 12-bit AT-MIO-16E-10 data acquisition board (National 

Instruments. Austin. TX). 

Film electrodes. — The electrodeposition solution was prepared by dissolving Fe 

powder in deaerated 1.0 M HCIO4 with controlled heating. Sufficient PbCNChh powder was 

added to the cooled Fe(IT) solution to produce 10 mM concentrations of each in 1.0 M 

HCIO4. Iron( HD-doped (3-PbO: films were electrodeposited onto a Au rotated disk electrode 

( RDE; Pine Instruments) that had been thoroughly polished with alumina (5 jim; Dionex. 

Sunnyvale. CA) on microcloth ( Buehler. Lake Bluff. IL) and rinsed thoroughly with distilled 

and deionized water. A potential of 1.70 V vs. SSCE was applied to the anode for a 15-min 

period while rotating the electrode at 105 rad s~'. The current density observed for deposition 

was 6.0 - 6.5 mA cm"'. It is important to note that evidence for incorporation of iron within 

the film is obtained when Fe(ID but not Fe(IIT) salts are used in the deposition solution. 

Bismuth( V)-doped (3-PbOz films were electrodeposited from 1.0 M HCIO4 containing 10 
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mM PbCNCHh and 5 mM Bi(N03>3 at 1.6 V without stirring. Undoped P-PbOi were 

similarly deposited in the absence of Bi(III). 

Results and Discussion 

Mechanisms which assume no reacram adsorption at the electrode surface - First, 

consider a mechanism which occurs without the adsorption of the reactant species: 

S[ 1 + H20 *"nr » S[0H1 + H" + e" (1) 

S[OH] + R k'"> > S[ I + RO + IT + e" (2) 

Definitions: 

R = the reactant in anodic O-transfer reactions. 

RO = the product in anodic O-transfer reactions (2 eq/mol). 

S = all surface sites at which anodic discharge of water can occur. 

For Bi(V>doped Pb02-film electrodes, this can, presumably, correspond to 

Bi(V) sites as well as Pb(IV) sites. 

Simplifying assumptions: 

< i) Adsorption of R is ignored. 

( ii) Rates of the WDR are assumed identical at all surface sites, 

(iii) Reverse of the WDR is ignored. 

( iv) The Oj-evolution reaction is ignored. 
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Current response - The total electrode current density (/„/ FA) is given by: 

— kwDK&sfi + kani&sioHiCg (3) 

where is the fractional surface coverage by OH species. 

By definition: 

&sri = 1 ~ &SIOHI (4) 

Substituting the current is given by: 

= *WDR{1 ~~ ^stoHt) + ^ant̂ sioHt̂ -R 

~ kwDR ~ {kwDR ~~ ^cmt C/J &s(OHi (5) 

Solving for BV0Ht using a steady-state assumption, we get: 

— 0 — kwogÛsa ^OTR^SfOHI^- R (6) 
Jt 

Equation 6 can be rearranged to give: 

kwDR = (kwDR ^ant^-R )&SIOHI (7) 

From Equation 7 we get: 

Ir 
n — /ON » - , , r. (8) 

*ir»K t)TR R 

Substituting (8) into (5) gives: 

_ A. _ > T. _ È. F - I I ^WDR I 
r~, — *«7)8 t "-WDR K-tlTR1*- » ) 1 , , f 

I *irn* *irnc~ R J 
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= 2k KjtrCR 
WDR 

I ^WDR + Kmf-lt J 

Alternatively, Equation 9 can be written as: 

j _ f ^•FA.kWDRktjntCR | 

1 + J 

(9) 

(10) 

Half-wave potential - Consider the unique relationship of the voltammograms 

exhibited in Figure 3.1. To examine the variation of Ety2, we specify at E — El/2 that 

= k-om.i/2- Furthermore, we define It/2 = 1^2 which corresponds to CR=CR / 2. 

Therefore. is given by: 

L.z.2 = 1FAkmfLm = IJ2 = 2FA(D/<5)C* / 2 

where O/J = 0.62D2/3u "6(a''2 

(11) 

(12) 

70 

V 60 î> X 

~*3 S 
50 

< 40 

2 30 

HE 
20 

r. u 
3 10 
w 

0 

1.45 1.50 1.55 1.60 1.65 1.70 
Potential (V vs. SSCE) 

1.75 1.80 

Figure 3.1. 5 mM DMSO at a 0.33 Bi-doped PbO? anode. 20 mV/s scan rate. Current has 
been normalized to the variation in rotation rate I) 100 rpm 2) 225 3) 400 4) 
625 5) 900 6) 1600 and 7) background (rotation independent). 
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We also can write: 

WDR. 1/2 2 = 0.62D2z3U~V6Û>u2C* / 2 

Expanding the term for kwofu/2, we write 

exp{(aF/RT)(EV1 - Elm)) = 0.62D13u-U6a),/2C* / 2 

(13) 

(14) 

Finally, we solve for E,,% to get 

E„2 = E° - (RT/aF)Ln{2^R } - (RT/aF)Ln{0.62D2z3u-l/6tû"2c; ; (15) 

From Equation 15. we predict that a plot of El/2 vs. Ln{0.62D~3u-"6œ"2C£ } is 

linear with a slope of + RT/ctF. The potential must shift to larger values to achieve the 

increased OH flux required to match the increased reactant flux. Experimental evidence 

for this relationship can be observed in Figures 3.1-3.3. 

-K 
< 

Cone. 2-100 mM 

1.45 1.50 1.55 L60 1.65 

E (V vs. SSCE) 

1.70 1.75 1.80 

Figure 3.2. Forward sweep cyclic voltammograms of 2 — 100 mM DMSO at the same 
Bi-doped PbO: electrode as Figure 3.1. Again, the voltammograms have 
been normalized for differences in concentrations. Rotation rate: 100 rpm. 
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L75 
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~ 1.55 
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» 1.60 

1.50 

1.45 

0.0 1.0 2.0 b(Cb) 3.0 4.0 5.0 

Figure 3 J. Dependence of Ein on flux from Figure 3.2. Concentrations of DMSO 2-100 
mM. 100 rpm rotation rate. 20 mV/s scan rate. 

Calibration plots - Consider the calibration style plots shown in Figure 3.4. We 

consider the shape of plots of lm vs. C,. as a function of kmgr i.e.. as a function of 

potential. Again, we begin with Equation 10: 

(10) 

whereÇè can be given by: 

(16) 

Combine Equation 10 and 16 and solve for L„ to get: 
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/,« = IFAki WDR 

k cb — OTR R 

f k I  ̂OTRiot 

2FA(D!5)J 

^WDR ^QTR^-R 

k I "•OTR1 tot 
2FA{D/â)) 

= 2 FAkurr, 1 2 FA{ D / à)k(nRCg kOTRIlof 

^"[iFAiD/SXk^ + k^Cg) - k^I» 
(17) 
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3000 
7* 
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Figure 3.4. DMSO at a 0.33 Bi-doped Pb02 electrode l M H2S04, 0.02 V/s. 100 rpm. 
0.164 cm". A: Cyclic voltammetric data, concentrations: 0. 2_ 5. 10. 15. 
20. 25. 35. 50. 65. 83. 100 mM. B: Calibration curve data from (A) at the 
potentials: 0- 1.50 V. a- 1.55 V. - - 1.60 V. x- 1.65 V. * - 1.70 V. = 
- 1.75 V. - - 1.79 V. 
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Cross multiply (17) to get: 

IFAtD/WwH^ + TFA&WanCUu, - W« 

= 2FAkWDRlFA(D/S)kon( CR — 2FAkWDKkaniItol (18) 

Assume that kcmJJ1 can be ignored (due to the very low analytical currents employed) to 

eliminate the need for solving a quadratic equation. Solving for lm yields the master 

equation: 

£ _ 2 FAkypx ( D / S)kinRCR 

( DI S)ktrntCR +- ( D / SïkfyQg +- kWDgkirnt 

To interpret Equation 19. we can consider several scenarios that cause different 

terms in the denominator of Equation 19 to predominate. 

Case I: Let (D/S^^C^ » (D/S)kmK + kWD^carRy i.e.. small values of potential for 

which kWDR is small and the OH flux is virtually zero. 

Then l!ot is given by: 

r - - FAkwnr ( D ' &}knrnCR _ 2FAk P0> 

Based on Equation 20. we would predict that /rof does not respond to the addition of 

reactant. R. This makes sense when kmR is small rhar there is virtually no 

generation of the OH species. 

Case H: Let. (D/âjk^ > (D/Sik^Cg + kmJcamy Le., the case of intermediate 

values of potential. This corresponds to the case represented by: O c OH flux < R 

flux. Then, l,„ is given by: 
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^FAkffug^D / ̂ kgffxCfi 
(D/S^kfpog 

•Q7B /? IFAkrmtCi •am^R (21) 

Based on Equation 21, 4, is predicted to be a linear function of C£ ; however, there 

will be no effect of variations in rotational velocity. This response will show 

potential dependence because corresponds to a charge-transfer process and. 

therefore, Im will be dependent on applied potential. 

Case HI: Let, k^gk^g » (D/S)kmft + (D/Sik^Cg , i.e.. the case of high potentials 

values. Then, I!0t is given by: 

!,„ = 2FAk™*{DlS)k»™C* = 2FA(D/S)Cr (22) 
^WDR^tlTR 

This corresponds to the mass-transport limited response of the reactant. R. 

Case IV: Consider the case when (D/S)kWDR + kmJ(.0> {D/Slk^Cg -

Then. Itot is given by : 

According to Equation 23. the plot of Itot vs. C£ is linear with a slope that reflects the 

combined values of D/S and k^g. This corresponds to mixed control by transport and 

kinetic processes. 

Equation 23 can be rearranged to the form: 

Equation 24 can be rearranged to the form of the Koutecky-Levich equation given by: 

f 2F4( D / d)knTKCg 1 
I lDt&i + k t l  n  j 

(23) 

(24) 
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/„ l2fW4»c;j + \lFAWIS)C'} (25) 

where D/8 — 0.62£>2/3iru&co1/2. 

Therefore, Equation 25 can be written as: 

ÂT = + {o.62(2)FAD1,sv-l W 2Ch
K } (26> 

According to Equation 26, a plot of l//w vs. l/to"2 is predicted to be linear with an 

intercept that is inversely proportional to &<%*. Because is expected to be an 

exponential function of applied potential, the natural logarithm of the intercept is expected 

to vary as a linear function of potential [20]. 

k = Ae~Et'*r (27) 

Figure 3.5 demonstrates experimental evidence from two different films that exhibit such 

behavior. 

Mechanisms considering the weak adsorption of reactam species - Reactant 

adsorption to the electrode has only recently been considered a requirement for anodic O-

transfer reactions to proceed at reasonably fast rates [22-24]. Consider the following 

reactions where the role of adsorption onto an electrode is considered: 

S[ ] + H;0 > S[OH] + ET + e~ (28) 

S*[ I + R - S*[R]; where (29) 
k-a, 

S[OH] + S'[R] > S[ ] + S'[ 1 + RO + H~ + e" (30) 
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Figure 3.5. Arrbenius plots showing the variation in (intercept) with Potential (E) as 
derived from the Koutecky-Levich analysis of 5 mM DMSO at • - 0.33 
Bi(V>doped Pb02 anode, z - 0.01 FefUD-doped Pb02 anode. 

We define the additional variables above as: 

r„ represents the surface density of S sites (mol/cnr). i.e.. 

r„ = Tp^v, -r rBuVl. In this mechanism. f0 is assumed to be 

constant, independent of F^^/F^^. 

S' = onlv those surface sites at which the reactant species (R) can be 

adsorbed. In this mechanism. S' sites correspond to Bi(V) sites. 

Fs = represents the surface density of S' sites (mol/cnr). i.e.. Fs = ra„vi. 

The surface density of adsorption sites can be expressed: 

r-r, 

IV > r i  ̂ ~ P 
(31) 
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where p = rBkV/rpb<m. Note: p = C^BMn/C^pwm where Cb represents bulk concentrations of 

specified species in the film-deposition solution. 

Simplifying assumptions: 

(ï) Rate of the WDR is assumed identical at all S sites. 

(ii) Reverse of the WDR in Equation 28 is ignored. 

(iii) The 02-evoiution reaction is ignored. 

(iv) Equation 29 is assumed to be at equilibrium. 

i.e.. kg# and k-^ are large. Therefore. 

kadi's &S'UCR — k^J's'&spq 

(32) 

Continuing, 

0, 
( kjd, • )Cff (33) 

This is the Langmuir adsorption isotherm. 

A reasonable assumption can be made that < 1, therefore 

(34) 

Current response - The electrode current density (/„ / FA) is given by: 

777 — kwjgTa&srt •+" kfffjjT„Ô^OH^S: &s'm (35) 
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We note that: 

Fo0%] — r0(l — &siaH] ~ (Ts /To)̂ )̂ 

and. therefore, the current is given by 

"7P7 = kwoj^a{l ~ @S[ohj ~ fl~s'/J~o)^s'w} ^ kcrn£ù&s[OttFs &s'm 
rA 

~ 0 — kwDR^a(^s ^a)@snif ~ {^WDJ4~0 ~ f $- ̂ S/R/} @SIOHI (36) 

Solving for 0VOW using a steady-state assumption, we get 

1 ' — 0 — &wd*£*O&snjhi (4 s^s'm^sfOH! (37) 
dt 

and. therefore. 

^WD*Fo — ^VW)«^~o(l~S ^o)^r /W = (^WD*T*0 0^"S'&S 'm)@S[OHI 

or 

*-WDff ~ ^-WD*(^~S = (^WD* S @S'(Kl)@S(OHI (38) 

Therefore, we can write: 

z1 _ ^tw)« ~ ^»7)« ( t"v r0)^1#1 

^Wi - . . r /? (3 ' 

Substituting Equation 39 into Equation 35 gives: 

"zr~ = ^WD»T0 — £WOgFrt(rs iT^@s IRI ~ {^-wn»Fo ~ ^-or*Tf s &S[R/}&siohi 
t~A 

- 1̂""' 1 140) 
! WDR ~ *07»* v"vT*I j 

or. alternately. 
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/„ = IFAknAnf,,VsBm 1 (41) 
["WD» + OTR S-̂ S\R\ J 

Again, we apply the assumption K^Cg < 1, i.e.. weak adsorption of reactant and. 

therefore, 8S (Rt ~ . Now, Equation 41 is given by: 

I„ = ÏFAk^a^Sr^C-, 1 (42) 
L*TO* *OTR*- S-̂ -ixh*- R J 

Let (Vs irjK^C't .< 1, then 

A« = 2K4^WD^07JtrjrïKa&Cn j— - — — pri (^3) 
I*WDR + OTR « j 

Note that if we let kmit < ^o^Ts . i.e., small applied potentials, then /rof is given 

by: 

4* — 2K4^TOitro (44) 

This case is not very interesting because it predicts that ltot is not sensitive to changes in 

C'l. This reflects the consequence that kWDR is small and, therefore, there is virtually no 

production of OH species. More interesting is the cases summarized below. 

Let kOTKrs K^Cg. < ICwdr* i.e.. intermediate to large values of applied potentials. 

4, = iFAk^rjr, K^C; (45) 

Now. make the substitution: 

c; = c; — (46) 
2FA( D / â) 

where D/5 = 0.62Di"u~I/6taIc. and solve for Im to get: 
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A 

Take the reciprocal to get: 

/ + 2FA(D/sy:l (48) 

This is of the form of the Koutecky-Levich equation. 

Conclusions 

It is surprising, upon first inspection, to find that Equation 26 does not contain the 

term Of course, this term was eliminated when we made the assumption kmK » 

kargCg, which resulted in Equation 22. Hence, it is assumed that the OH flux is 

sufficiently large to support the convective-diffusion limited flux of R. 

For an O-transfer mechanism with no adsorption of the reactant species. Case I 

produces a plot of l/lm vs. I/to1'2 with a zero slope and an intercept that is independent of 

C*{. Case H produces a plot of UItat vs. l/m1'2 with a zero slope and an intercept that 

decreases with increasing C*. Case HI produces a plot of IIlm vs. l/to"2 with a non-zero 

slope with a zero intercept. Only Case IV produces a plot of l/Im vs. 1/to1/2 with a non­

zero slope that decreases with increasing C£ and a non-zero intercept that decreases with 

increasing Cn. 

Equation 47 above describes l!at as a function of C£ for the case of weakly adsorbed 

reactant: 
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2FA{DIS)k(mtTQTs.K^C\ 
(46) 

( D / S )  +  k f j j g V j F r ^ a d i  

This is to be compared to Equation 23 for the case of no adsorption under the condition 
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IV. COMPARISON OF VOLTAMMETRIC RESPONSE OF PHENOL AND 

XYLENES AT IRON(III>DOPED, BISMUTH(V>DOPED AND UNDOPED p-LEAD 

DIOXIDE FILM ELECTRODES IN 0.50 M H2S04 

A paper submitted for publication in the Journal of the Electrochemical Society 

Stephen E. Treimer. Jianren Feng, Marc D. Scholten. and Dennis C. Johnson1, and Alison J. 

Davenport2 

Abstract 

Voltammetric activities are compared for the designated compounds in 0.50 M H2SO4 

at the specified film electrodes configured as rotated disks. The effective number of 

electrons (/lefteq mol"1) calculated from the Koutecky-Levich plot is 3.1 ±0.2 for toluene 

oxidation at the Fe-PbO? electrode, compared to 2.0±0.05 and 4.1 ±0.3 at the Bi-PbO? and 

PbO% electrodes, respectively. GC-MS data confirm that the primary product of toluene 

oxidation is benzyl alcohol (2 eq mol-1) at the Fe-PbO? electrode with production of small 

amounts of benzaldehyde (4 eq mol-1) and benzoic acid (6 eq mol-1). XPS data indicate the 

ratio of Fe:Pb is ca. 1:100 (at:at) in the Fe-PbO% films. By comparison, a Bi:Pb ratio of 

33:100 (at:at) is easily attained in Bi-PbO? films. Nevertheless, the apparent heterogeneous 

rate constant (&app> cm s-') for toluene oxidation is larger at the Fe-PbO? electrode 

(6.5±0.06xl0-j) compared to the Bi-PbOz electrode (2.0±0.05xl0-3). XANES data confirm 

speculation that iron exists in the 3+ oxidation state with octahedral coordination by O-atoms 

1 Corresponding author. 
- School of Metallurgy and Materials. The University of Birmingham. Edgbaston. Birmingham BI5 2TT. U.K_ 
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in Fe-PbOi films. The large activity of the Fe-PbO? electrode is attributed to the benefit of 

adsorption of aromatic molecules at Fe(IH) sites. 

Introduction 

Research in this laboratory is directed to studies of the eiectrocatalytic properties of 

various pure, doped and mixed metal-oxide film electrodes. Reactions of interest include 

those oxidations of polar aliphatic and aromatic compounds in which the electrode reactions 

occur with transfer of oxygen atoms from H2O in the solvent phase to the oxidation 

product(s). Based on thermodynamic data, numerous O-transfer reactions can be predicted to 

occur for aromatic compounds in aqueous media at electrode potentials below values for 

onset of rapid anodic discharge of HiO with evolution of 0%(g). However, the majority of 

these predicted O-transfer reactions are observed not to occur at common anode materials. 

e.g.. PL Au and C. without co-evolution of 0%. 

Metal oxide films have a long history of use as electrode materials applied to anodic 

O-transfer reactions of organic compounds. Of the metal oxide electrodes available. (3-PbO; 

has received extensive attention both in industrial and academic applications.1*5 

Undoubtedly, the popularity of P-PbO% electrodes has resulted, at least in part, from 

observations of a large overpotential for anodic evolution of O^g) at this electrode material. 

This fact permits application of potentials to ca. 2.0 V vs. SCE in acidic media without 

rigorous 02(g) evolution. Nevertheless, it is generally observed that O-transfer reactions of 

interest frequently are observed to occur only at large applied potentials (>2.0 V) with 

concomitant evolution of 02(g). Furthermore, oxidations of aromatic compounds at 

potentials below that required for 02(g) evolution have been observed to generate organic 
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surface films as a consequence of polymerization of radical products that are generated 

anodically but without concomitant transfer of O-atoms from H2O. We interpret these 

observations based on the speculations summarized below.6"8 

(i) Apparently, hydrolysis is not a rapid mechanism for the O-transfer step in 

the anodic reactions of interest. Instead, it is speculated that O-transfer occurs from 

adsorbed hydroxyl radicals (OH) that are generated by anodic discharge 

of H2O, as described by: 

w > 
S[ 1 + H20 S [OH] + H~ - e" (I) 

*-<ro* 

where S[ ] represents surface sites for adsorption of the OH species. Accordingly, 

the fundamental anodic O-transfer step occurs from S[OH] 

to the reactant species (R). as described by: 

S[OH] +• R S[ ] + RO -r H~ e~ (2) 
* *tnt 

( ti) We also speculate that electrocatalytic benefit comes from preadsorption 

of the reactant species, as described by: 

-> 

S'[ ] -r R S'[R] (3) 
<—: 

where S'[ ] represents sites that might be the same or different from S[ ] 

in ( I ). Accordingly, the O-transfer step in this mechanism is described by: 

**"» > 

S[OH] - S'[R] S[ I + S'[ I + RO + BT + e" (4) 
«—: 
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Benefit of reactant adsorption is expected to come as a consequence of the 

increased lifetime of these species at the electrode surface with a resulting increase 

in the probability of successful O-transfer steps. 

(iii) It is apparent, from consideration of (I) to (4), that voltammetric waves for anodic 

O-transfer reactions can be expected to appear in the potential region corresponding 

to onset of Oi(g) evolution, as represented by: 

w» j 

2S[OH] S[ ] + 02(g) - 2H* - 2e~ (5) 

Research in this laboratory is directed specifically to the diagnosis of those 

electrocataiytic properties that minimize the overpotential necessary to achieve the desired 

anodic O-transfer reactions for aliphatic and aromatic compounds in aqueous media. Much 

work has been focused on variations in the electrocataiytic properties of p-PbOi film 

electrodes observed as a result of the incorporation of aitervalent metallic species within 

these films.6"15 Significant electrocataiytic activity has been reported for electrodeposited 

Bi( V)-doped P-PbCK films (~Bi-Pb02~).6"916 Ratios of Bt:Pb can exceed 30:100 (at:at) in 

these highly active film electrodes. Of greatest significance has been the successful 

mathematical modeling of observed variations in the half-wave potential (£1/2) for oxidation 

of dimethylsulfoxide (DMSO) to dimethvlsulfone (DMSO2) as a function of the 

Bi( V):Pb(iV) ratio in Bi-PbO% electrodes. The incorporation of Fe(IH) into (3-PbO% films 

("Fe-PbO^*") also has been the subject of recent manuscripts.10*12-14'1"17"19 Probably of 

greatest significance is the enhanced current efficiency for the concomitant anodic generation 

of 03(g) during anodic evolution of Oi(g).l4-I6~19 
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In this paper, the voltammetric activities for oxidation of toluene and xylene are 

compared for PbO%, Bi-PbOi, and Fe-PbO? film electrodes in acidic media. Results also are 

summarized from characterization of a Fe-PbO? film using x-ray absorption near edge 

spectroscopy (XANES). 

Experimental 

Chemicals and solutions. — Distilled water was purified further by deionization to 18 

MC2-cm in a Nanopure II purification system (Bamstead. Dubuque, LA) using water supplied 

through a single-stage anion- and cation-exchange cartridges (Culligan. Northfield. MN). 

Reagent grade perchloric acid, benzyl alcohol, benzaldehyde. benzoic acid, benzoquinone 

and iron powder (Fisher Scientific. Pittsburgh. PA) were used as received. Certified A.C.S. 

grade sulfuric acid and toluene (Fisher Scientific) were used as received. Bismuth nitrate 

(98- %>. lead nitrate (99.9999+%). and m-. o-. and p-xylene isomers (99+%; Aldrich. 

Milwaukee. WI) were used as received. HPLC grade acetonitrile (Fisher Scientific) was 

used as received. 

Stock solutions of organic compounds were made using acetonitrile as the diluent. 

Acetonitrile significantly enhanced the solubility of the non-polar hydrocarbons without 

adding to the faradaic signal at the electrodes. 

Electrochemical apparatus and procedures. — Voltammetric measurements were 

made using a model AFCBPI bipotentiostat and electrode rotator with MSRX control (Pine 

Instruments. Grove City. PA). Voltammetric measurements were performed in a double 

walled taradav cage in a laboratory maintained at 23±I° C. All potentials were referenced to 



www.manaraa.com

57 

the saturated sodium calomel electrode (SSCE) for which the E° for the ferricyanide-

ferrocyanide redox couple was determined to be 0.45 V. 

Films were deposited from 0.10 M HC104 using a RDE3 potentiostat and MSRX 

rotator (Pine Instruments). All voltammetric experiments were performed in 0.50 M HTS04 

using film electrodes deposited on a Au disk electrode (0.164 cm2. Pine Instruments). Bulk 

electrolyses were performed using a coiled gold wire (17.1 cm2) onto which the designated 

films had been deposited with stirring provided by a magnetic stirring bar. 

Potential-time waveforms were generated and data were acquired by a PC utilizing 

Lab View® 5.0 software and a 12-bit AT-MIO- 16E-10 data acquisition board (National 

Instruments. Austin. TX). 

Film electrodes. — The electrodeposinon solution was prepared by dissolving Fe 

powder in deaerated 1.0 M HCIO4 with controlled heating. Sufficient PtKNCbh powder was 

added to the cooled Fe( 11) solution to produce 10 mM concentrations of each in 1.0 M 

HCIO4. Iront IID-doped (3-Pb(> films were electrodeposited onto a Au rotated disk electrode 

( RDE: Pine Instruments) that had been thoroughly polished with alumina (5 um; Dionex. 

Sunn wale. CA) on microcloth ( Buehler. Lake Bluff. IL) and rinsed thoroughly with distilled 

and deionized water. A potential of 1.70 V vs. SSCE was applied to the anode for a 15-min 

period while rotating the electrode at 105 rad s~'. The current density observed for 

deposition was 6.0 - 6.5 m A cm"". It is important to note that evidence for incorporation of 

iron within the film is obtained when Fet 11) but not Fe(III) salts are used in the deposition 

solution. Bismuth( V>doped [5-PbO; films were electrodeposited from 1.0 M HCIO4 

containing 10 mM PbVNChh and 5.0 mM BifNOih at 1.6 V without stirring.9 Undoped (3-
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PbO% films were similarly deposited in the absence of Bi(III). Caution: lead and bismuth 

salts must be considered to be toxic. Use and disposal of these compounds must follow 

accepted procedures. 

Data analysis. — Values for the effective number of electrons transferred («etr. eq 

mol-1) and the corresponding apparent heterogeneous rate constant (&*p, cm s-1) were 

estimated from the slopes and intercepts, respectively, of plots of the reciprocal of observed 

current ( l//obs, C-t s) vs. the reciprocal of the square root of rotational velocity ( I/<yl/2. rad-"2 

sia) according to the Koutecky-Levich equation given by:20 

I 1 f 1 

I.*, n<ffkjpp^xf£ 0.62 n^FA^D13 v-l/6C" J 'J' : (6) 

In (6). F is the faraday constant (C eq-'). A%eo is the geometric area of the RDE (cm2). C* is 

the bulk concentration of reactant (mol cm"3). D is the diffusion coefficient of the reactant 

(cm™ s"1). and vis the kinematic viscosity of the solution (cm2 s-1). 

Analytical apparatus and procedures. — Gas chromatography was performed on a 

Model 5890-series II chromatograph. using a capillary column (30-m length) coated with 

DB-5. with a detection by a Model 5972AMSD quadrupole mass selective detector (GC-MS: 

Hewlett-Packard. Palo Alto. CA). Helium was the mobile phase. Acquisition and analysis of 

GC-MS data was performed using Chemstation* software (Hewlett-Packard). Prior to 

injection into the GC-MS instrument, products from electrolysis solutions were extracted 

using diethyl ether, followed by evaporation of the combined extracts at 15°C under a slight 

vacuum to a volume of 1.0 mL. High performance liquid chromatography (HPLC) was 

achieved using a Nucleosil C18 column ( 140-mm length: Alltech. Deerfield. IL) and OH-150 
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column heater (Eldex. Napa, CA). The mobile phase was a 50:50 mixture of H2O and 

acetonitrile delivered by a GPM-2 pump (Dionex). Photometric detection was performed 

with a VDM-2 UV-Vis detector (Dionex). Data acquisition was controlled by ASYST 

software and data acquisition board. Table 4.1 summarizes separation conditions for gas 

chromatographic and liquid chromatographic analyses. 

Table 4.1. Chromatographic conditions used in the analyses of electrolysis product 
solutions by gas chromatography with mass spectrometry (GC-MS) and high 
performance liquid chromatography (HPLC). 

Technique GC/MS HPLC 
Make J & W  Alltech 
Packing DB-5 Nucleosil C18 
Pore size capillary 5 nm 
Length 30 m" 140 mm 
Diameter (mm) 0.25 4.6 
Eluent He 50/50 HiO/MeCN 
Flow rate (mL/min) 14 1.0 
Initial T (°C) 50 35 
Initial t (min) I -

Rate (°C ' min) 20 -

Final T (°C) 250 35 
Final t (min) 10 -

Inlet T (°C) 250 -

Detector T (°C) 280 -

Xdcttnm) - 280.254 

X-ray absorption measurements were made using the National Synchrotron Light 

Source using Beamline XI0C at Brookhaven National Laboratory. A two-crystal 

monochrometer employing Si( III) crystals was used. X-ray fluorescence spectra were 

collected by a Canberra 13 element solid-state detector whose face was nearly parallel to the 

cell and at a distance of 2-3 cm. To improve energy resolution, the third order harmonic 

Si( 333) reflection was used in which AE/E = 8.8 x I0-6. When the third order harmonic was 
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set to the Fe K edge at 7,112 eV. the fundamental occurred at 2371 eV and the fifth order 

reflection occurred at 11.853 eV. The third order fundamental was fully attenuated by a 0.3-

m air path and the fifth order harmonic was rejected by a rhodium-coated refocusing mirror. 

Horizontal and vertical slit positions were adjusted to optimize the resolution of the double 

pre-edge peaks of a-Fe^O?. Further details of these measurements are given elsewhere.21 

Results and Discussion 

XANES data. - Figure 4.1A shows low resolution XANES data for a Fe-PbO% film 

electrodeposited from 1.0 HCIO4 containing equimolar concentrations of Fe2* and Pb2' 

( ). Also shown in this figure are data obtained for standard samples of Fe ( ). 

FeO ( >. and a-Fe^Ch (- - ). It is apparent in Figure 4.1 A that the sharp peak for 

the electrodeposited Fe-PbO% film at 7132 eV corresponds approximately to the peak for the 

a-Fe:0. standard. Figure 4.1B contains high resolution XANES data obtained in the pre-

edge region tor the Fe-PbO% film ( 1 in addition to the standard samples of FeO (- - -

a-Fe^O:. (- • — • I and y-Fe^Oi (- - There is a close similarity in the shapes 

of the spectra for the Fe-PbO% and a-Fe^Oi samples. More specifically, both of the indicated 

spectra exhibit a shoulder at 7.113 eV on the main pre-edge peak at 7.115 eV. Therefore, we 

conclude that iron in the Fe-PbO  ̂film exists in the 3+ oxidation state with octahedral 

coordination by O-atoms from the octahedral lattice of the P-PbOi matrix. It is somewhat 

surprising that Fe( HI) is incorporated within the rutile matrix of (3-PbO% given the fairly large 

discrepancy between the radii for Fe'" (0.64 À) and Pb4" (0.84 Â).22 Previous research 

results obtained from x-rav diffiactometrv have indicated that Bi5- (0.74 Â)22 in 
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electrodeposited Bi-PbO? films also is incorporated within the octahedral lattice of p-PbCK23 

X-ray photoelectron spectroscopy (XPS) was used for semi-quantitative determination of 

FeJ" in the Fe(III)-doped P-PbO% films. The maximum concentration was determined to be 

ca. 1% (at:at wt). This is considerably less than those concentrations claimed by Velichenko 

et al. resulting from addition of fluoride ion into the deposition solutions.17"19 However, in 

our hands, addition of fluoride ion did not result in an increased Fe3- as determined by XPS. 

1.5 

1 

0.5 

0 
7100 7110 7150 7120 

Energy (eV) Energy (eV) 

Figure 4.1. Low resolution (A) and high resolution (B) XANES data for the pre-edge 

region of the spectrum. Spectra: ( ) electrodeposited Fe-PbOz film. ( - - • -

) Fe standard. (- ) FeO standard. (— ) a-Fe^O  ̂standard. (— 

- - - -) y-FeiOi standard. Solution for electrodeposition of Fe-PbO% film: 1.0 
M HCIO4 containing 10.0 mM Fez~ and 10.0 mM Pb2~. 
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Anodic response for DMSO. — Values of n^g and obtained for the anodic 

voltammetric wave for DMSO are given in Table 2. This anodic O-transfer reaction has been 

well characterized at Bi-PbOi electrodes and the product determined to be DMSO? (/!<& = 2 

eq moF1). The value of n<& determined for DMSO oxidation at the Fe-PbOz electrode is 

consistent with that determined using the Bi-PbOi electrode. Having greatest significance is 

the observation that at the Bi-PbOz electrode (I8.0±0.1xl0-3 cm s~l) is substantially 

larger than that for the Fe-PbO% electrode (5.4±0.lxl0~3 cm s~l). The high reactivity of Bi-

PbO% electrodes for DMSO oxidation has been attributed to a mechanism in which 

preadsorption of DMSO occurs at Bi(V) sites via the lone-pair electrons on the S-atom of 

DMSO. 8 The benefit of adsorption is believed to result from the increased residence time of 

Table 4.2. Summary of electrochemical parameters for anodic oxidations of toluene and 
xylene at iron-doped, bismuth-doped and undoped (3-PbOi film electrodes. 
Uncertainties indicated represent ±1.0 standard deviation. 

Electrode Parameter DMSO Toluene m-Xylene 

Fe-PbO% rtcfr (eq mor1) 2.1 ±0.01 3.1 ±0.2* l.2±0.02 

lO^^rfr (cm s ~ l )  5.4 ±0.09 6_5±0.06= 11.0±0.5 

Bi-PbOi rtefr (eq mol-1) 2.0 ± 0.01 2.0±0.05b l.7±0.04 

lO^Adr (ems'1) 1.8 ±0.07 2.0±0.05b 4.0±0.l 

PbOz ricft (eq mol"') MR 4.1±0.32d I.0±0.03 

10Jkcs (cms-1) NR 0.42±0.003d 5.0+0.2 

1 Based on data for I/o1/2 = 0-20 - 0.45 s1/2 rad I/2. 
h Based on data for I/to1'- = 0.11 - 0.45 s1/2 rad l/2. 
c NR = no reaction. 
4 Based on data for l/o)lz2= 0.14 - 0.45 s1/2 rad I/z. 
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the reactant species at the electrode surface and, therefore, the increased probability of 

successful oxidation. The smaller value of for DMSO oxidation at the Fe-PbO% electrode 

is suspected be a consequence of the smaller density of Fe(H[)-sites in the surface of this 

electrode as compared to Bi(V)-sites in the Bi-PbOi surface. 

Anodic response for toluene. - Figure 4.2 compares the cyclic voltammetric response 

(positive scan) of 5.0 mM toluene at (3-PbOz (A), Bi-PbO% (B). and Fe-PbO% (C) film 

electrodes. The positive scan limits were 1.80 V for all voltammetric experiments: however, 

the curve C in Figure 4.2 is truncated at potential less than 1.80 V to facilitate the matter of 

scaling in the current axis. Some difference in the potentials necessary to achieve a specified 

rate of O2 evolution can be attributed to differences in surface roughness: however, we 

attribute the large difference observed for the Fe-PbCK (C) and Bi-PbO: (B) electrodes to be 

an indication of a larger rate for anodic discharge of HiO at Fe(lII) sites in comparison to 

Bi( V) sites. 

The voltammetric responses shown in Figure 4.2 for toluene at the three electrodes 

are very characteristic of an anodic O-transfer mechanism in which anodic discharge of H%0 

to produce OH is a prerequisite. During the initial rising portion of the waves, e.g.. ca. 1.50 — 

1.60 V for Fe-PbOz (C). the anodic current exhibits virtually no variation as a result of 

increases in rotational velocity. This is consistent with the requirement of anodic discharge 

of H2O to produce OH in this mechanism. More specifically, at low applied overpotentials. 

the current is controlled by the rate of OH generation and. therefore, the current is 

independent of the flux of reactant arriving at the electrode surface.* At higher potential 

values, pseudo current plateaus are apparent for the lowest rotational velocity at the Bi-PbO% 

and Fe-PbO; electrodes. However, it can be expected for increasing values of reactant 
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Figure 4.2. Comparison of voltammetric activity (positive scan) of pure |3-PbO% (A), Bi-
PbOi (B). and Fe-PbCX (C) film electrodes tor oxidation of 5.0 mM toluene 
under identical conditions. Scan rate: 20 mV s-1. Scan limits: 1.50 V - 1.80 V 
vs. SSCE. Toluene concentration (mM): ( ) 0. (—.—) 5.0. Rotation rate 
(rad s-1): ( ) 94.2. (—) 5.24. ( ) 10.5. 

concentration, even when using at high applied overpotentiais. that the electrode current will 

shift from control by reactant flux, with corresponding dependence on rotational velocity, to 

control by OH flux, without dependence on rotational velocity.8 Therefore, applications of 

(6) tor estimation of nctj and values from plots of l/z0bs vs. l/toi/2 are not considered 

relevant for treatment of current values obtained at low overpotential and/or high reactant 

fluxes. 

In spite of the caution cited above, we contend that the comparison of voltammetric 

data shown in Figure 4.2 can be useful for evaluation of relative activities of these electrodes 
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for anodic oxidation of toluene. First, the larger anodic currents observed at the Fe-PbOi 

electrode (C) in the potential region ca. 1.60 - 1.65 V are indicative of larger values of nCff 

and/or at this electrode as compared to the Bi-PbCK (B) and (3-PbOi (A) electrodes. 

Second, the negative shift in Em to successively lower values progressing from (3-PbO: (1.67 

V) to Bi-PbO? ( 1.62 V) to Fe-PbO? ( 1.57 V) is an indication of catalytic effectiveness for the 

various metallic sites within this anodic O-transfer mechanism increasing in the order Pb(tV) 

< Bi(V) « Fe(Hr). Because of the low surface excess of Fe(m) sites compared to the Bi(V) 

sites, it is apparent that the inherent activity of the Fe(IH) sites is significantly larger than that 

of Bi(V) sites within this mechanism. 

Koutecky-Levich plots were constructed for further comparison of the voltammetric 

data shown in Figures 4.2A-C. More specifically, anodic current values were measured at 

potentials chosen to correspond to identical residual currents of 20 gA for the three 

electrodes. Accordingly, the rate of anodic discharge of HiO was expected to be identical for 

the three electrodes, i.e.. equal values for the maximum rate of production of the OH species. 

The Koutecky-Levich plots for toluene are shown in Figure 4.3 for the (3-PbOz ( ». Bi-PbO; 

(•) and Fe-PbO% (A) electrodes, and values of and ̂ calculated from these plots are 

given in Table 3. The error bars in Figure 4.3 represent ±1 standard deviation for three 

determinations (.V = 3). The plot for Fe-PbO% (A) exhibits two regions of linearity designated 

the low flux region ( I/to1'* > 0.20 s1 ~ rad ' ") and high flux region ( l/co"2 < 0.2 s1'" rad 

As discussed above, this change in slope can be attributed to the shift in the rate-controlling 

step from that of toluene transport (low flux region) to OH generation (high flux region).8 

Using 9.7x10™" cm2 s~l for the diffusion coefficient (D) of toluene.24 n^r was calculated to be 
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Figure 43. Koutecky-Levich plots for oxidation of 5.0 mM toluene at Fe(III)-doped [A]. 
Bi(V>doped [H], and undoped [O] ji-PbOi rotated disk electrodes. Detection 
potential: 1.70 V vs. SSCE. Error bars denote ±1.0 standard deviation. 

3.1 ±0.2 eq moF1 using data obtained for the low-flux region (I/o1/2 = 0.20 — 0.45 s"2 rad l/2) 

at the Fe-PbOz electrode. Values of /ictr for toluene oxidation at the P-PbOz and Bi-PbO; 

electrodes were determined to be 4.1 ±0.3 and 2.0±0.05 eq mol™1, respectively. The fact that 

the smallest currents are obtained at the (3-PbOz electrode, despite the large value of nctT. is 

attributed to a small value for at this electrode. 

Values of were calculated for toluene oxidation at the three electrodes 

represented in Figure 43 from the intercepts of these Koutecky-Levich plots and these values 

are included in Table 2. The intercept used for the Bi-PbOz electrode corresponded to the 

linear extrapolation from the low flux region of the plot. The values calculated for (cm 

s"1) are 0.42±0.03xl0~3 (p-PbOz). 2.0±0.05xl0~3 (Bi-PbCK) and 6.5±0.06xl0~3 (Fe-PbOz). 
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Further evidence of the lack of activity of the P-PbOi and Bi-PbO? for the anodic O-transfer 

reaction(s) of toluene was the observation that these electrode surfaces became fouled after 

very short time periods (< 30 m in) when operated at a constant potential under conditions of 

high anaiyte flux (to > 94.2 rad s-1). Evidence for fouling was a rapid decay of current. In 

contrast, Fe-PbO% electrodes exhibited no evidence for fouling during much longer periods of 

use (> I h) in the high flux region. 

Anodic response for xylenes. — The film electrodes were used to obtain voltammetric 

data for the anodic oxidation of o-. m-. and p-xylene as a function of rotational velocity. 

Again, the activity of the Fe-PbCK electrode was significantly larger than that of the other 

electrodes. The Kouteckv-Levich plots of the background-corrected voltammetric response 

at 1.675 V (positive scan) for m-xylene at the Fe-PbO? electrode are shown in Figure 4.4. 

The values of and 6%%, calculated from these plots are included in Table 2. 

A 10 mM solution of m-xylene was electrolyzed for a 1.0-hr period at a potential of 

1.675 V vs. SSCE. The major product of oxidation was determined to be 3-methyl 

benzaldehvde ( 12%. nCfr = 4 eq mol-1)- The presence of a trace amount (<I%) of 3-methyl 

benzoic acid also was identified. This indicates that once one of the methyl groups is 

oxidized, the resulting aldehyde functionality is more susceptible to further oxidation than 

the remaining methyl group. This behavior may give some indication of molecular 

orientation at the electrode surface. These results were further verified by the electrolysis of 

a solution of 2-methyl benzaldehvde for which the only product discovered was 2-methvl 

benzoic acid. 
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ÉCoutecky-Levich plots for oxidation of 5.0 mM m-xylene at Fe(IH)-doped 
[A], Bi(V>doped [#]. and undoped [O] p-PbCK film rotated disk electrodes. 
Detection potential: 1.675 V vs. SSCE. Error bars denote ±1.0 standard 
deviation. 

Mechanical stabilities of films. - It is important to note that the mechanical stability of 

Fe-PbO; films was inferior to that of Bi-PbO> and undoped p-PbCX films. In spite of the low 

concentrations of Fe(IID in Fe-PbO% films (ca. 1%). these films were easily removed from 

the Au substrates simply by rubbing with a tissue. In comparison, the undoped (3-PbOi and 

Bi-PbO- films were not removed bv such action. 

Conclusions 

All three film electrodes tested were observed to exhibit voltammetric waves for 

oxidation of toluene. However, of greatest significance is the observation that for this 
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anodic reaction is larger at the Fe-PbOz electrode (6.5±0.06xl0-3 cm s-1) than at the Bi-PbO% 

(2.0±0.05xl0~3 cm s~l) and pure (B-PbOi (0.42±0.03xI0~3 cm s-1) electrodes. This is 

especially noteworthy because of the small amount of Fe(lH) in the Fe-PbO% film (ca. 1%) as 

compared to the large amount of Bi(V) in the Bi-PbOz film (ca, 33%). We conclude that the 

higher catalytic activity of Fe(III) sites as compared to Bi(V) and Pb(FV) sites is the 

beneficial consequence of stronger adsorption of aromatic molecules at the Fe(III) sites. This 

adsorption is expected to occur via interaction of ̂ -electrons in the aromatic compound with 

partially filled d-orbitals at the Fe(III) sites. 

Experimental results for toluene are consistent with the step-wise reaction sequence 

shown below leading to benzoic acid as the final product. 

d>-CHî - H20 -> <b-CH2OH + 2HT + 2e~ (7) 

<b-CH2OH -> $-CHO - 2tT - 2e~ (8) 

0-CHO - HzO -• o-COOH > 2H" > 2e" (9) 

It is interesting to compare values of ncfr calculated from the Koutecky-Levich plots for the 

three electrodes with the above reaction sequence in mind. For the P-PbCh electrode. nCTT = 

ca. 4 eq mol-1 in spite of the small value of kapp whereas, in comparison, ridi = ca. 2 eq mol-' 

for the Bi-PbCh electrode. We speculate that 0-CH2OH molecules produced in (7) remain 

adsorbed at the P-PbCh electrode but not the Bi-PbQ> electrode. With this possibility in 

mind, it is interesting to note for m-xylene that /zetT = 1.0 eq mol-1 at the P-PbŒ electrode in 

comparison to 1.7 eq mol"' at the Bi-PbCX electrode and 12 eq moF1 at the Fe-PbQ» 

electrode. 
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Future research must focus on the perceived importance of increasing the Fe(III) 

content in (3-PbOz films as well as increasing their adherence to the substrates. Velichenko et 

al. have described some success in addressing the first of these goals by the addition of 

fluoride ion to the deposition solutions.17"19 An alternate approach might be the choice of 

metal oxide hosts having smaller lattice constants than that for P-PbO?. 
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V. ELECTROCHEMICAL INCINERATION OF SELECTED ORGANIC 

COMPOUNDS 

A paper being reviewed for patent and to be submitted for publication in Environmental 
Science and Technology 

Stephen E. Treimer. Jianren Feng, Linda L. Houk, Dennis C. Johnson1, and Nebojsa 
Avdalovic" 

Abstract 

Numerous organic solvents, including those commonly used as mobile phase 

modifiers in liquid chromatography, can be oxidatively degraded at a Pt anode in acidic 

media. Single-pass and multi-pass degradations utilising flow-through electrolysis cells are 

demonstrated for dilute solutions of methanol, acetonitrile. tetrahydrofuran, 1,4-dioxane, 

methylene chloride, chloroform, and methyl ferr-butyl ether in 0.10 M H2SO4. Efficiencies 

of the electrolytic processes are improved in all cases by the presence of thin films of 

MnChU) on the Pt anodes. These films are easily prepared by electrodeposition of Mn2* 

added to the solutions as MnSO, H2OM. 

Introduction 

The challenge of providing clean drinking water becomes more difficult as the 

population of the world increases and industrialization continues. An example of the 

growing problem is the recent discovery of methyl ferr-butyl ether (MTBE) in the drinking 

waters of some regions in California. Chlorinated and non-chlorinated solvents are 

' Corresponding author. 
~ Dionex Corporation. 1228 Titan Way. Sunnyvale. CA 94088-3603 
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commonly used in liquid-liquid extraction processes and high-performance liquid 

chromatography (HPLC) [1]. It is known that chlorinated hydrocarbons can be carcinogenic 

[2] and the removal of these compounds from their aqueous solutions and mixtures can be 

problematic. Given the magnitude of the use of these and other solvents in industry and 

academia. a strategy must be developed for the remediation of these wastes before they enter 

the ecosystem. 

Numerous studies have reported on various biological, physical and chemical 

methods for treatment of agricultural and industrial wastes. These techniques include 

adsorption onto activated carbon, biological degradation, wet air oxidation, supercritical 

water oxidation, photocatalytic oxidation, phytoremediation. combustion, and solid-phase 

catalyst oxidation [3-5]. Each technique has its unique advantages and disadvantages with 

regard to applicability, effectiveness, and cost [6]. So-called electrochemical incineration 

( ECI) is a viable alternative to these waste treatment processes [7.8]. ECI is especially 

appealing for applications in academic and industrial laboratories that generate small 

volumes of organic wastes. The ECI process is more expensive than biological and 

phvtochemical treatments: however is considerably faster and can be performed on site or 

on-line with minimal waste storage. 

The goal of ECI is the complete degradation of organic substances to innocuous 

products, e.g.. CO? . HiO. NO;. CIO3. etc. Prior efforts related to electrolytic degradation of 

chlorinated hydrocarbons have focused on cathodic dehalogenation processes [9.10]. To 

illustrate, the cathodic dehalogenation of methyl chloride results in production of methane: 

C H 3 C l ( a q )  +  2 H ~  + -  2 e "  - »  C T L t ( g )  -  P T ^ C l "  ( I )  
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One advantage claimed for this process is a low power requirement. However, cathodic 

dehalogenation of polychlorinated hydrocarbons is known to generate harmful intermediate 

products, e.g., the dehalogenation of CCU occurs in a step-wise fashion with production of 

CHOI], CH1CI2, and CH3CI as intermediate products. Anodic degradation processes are 

described as "anodic O-transfer reactions'* because O-atoms from H%0 in the solvent phase 

are transferred to the reactants. The anodic degradation of chlorinated hydrocarbons is 

expected to yield the desired innocuous products, as illustrated for CH2CI2 by: 

CH2CI2(aq) + 2HzO -» CO,(g) + 2CF + 6tT + 4e~ (2) 

Data obtained in our laboratory support speculations that prerequisites to successful 

anodic O-transfer reactions include: (i) anodic discharge of H2O to produce adsorbed OH 

radicals which are the immediate source of O-atoms transferred in these mechanisms [11]. 

and ( ii) preadsorption of reactant species to increase their lifetime within the applied electric 

field at the electrode-solution interface [12.13]. The kinetics of ECI processes are slow at 

traditional anode materials e.g.. Au. PL and glassy carbon. Recent efforts have yielded more 

active anode materials, e.g. synthetic diamond and various doped metal oxides [14-20]. 

Coupling electrolytic oxidations with Fenton's reagent (H2O2-r Fe2*) or with photocatalvtic 

oxidation also has been demonstrated to improve the efficiency of some waste remediation 

processes [21-23]. 

Much work in this laboratory has focused on the use of anodes consisting of thin 

films of mixed metal oxides on conductive substrates to improve the efficiency of the ECI 

process. lron( III)-doped P-PbO%(A) films on Ti substrates have been used for the electrolytic 

degradation of benzoquinone with a current efficiency exceeding that obtained at Au. PL and 

glassy carbon electrodes [24]. Mixed metal-oxide films consisting of the oxides of Sb. TL 
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and Ru in SnO%(^) have been successfully employed for electrolytic degradation of 

benzoquinone and 4-chIorophenol [8,25]. However. low levels (ca. ppb) of the constituent 

metals have been detected in the product solutions following use of these anodes. Therefore, 

the goal of on-going research is the discovery of effective catalytic electrode materials that 

are not based on the toxic elements lead and tin. Recently, we have successfully applied 

electrolysis at MnC>2(s)-coated electrodes for the degradation of several organic solvent 

modifiers used in HPLC. including methylene chloride. Manganese(II) is a non-toxic 

metallic species present as a co-factor in important enzymatic processes that occur in living 

systems with an RDA in humans of 2-5 mg day"1. Furthermore. MnOi(j) is well known as an 

oxidizing agent in organic chemistry and in catalytic abatement of aqueous pollutants [6.26-

30]. 

Here we report on the effective use of MnO%(s)-coaied Pt anodes for the electrolytic 

degradation of several chlorinated and non-chlorinated organic compounds commonly used 

as solvent modifiers n high performance liquid chromatography (HPLC). The compounds 

include methanol, tetrahydroftiran. 1.4-dioxane. acetonitrile. chloroform, methylene chloride, 

and methyl /err-butyl ether. The goal of this research is the development toward an on-line, 

single pass solvent incinerator for chromatographic and other industrial waste streams. 

Experimental 

Reagents - The organic solvents chosen for electrochemical incineration were 

methanol, tetrahydroftiran. 1.4-dioxane. acetonitrile. methyl rerr-butyl ether, chloroform and 

methylene chloride (HPLC grade. Fisher Scientific Pittsburgh. PA). Other chemicals were 

formaldehyde. MnSO* H%0(j) and reagent grade concentrated H2SO4 (Fisher Scientific). All 
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aqueous solutions were prepared from distilled water that had been purified further by 

deionization (Millipore, Bedford, MA). 

Electrolysis apparatus and conditions - The undivided H-ceII is shown in Figure 5.1 

with a glass tube ( 1.0-cm i.d.) connecting the anode and cathode compartments. A total of 50 

mL of sample was sufficient to fill both compartments to a level above the connecting tube. 

The anode was a Pt plate (2.0 cm2) and the cathode was a Pt wire (ca. 2 cm2). Reflux 

condensers maintained at 10 *C were positioned above each cell to minmn>e the loss of 

volatile organic compounds with low boiling points. The anode compartment was stirred 

with a magnetic stirring bar. 

Figure 5.1. Diagram of H-shaped undivided electrolysis cell. 
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The laboratory-scale undivided flow-through Electrocell AB cell (The 

Electrosynthesis Co., Lancaster, NY) is shown in Figure 5.2. Electrolysis solutions were 

repeatedly circulated through the cell from a three-necked flask (150 mL min-1) using a 

MasterFIex peristaltic pump (Cole-Parmer, Vernon Hills, IL). A chilled reflux condenser 

mounted above the flask was used to condense and return water vapor and mist containing 

volatile components from the electrolysis solutions. The two Ti blocks labeled C and G had 

been machined to permit control of their temperatures by the passage of thermostated water 

[31]. However, in experiments reported here, the anode and cathode were operated at 

ambient temperatures. The Pt-foil anode (D. 4.0 cm x 3.5 cm) was pressed against the face 

of block C in the assembled cell by Ti block E (6-mm thick). Block G served as the cathode. 

A Wall 
3 Uasker 
C Heating block tTv 
D Anode i Pt1 

E Spacer 
F Spacer 
G Cooling block/Cathode v Ti ! 
H Gasket 
I Wall 

Figure 5.2. Diagram of the undivided, multi-pass flow-through cell. 

UNDIVIDED FLOW CELL 

A B C D E F  G  H  I  
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The window cut into silicon spacer F (2.5 x 3.0 cm. McMaster-Carr. Chicago, IL) defined the 

outer dimensions of the electrolysis zone in the flow-through cell. The thickness of the 

electrolysis zone in the assembled apparatus, defined by spacers E and F. was ca. 3 mm 

The miniaturized cell shown in Figure 5 J was used to minimise the time necessary to 

achieve electrolytic degradation of test samples in conjunction with off-line gas 

chromatographic analysis of the gas mixture generated during electrolysis [31]. In this cell, 

a coiled Pt wire (ca.3 cm2) was tightly wrapped around a porous stainless steel cathode 

Gas outlet-I * — 
Anode 

-— Cathode 

Gas sampling port 
* with septum / 

Nation 

Water bath 
Membrane 
electrode 
assembly Stirnna oar 

Figure 5-3. Diagram of the miniature electrolysis cell with membrane electrode assembly. 
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covered with a rectangular piece of Nafion 117 covering the porous stainless steel cathode. 

The cell temperature was controlled by a Model 90 Refrigerated & Heated Bath (Fisher 

Scientific. Itasca. IL). Headspace gas samples (100 gL) were obtained through the rubber 

septum at the top of the electrolysis cell using a Gastight® syringe (Hamilton Co.. Reno. 

NV). 

The single-pass ECI cell (Figure 5.4) was a modified Cation Self-Regenerationg 

Suppressor CSRS-I (Dionex Corp.. Sunnyvale, CA). The CSRS-1 is supplied with Pt screen 

working electrodes ( 14.5 cm x 1.5 cm) that were replaced with Pt foil sheets of the same 

geometry and the ion-exchange membrane was removed. The anode and cathode were 

separated by a 3-mm silicon rubber gasket ( McMaster-Carr) which had a 1.0 cm x 12.0 cm 

portion removed to define the cell volume. Thus, the modified CSRS-I was operated in the 

so-called "undivided mode". During operation, the cell was positioned vertically, with the 

outlet port above the inlet port to enable gas bubbles to be swept out of the cell by the 

effluent stream (see Figure 5.4). Test solutions were contained in a closed flask chilled to 13 

r I °C and pumped through the cell by a Minipuls-2 peristaltic pump (Gtlson. Inc.. Milano. 

Italy) at 1.0 mL/min. Processed solutions were collected in a jacketed, three-neck flask fitted 

with two high efficiency reflux condensers mounted in series and maintained at 5 C to 

minimize losses of any unreacted organic compounds or volatile products remaining in the 

waste stream. 

The power supply was a Model 420X operating a Model 415 High Power 

Potentiostatic Controller (Electrosynthesis) operated in the galvanostatic mode at 1.0 amp (85 

mA cm") unless otherwise stated. 
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Figure :>.4. Modified Dionex CSRS-I electrochemical cell used for the single-pass 
destruction of selected organic compounds. 

Electrode preparation - The Pt substrates were submerged ina 1:1 (v/v) mixture of 

ethanol and 1.0 M NaOH to remove adsorbed organic materials. Then, following a thorough 

rinse with deiontzed water, the electrodes were roughened by immersion into aqua regia (2 

h). Finally, the electrodes were again rinsed with water. When specified, the Pt anode in the 

H-cell ( Figure 5.1 ) was coated with a thin rose-colored film of MnO^s) by electrodeposition 

at constant current ( 1.0 A. 10 min) from 1.0 M H2S04 containing 0.10 M Mn2* added as 
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MnSQrHiOCs). The Pt anode in the miniature cell (Figure 5.2) was coated with MnOils) by 

deposition (20 mA. 10 min) from 1.0 M H2SO4 containing 10 mM Mn2-. The Pt anode in the 

multi-pass and single-pass flow-through cells were coated with MnO%(f) by electrodeposition 

from 1.0 M H2SO4 containing 5.0 mM and 1.0 mM Mn2* respectively, present in the 

solutions of the organic samples being processed. 

Chemical analyses - Chemical oxygen demand (COD) was determined using a 

DR2000 analyzer (Hach Chemical. Loveland. CO). Carbon dioxide was detected using a gas 

chromatograph (GC) with a thermal conductivity detector (GOW-MAC. Bridgewater. NJ) 

and 8'x'A" Carboxen 1004 column (Supelco. Bellefonte, PA). 

The analysis of organic compounds in gaseous samples was performed using a Model 

550 (Tracor) GC equipped with a flame ionization detector (Marconic, Austin. TX). The 

chromatographic column ( 1/8 in x 10 ft) was packed with 3% SP-1500 on 80/120 Carbopack 

B ( Supelco ). Gas samples were obtained using a Gastight® syringe (Hamilton). Data were 

collected by a serial interface to a PC and Logger Pro software (Tufts University and Vernier 

Software. Portland. OR). 

For the single-pass ECI experiments utilizing the modified CSRS-t cell, pre- and 

post-ECI aliquots (5.0 mL) of the target compound were pipetted from the respective chilled 

reserv oirs to standard vials (Hach) and capped with rubber septa (Aldrich). Pre-ECI aliquots 

were taken at I-hour intervals to monitor possible evaporation. Post-ECI aliquots (5.0 mL) 

were taken at 30-min intervals to identify possible intermediates. After 1-hour equilibration 

time, a sample of the headspace was withdrawn from the sealed vial with the Gastight* 

syringe and injected for chromatographic analysis (in triplicate). The ECI efficiency of the 
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designated organic compound was calculated by comparison of the integrated 

chromatographic peaks obtained from the pre- and post-ECI solutions. 

Results and discussion 

Preliminary tests using the H-cell (Figure J. I) - Initial comparisons of the activities 

of bare and MnO?(f)-coated Pt anodes for electrolytic degradation of the target compounds 

were made using the H-cell (Figure 1). These results, summarized in Table 5.1. correspond 

to COD values determined before and after 20-hour electrolysis periods in 50-mL aliquots of 

0.10 M H2SO4 containing 10% (v/v) of the specified organic compounds. In all cases, a 

larger reduction in COD is achieved using MnO%(j)-coated Pt anodes. Because COD values 

for acetonitrile and methylene chloride decreased by 100% for the trials represented, the 

electrolyses were repeated for shorter electrolysis periods. After 1.5-hour electrolyses at Pt 

and MnOi coated Pt anodes, the COD for 0.10 M H2SO4 containing 10% (v/v) acetonitrile 

were decreased by 3% and 81%. respectively. After 3-hour electrolyses at Pt and MnOi 

coated Pt anodes, the COD of 0.10 M H2SO4 containing 10% (v/v) methylene chloride were 

decreased by 31 % and 98%. respectively. It is readily apparent that the presence of thin 

films of MnOi(s) on the Pt anode results in a significant enhancement of the degradation 

rates for the organic compounds tested. Because ECI at constant current maintains a constant 

tlux of OH radicals regardless of the anode material (albeit at perhaps different potentials), 

we speculate that the enhancement of degradation rates is a direct result of enhanced 

adsorption of organic compounds onto the MnO%(f) surface as compared to the oxide-

covered Pt surface. 
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The solutions changed color during electrolyses at the MnO%(.f)-coated Pt anode. In 

all cases, solutions were colorless at the start of the electrolyses; however, they quickly 

turned to a light purple color after electrolysis started with a concomitant loss of a majority of 

the MnOi(.y) films from the Pt surface. The solutions then turned to a muddy brown color, 

undoubtedly from the formation of suspended particles of MnO%(^). We speculate further 

that a small amount of MnO*- is generated during ^deposition of Mn2+ as MnOi(.y) at the Pt 

and MnC>2(.y)/Pt surfaces. Furthermore, MnO*~ can react with Mn2+ in acidic solution to form 

a suspension of MnOiCr). the source of the muddy brown appearance. As time elapsed, the 

solutions again became colorless, as MnO%(s) is known to oxidize organic compounds with 

the production of Mn2' [32]. Ultimately, all Mn2* is redeposited on the anode surfaces in the 

form of MnO^(j) and the fully processed solutions are colorless. 

Table 5.1. Chemical oxygen demand (COD) determined before and after 20-h periods of 
electrolysis of 50-mL aliquots of 0.10 M HzSO* containing 10 % (v/v) of the 
designated organic solvents using an H-cell (Figure 5.1). Anodic current: 
I.OA (0.50 A/cm2). 

Compound 

Methanol 

COD before COD after Decrease COD after Decrease 
electrolysis electrolysis at in electrolysis at in 
(mg/L) Pt anode (mg/L) COD (%) MnOVPt (mg/L) COD (%) 

93.700 

Tetrahvdrofuran 143.000 

Dioxane 

Acetonitrile 

Methylene 
chloride 

140.000 

21.900 

23J00 

36300 

60.300 

54.900 

0 

16.000 

61 

58 

61 

100 

31 

22JZ00 

11.700 

0 

0 

100 

84 

92 

100 

100 
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Multi-pass flow-through electrolysis cell (Figure 5.2) - The multi-pass flow-cell 

(Figure 5.2) was applied for batch-wise electrolytic degradations of the target compounds 

from Table 5.1. Formaldehyde was also included in this study because it was suspected to be 

an intermediate product of the step-wise oxidation of methanol. There was no deposition of 

MnOiCr) films on the Pt anode prior to addition of the organic compounds to the acidic 

media. Instead, 5 mM MnSOaCr) was dissolved in the acidic solution following addition of 

the organic compounds to enable electrodeposition of the desired MnO%W films during the 

ECI process. 

Table 5.2 contains COD values for the test solutions determined before and after the 

20-hour electrolysis periods. Except for acetonitrile, the electrolyses achieved >90% 

reduction in the COD values. Undoubtedly, extended electrolysis periods will result in 100% 

reduction of COD for all organic compounds represented in Table 5.2. 

We speculate that an increase in the rate of the anodic degradation process might be 

achieved by increasing the rate of convective mass transfer at the anode surface in the flow-

cell. Therefore, a I-mm thick plastic-mesh insert (The Electro synthesis Co.. Inc.) was 

positioned next to the Pt anode in the flow cell to enhance turbulence at the electrode surface. 

Table 5.3 summarizes COD data for electrolysis solutions in the presence and absence of the 

plastic-mesh insert. Only a slight increase in degradation rate (ca. 4 %) was obtained using 

the insert. Perhaps the benefit of increasing turbulence was offset by the decrease in 

effective area of the anode resulting from contact with the insert. Additional experimentation 

is needed to determine the appropriate cell design to maximize the rate of convective mass 

transfer and. therefore, to minimize the time required for total degradation of target 

compounds. 
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Table 5.2. Chemical oxygen demand (COD) determined before and after 20-h periods of 
electrolysis of 100-mL aliquots of 0.10 M H2SO4 containing 10 % (v/v) of the 
designated organic solvent with 5.0 mM MnSQt using the flow cell (Figure 2). 
Anodic current: 1.0 A (0.070 A/cm2). 

Compound COD before 
electrolysis 
(mg/L) 

COD after 
electrolysis at 
Pt anode (mg/L) 

Decrease 
in 
COD (%) 

Methanol 93.700 124 99.9 

Tetrahydrofuran 148.000 9.730 93.4 

Dioxane 140.000 11.000 92 

Acetonitrile 21200 5.030 163 

Methylene 
chloride 

23.300 0 100 

Formaldehyde 111.000 0 100 

Table 5.3. Values of chemical oxygen demand (COD) determined before and after 10-h 
periods of electrolysis of 100-mL aliquots of 0.10 M H2SO4 containing 10 % 
(v/v) of the designated organic solvents with 5.0 mM Mn(II) using the flow 
cell (Fig. 2) with and without the plastic-mesh insert. Anodic current: 1.0 A 
(0.070 A/cm2). 

Compound Plastic COD before COD after Decrease 
Mesh electrolysis electrolysis at in 
Insert? (mg/L) Pt anode (mg/L) COD (%) 

Methanol No 93.700 14.000 85 

Methanol Yes 93.700 10.400 89 

Methylene 
chloride 

No 23.300 1.200 95 

Methylene 
chloride 

Yes 23.300 300 99 
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The effect of larger variations in pH, as determined by choice of supporting 

electrolyte, was examined for the electrolytic degradation of the target compounds at the 

uncoated Pt anode in the flow-cell equipped with the plastic-mesh insert. The use of 

MnOi(j)-coated Pt was avoided in this study because Mn2"1* is known to precipitate as 

MnfOHhCï) in highly alkaline media and as MnHPO^-s) in phosphate buffer. Typical data 

are shown for methanol and tetrahydrofuran in Table 5.4. The largest degradation 

efficiencies for these compounds using the uncoated Pt anode were obtained in the acidic 

medium. 

Miniaturized cell (Figure 5.3) - Total electrochemical incineration of organic 

compounds results in production of CO%(g). Therefore, it was expected that off-line 

determination of C02(g) in the solution headspace would be an effective basis for 

comparison of the catalytic activities of various anode materials. The miniaturized cell 

shown in Figure 5 J was applied, in conjunction with gas chromatography using thermal 

conductivity detection (TCD). to determine qualitatively the relative rates of CO%(g) 

production during the electrolysis of 5.0-mL aliquots of 0.10 M H2SO4 containing 10% (v/v) 

methanol. 

Figure 5.5 contains plots of the chromatographic peak height for CO2(g) as a function 

of the electrolysis time corresponding to the absence ( -•-) and presence (-0-) of 5 mM 

Xln"' in the electrolysis solution. The CO%(g) concentration reached its maximum at ca. 20 

min for the presence of Mn2- as compared to ca. 80 min for the absence of Mn2'. The area 

under the curve obtained in the presence of Mn2" is ca. 45% larger than the area under the 
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Table 5.4. Chemical oxygen demand (COD) determined before and after a 20-h period of 
electrolysis for 100-mL aliquots of the designated solutions containing 10% 
(v/v) of the specified organic solvents using an uncoated Pt anode in the flow 
cell (Fig. 2) with a plastic-mesh insert. Anodic current: 1.0 A (0.070 A/cm2). 

Compound Medium COD before 
electrolysis 

(mg/L) 

COD after 
electrolysis at 
Pt anode (mg/L) 

Decrease 
in 

COD (%) 

MeOHa 0.1 M H2S04 93.700 14.000 85 

MeOH 0.1 M Na2S04 (pH 7) 93.800 22.900 76 

MeOH 0.02 M KH2PO4/ 
0.08MNa2HP04 

(pH 7) 

93.300 61.100 34 

MeOH 0.1 M NaOH 94.200 35.100 63 

THFb 0.1 MH2SO4 143.000 16.700 88 

THF 0.1 MNa2S04(pH7) 143.000 25.000 82 

THF 0.02 M KH2POV 
0.08 M Na2HP04 

(pH7) 

143.000 108.000 24 

THF 0.1 M NaOH 144.000 50.800 65 

J Methanol Tetrahydroftiran 

curve obtained without the addition of Mn2". This is evidence that more CO^tg) was formed 

using the MnOi(5)-coated Pt anode. However. CCh(g) production in both examples 

decreased to negligible values by 120 min. indicating that both solutions are virtually devoid 

of all methanol and intermediate oxidation products. We tentatively conclude that, in the 

case of the bare Pt anode, the slow rate of oxidative degradation allowed for the loss of some 

the volatile methanol through the condenser without return to the electrolysis cell. 
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Figure 5.5. Chromatographic peak height for CCh(g) in gas stream during electrolytic 
degradation of 10% methanol in a 5.0-mL aliquot of 0.10 M H2SO4 using the 
miniature electrolysis cell (Figure 3) without (-•-) and with (~0") addition 
of 5 mM Mn(II). 

Gas chromatography with flame ionization detection (FID) or thermal conductivity 

detection (TCD) was applied to monitor the variations of COz(g) and methanol in the gas 

phase above the electrolysis solution in the miniaturized cell. A new chromatographic peak 

was observed to develop immediately following onset of electrolysis of 5.0-mL aliquots of 

0.10 M H2SO4 containing 10% methanol. This peak was assigned to formaldehyde on the 

basis of m.iîrhing retention times with peaks obtained for standard formaldehyde solutions. 

Formaldehyde represents the first stable degradation product (n = 2 eq moF1) in the stepwise 
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oxidation of methanol to CO%(g) and its appearance is concluded to be evidence for a 

stepwise degradation mechanism. Figure 5.6 contains plots of the chromatographic peak 

heights for methanol (•), formaldehyde (o) and COi(g) (A.) for the electrolytic degradation 

of methanol at a Pt-wire anode without (Fig. 5.6a) and with (Fig. 5.6b) addition of 5 mM 

Mn2- to the electrolysis mixture. Whereas the appearance of CChig) peaks persisted for a 

longer time in the absence of Mn2*. no evidence for COiCg) production existed after 300 min 

for the use of Mn2*. Furthermore, the maximum peak heights for formaldehyde are 

significantly greater when Mn2" was added. These data are strong evidence that the rate of 

the anodic degradation of methanol is catalyzed by the MnOi(s) film on the Pt anode surface. 

Temperature variations - The immature cell (Figure 5 J) was used in studies of the 

effect of temperature variations (5 to 95°C) on the rate of degradation for 8.0-mL aliquots of 

0.10 M H2SO4 containing 1% dioxane and 1.0 mM Mn2*. Dioxane was chosen for this study 

because it has the highest boiling point of the organic compounds studied ( 101°C) to 

minimize loss of the organic reactant by volatilization. Figure 5.7 shows plots of 

concentrations of COitg) in the gas stream above the electrolysis solution. As the 

temperature of the solution increased, the peak concentration of CO%(g) was achieved at 

decreasing times in the electrolysis periods. More specifically, the COzig) level peaked at 

ca. 80 min for 95°C as compared to 240 min for 35°C. As expected, these data demonstrate 

that the rate of oxidative degradation of methanol to CO%(g) is increased with increasing 

electrode temperature. It is interesting to note that the maximum CChig) concentrations 

represented in Figure 5.7 for temperatures in the range 35 - 95 °C are approximately 

equivalent. This seems to be contrary to the assertion that increased temperature results in an 

increased rate of GO%(g) production. We speculate that a limited value for the rate of COi(g) 
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Figure 5.6. Chromatographic peak signal for selected compounds in headspace of 

miniature cell (Fig. 5.3) during electrolysis of 10% methanol in 5.0 mL of 
0.10 M H2SO4 without (a) and with (b) addition of 5 mM Mn(IT). 
Temperature: 5 °C. Anode area: 5.0 cm2. Anode current: 1.0 A (0.20 A 
cm"2). Curves: ( # ) methanol. (3) formaldehyde. (A)carbon dioxide. 
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production occurs when the rate of methanol degradation becomes limited by: (i) the flux of 

OH species generated by anodic discharge of H2O and/or (ii) the rate of convective-

diSusional mass transport of methanol at the electrode surface. Future research will examine 

this speculation by altering the current density and methanol concentration. 

Single-pass flow cell (Figure 5.4) - Representative data are shown in Table 5.5 from 

tests of the extent of electrochemical degradation in the modified CSRS-I cell during a single 

pass of the designated compounds in 0.10 M H2SO4 containing I mM MnSO.t(j). 

250 

0 50 100 150 200 250 300 350 
Electrolysis time (min) 

Figure 5.7. Chromatographic peak height for CCh(g) in gas stream during electrolytic 
degradation of 1% dioxane in an 8.0-mL aliquot of Q.IG M H2SO4 using the 
miniaturized cell (Figure 5 J) placed in a thermostated water bath. Anode 
current: 1.0 A (0.33 A cm-2). Temperature (°Q: (G) 5. (#) 35, (O) 55. (•) 
75. (V) 95. Blank (°C): (*) 95. 
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Data from Table 5.5 confirm the conclusion that chlorinated and non-chlorinated 

hydrocarbons can be efficiently degraded by anodic (oxidative) degradation. When an 

undivided cell was used, cathodic dechlorination occurred; however, the products of cathodic 

dechlorination ultimately were anodically degraded to relatively benign compounds. 

Use of a flow-through cell fabricated from the modified CSRS-I cell demonstrated 

that this apparatus holds promise for the continuous on-line or in-process stream degradation 

of chlorinated and non-chlorinated hydrocarbon solvent in acidic aqueous solutions or 

possibly neutral solutions if the electrode spacing is minimized and/or ionic membrane is 

employed. 

Table 5.5. Summary of the results of single-pass ECI of the following solvents through 
the modified Dionex CSRS-H cell (Figure 5.4). Anodic current: 1.0 A (0.085 
A/cm2), flow rate I mL min"1. 

Compound % efficiency S.D. comments 

Methanol 53.0 4.0 

Tetrahydrofuran 83.0 10.3 

1.4 Dioxane 77.7 13.7 

Acetonitrile 8.6 l.l an additional 8.0% 
decrease with 2nd pass 

Methylene 64.9 IZ2 
chloride 

Chloroform 84.6 8.0 

Methyl ferr-butyl ether 71.6 14.1 
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The Pt electrodes in the CSRS-I cell and other electrolysis cells used in this research 

are appropriate for the specified electrolytic degradation processes. However, the activity of 

the anode is increased by the presence of a MnQ>(.y) film. This catalytic film is easily 

prepared in situ by electrodeposition of MnOi(s) from MnSO^s) dissolved in the solutions 

prior to electrolytic processing. The use of alkaline media is not appropriate because 

addition of MnSO^j) to alkaline media results in formation of a brown "muddy" appearance 

from dispersed Mn(OH>:U)-

Future Research 

Definite advantage can come from operation of the CSRS-I cell in a "divided" mode 

with the anode and cathode separated by a cation-exchange membrane. The primary 

advantage of the divided mode is the elimination of intermediate products of partial 

dechlorination processes at the cathode. However, the cation-exchange membrane must be 

chosen with large pore diameters to minimize joule heating, which, in excess, causes 

unwanted thermal degradations of the membrane and evaporation (rather than remediation) 

of the process stream. Future research will compare a variety of cation-exchange 

membranes, optimize ceil path length, and the thickness of electrode separation. 
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VL PHOTO ASSISTED ELECTROCHEMICAL INCINERATION OF SELECTED 

ORGANIC COMPOUNDS 

A paper accepted for publication in Journal of the Electrochemical Society1 

Stephen E. Treimer. Jianren Feng2, and Dennis C. Johnson3 

Abstract 

The decrease in chemical oxygen demand (COD) of mildly acidic (pH 3 J) aqueous 

solutions of phenol, aniline, n-propanol and acetic acid was observed to be significantly 

larger at PbO%(^)-coated Pt electrodes ("PbOyPt") in comparison to bare Pt electrodes in a 

flow-through reactor. Furthermore, the rate of COz(g) production during electrolysis of 

phenol solutions at PbOVPt electrodes (4.6 cm") also was determined to be significantly 

larger when these electrode surfaces were illuminated bv a 14-W UV lamp (254 ran). The 

total amount of CCh(g) produced over a 4-h electrolysis period at an illuminated PbOVPt 

electrode in a flow-through cell was equal to 90% of the theoretical amount corresponding to 

stoichiometric conversion of the phenol to COitg). Elemental analysis of the PbO%(f) films 

demonstrated that they were doped slightly with iron presumably in the Fe(IID state. i.e.. 

Fe( III)/Pb( IV) = 0.010. The source of Fe( III) was concluded to be the stainless steel used in 

construction of the flow-through electrolysis vessel. It is speculated that the Fe(III) sites in 

the surfaces of the PbOi(s) films can function as Lewis acid sites for adsorption of reactant 

molecules via non-bonded electrons as an initial step in the anodic degradation mechanisms. 

' Reprinted with permission of the Journal of the Electrochemical Society, in press. 
' Present address: Pollution Control Division. Galveston County Health District, La Marque. TX 77568 
' Corresponding author. 
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The advantage of pre-adsorption of reactant molecules is thought to be the result of longer 

residence times for these molecules within the applied electric field at the electrode-solution 

interfacial region. The observed effect of UV illumination is speculated to be associated with 

absorption of the photons within the surface of the PbOiC?) films 

Introduction 

The oxidative remediation of toxic organic wastes in industrial effluents has been the 

subject of intense investigation. The US Environmental Protection Agency estimates that in 

1998 >130 million pounds of phenol and >28 million pounds of aniline waste were released 

to the environment.1 Phenol is used in the industrial production of numerous compounds, 

including pharmaceuticals, disinfectants, germicides, and slimicides.2"3 Aniline is used as 

the starting material for the manufacture of many azo compounds used to dye cloth. 

Reference I also reports the disposal of the groundwater contaminant»; Atrazine® (>1.8 

million pounds) and Trifluralin® (>0.2 million pounds) herbicides, and naphthalene (>49 

million pounds), a representative of the general class of compounds known as poly eye lie 

aromatic hydrocarbons (PAHs). The controversial oxidation of PAH compounds in the body 

has received significant attention in the study of human carcenogenesis.4"5 

The large environmental burden resulting from phenol waste has resulted in extensive 

studies of photocatalytic processes for the oxidative degradation of this class of compound. 

Direct photocatalytic oxidation of phenol has been attempted.6"17 Photocatalytic 

electrochemistry has been developed and primarily makes use of colloidal suspensions of 

semiconductor particles at which the rate of oxidation processes is increased when irradiated 

by ultraviolet (UV) light. Subsequent removal of the colloidal suspension of semiconductor 



www.manaraa.com

99 

particles from remediated waste solutions, if necessary, can be difficult. On-going research 

in this and other laboratories also is focused on alloy and metal oxide anode materials that 

support the direct anodic degradation of organic compounds/'18-32 The objective in the 

degradation of phenol and related compounds is the quantitative conversion to carbon 

dioxide, a technique referred to here as electrochemical incineration. 

Prior to the study reported here, our attention has been given to comparisons of 

electrode materials for the purpose of determining those anode compositions that exhibit 

maximum activity for oxidative processes28: the role of altervalent metallic dopants in PbO%-

tilm electrodes, with emphasis on Bi(V);33-34 and the identification of the intermediate 

products of electrochemical incineration/1 Here, we describe results from an investigation to 

determine possible benefits of direct illumination of anode surfaces by UV light (254 nm) to 

enhance the rates of the electrochemical incineration of selected organic compounds. In 

previous related work. Vinodgopal et at. demonstrated the benefit of UV illumination of a 

thin particulate film ofTiO% on an optically transparent, conductive anode maintained at a 

constant anodic bias for the anodic degradation of 4-chlorophenoLj5'j6 In the study reported 

here, a Pt-wire anode was wrapped tightly around a quartz tube into which a UV lamp was 

inserted. 

Experimental 

Reactor — A diagram of the flow-through photoelectrochemical reactor is shown in 

Figure b. I. In this reactor. UV light (254 nm) was generated by a GPH-274 low-pressure 14-

watt Hg-vapor lamp (15 mm o.d. x 21 cm length) from Southern New England Ultraviolet 

( Branford. CT). This pencil-shaped lamp was placed inside a quartz tube (22-mm o.d. x 31-
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cm length) wrapped with 284 cm of 5I-um Pt wire (4.6-cm2 area) to serve as the anode 

during electrolyses. This assembly was then placed inside a stainless steel cylinder (2.5-cm 

i.d. x 30.5-cm length) that defined the dimensions of the flow-through reactor and also 

functioned as the cathode during electrolyses. Analyte solutions were circulated 

continuously within the closed-loop reactor for the designated periods. 

The temperature of the stainless steel cylinder was maintained at 40 ± I °C using 

Lamp power 
supply 

UV lamp (Hg Vapor) 

Stanless Sfcd flow cell 
(also seives as ~~ 
cathode) 

To water bath 

Figure 6.1. Schematic diagram of the flow-though electrochemical cell for photo-assisted 
electrochemical incineration of organic compounds in aqueous media. 
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water pumped by a Lauda controlled-temperature bath from Scientific Apparatus (Chicago, 

IL) through copper tubing (5-mm o.d. x 120-cm length) wrapped tightly around the stainless 

steel cylinder. 

Instrumentation — Electrolyses were performed at a constant current of 1.0 A (0.22 A 

cm"") from a Model 415 potentiostat. operated in the galvanostatic mode, and Model 420X 

power supply from Electrosynthesis (Lancaster, NY) connected in-series with a Model 

80I2A current meter from Fluke (Everett, WA). 

The concentration (v/v) of CO%(g) within the headspace above the glass reservoir was 

determined by a Binos 100 NDIR flow-through detector from Fisher-Rosemont (Baar. 

Switzerland) using pure Ni(g) to purge the headspace.31 The rate of Ni(g) flow was 

dynamically measured and regulated at 210 ± 5 mL min~' by an in-line Model 110 digital 

flow meter from Cole-Parmer (Vernon Hills, IL). The temperature of the headspace was 

maintained at 10 ± 1 °C using a second Lauda controlled temperature water bath and multiple 

condensers. Labview software ( Version 5.1) from National Instruments (Austin. TX) was 

written for data collection using a 16-bit AT-MIO16-XE50 interface board. 

Solutions of the selected organic compounds were circulated between the reactor and 

a glass reservoir (350 mL) using a Masterflex* Model L peristaltic pump from Cole-Parmer 

operated at a flow rate of 230 mL min"1. The glass reservoir was constructed with a water 

jacket through which water at 40 ± I °C was pumped from the Lauda controlled temperature 

bath. 

Chemical oxygen demand (COD) was determined using apparatus and procedures 

from Hach Chemical Company (Ames. IA).j8 
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Reagents — All solutions were prepared from reagents used as received from Fisher 

Scientific (Pittsburgh, PA). Tap water was deionized using anion- and cation-exchange 

towers from CuIIigan (Owatonna, MN), and purified further to achieve 18-MC2 resistivity 

using a Milli-Q system from Millipore (Bedford. MA). Except where specified to the 

contrary, electrolyses were applied to 5.0 mM solutions of designated organic compounds in 

0.10 M NaNO] adjusted to pH 3.5 by addition of 0.1 M HNO3. 

Metal oxide films - Where specified, films ofMnOiCs), PbOiCr) or MnOz-PbO^s) 

were electrodeposited on the Pt-wire anode simultaneously with electrochemical incineration 

of selected organic compounds by addition of 1.0 mM M11SO4,1.0 mM PbCNCbh. or 0.5 mM 

MnSOa with 1.5 mM PbfNCbh» respectively. Following completion of electrolysis 

procedures, the electrodeposited films were cathodically stripped from the Pt-wire anode, and 

the inner surfaces of the reactor cell were cleaned, using aqua regia. 

Elemental compositions of metal oxide films employed as electrodes in this study 

were determined using a series 4500 inductively coupled plasma mass spectrometer (ICP-

MS) from Hewlett-Packard (Wilmington. DE) without the Shield Torch® system. The metal 

oxide films were electrochemically stripped from the Pt substrates in 0.1 M HNO3 

electrolyte. Electrolyte blanks were analyzed for interferences and subtracted and then 

compared to standard solutions prepared from NIST certified Fe. Mn. and Pb standards ( 1000 

ppm) from SPEX CertiPrep (Metuchen. NJ). 

Analysis of Results —Values of current efficiency (CE) for conversion of organic 

compounds to COz were calculated using the following equation: 
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moles CO; produced/coulombs passed 
theoretical moles CO, achievable/theoretical coulombs required 

Results and Discussion 

Selected aromatic compounds - Table 6.1 contains a summary of results for the 

electrochemical incineration of acidic solutions (pH 3.5) containing 5.0 mM phenol and 5.0 

mM aniline. Listed in the table are percentage values for the decrease in chemical oxygen 

demand (COD) for these solutions (350 mL) resulting from electrolysis at the designated 

anodes for the indicated time periods. Also listed are values of current efficiency calculated 

by Equation I on the basis of complete degradation of organic compounds to CO% as 

described by Equations 2 and 3 for phenol and aniline, respectively. 

C&H;OH - IlHzO -» 6CO% - 28H~ + 28e" (2) 

CJ-i.NHf - I5H20 -• 6CO2 - NO3" - 38PT - 36e" (3) 

As implied, it was assumed that there was no build up of partially oxidized intermediate 

products. The anodic oxidation of phenol, including identification of intermediate products 

and suggested reaction pathways, have been discussed previously/'17'20"31 

Based on results in Table 6.1 for the decrease in COD for phenol solutions, the 

inherent activity of anode surfaces without UV illumination increased in the order Pt (57%) 

< MnOi' Pt (64%) < PbOVPt ( 86%) < MnO^-PbOVPt (92%). The application of UV 

illumination increased the activity of all anode surfaces with the highest activity observed for 

the PbOVPt anode (98%). Therefore, further testing did not include the MnOVPt and MnO>-

PbOVPt electrodes. 
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Table 6.1. Decrease m COD and current efficiency for COz production for phenol and 
aniline at designated anodes with and without UV illumination. 

Organic Anode Electrolysis UV Decrease Current 

Compound Period (h) Illumination in COD (%) Efficiency (%) 

Phenol8 Pt 4.0 No 57 4.8 

Pt 4.0 Yes 59 6.7 

MnOVPt 4.0 No 64 8.1 

MnOi/Pt 4.0 Yes 79 13 

PbOVPt 4.0 No 86 13 

Pb02/Pt 4.0 Yes 98 17 

MnOi-PbOi/Pt 3.0 No 92 23 

MnO%-PbO%/Pt 3.0 Yes 93 22 

Anilineb Pt 4.0 No 53 5.1 

Pt 4.0 Yes 68 5.8 

PbOVPt 4.0 No 64 9.2 

PbOVPt 4.0 Yes 80 12.8 

J Assumes a 28-eIectron process. 
b Assumes a 36-eIectron process. 
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Data for the decrease in COD given in Table 6.1 for aniline solutions are similar to 

those for phenol. More specifically, the inherent activity without UV illumination is higher 

for the PbOVPt (64%) electrode than for the Pt electrode (53%). Furthermore, application of 

UV illumination resulted in the largest decrease in COD for the PbOVPt anode (80%). Kirk 

et ai reported a current efficiency of 13% with 80% conversion to CO? for a 5-h period of 

electrolysis using a current of 1.0 A at an electrode having an area of237 cm2 (4.2 mA 

cm"2).18 Under similar experimental conditions (data not shown), our results also indicate 

approximately 13% current efficiency, but 90% conversion to CO% after a 4-h electrolysis 

period when using the PbOVPt anode under UV illumination 

Two mechanisms appear feasible for the photo-assisted degradation processes. First, 

adsorbed aromatic molecules are expected to undergo electronic transitions as a result 

of the absorption of UV photons and the rate constants for anodic degradation of these 

electronically excited molecules are suspected to be larger than that for ground-state 

molecules. Second, the observed benefit of UV illumination might be photocatalytic in 

nature resulting from absorption of UV photons within the surface layer of the electrodes and 

the resultant promotion of electrons from the valence band to the conduction band. Results 

are presented below for anodic degradation of non-aromatic compounds as a test of the 

validity of the first speculation above. 

Selected non-aromatic compounds - The initial mechanistic speculation considered 

the possibility that the observed photo effect is associated with electronic activation of 

adsorbed aromatic molecules as a result of absorption of UV photons. Therefore, data were 

obtained for anodic degradation of /r-propanol. an aliphatic compound. These results are 

summarized in Table 6.2. Regardless of the absence of a strong chromophobe in /z-propanoL 
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the benefit of UV illumination was very evident in the degradation of this compound. More 

specifically, for the PbOz/Pt electrode, a 61% decrease in COD was achieved during 

electrolytic degradation with simultaneous UV illumination in comparison to only 33% for 

the absence of UV illumination. These results are concluded to demonstrate that photo-

activation of adsorbed organic molecules is not a significant component of the photo-assisted 

electrolytic degradation mechanism. 

Our laboratory has encountered difficulty in achieving total electrochemical 

incineration of aromatic compounds. Le., complete oxidation to CO? as the final product. 

Table 62. Decrease in COD and current efficiency for COz production for n-propanol 
and acetic acid at designated anodes with and without UV illumination. 

Organic Anode Electrolysis UV Decrease Current 

Compound Period (h) Illumination in COD (%) Efficiency (%) 

n-Propanolc Pt 4.0 No 0.0 0.0 

Pt 4.0 Yes 0.4 31 

PbOVPt 4.0 No 13 33 

PbOVPt 4.0 Yes 6.0 61 

Acetic Acidd Pt 4.0 No 0.0 0.0 

Pt 4.0 Yes 02 6.0 

PbOVPt 4.0 No LI 12. 

PbOVPt 4.0 Yes 1.4 14 

c Assumes an IB-electron process. 
d Assumes an 8-electron process. 
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Analyses of product solutions have indicated a build-up of acetic acid or acetate anion, 

depending on pH.31 It is apparent that acetic acid is kinetically resistant to further 

degradation. It can be conjectured that these hydrophilic compounds are not adsorbed into 

the electrode-solution interface and, therefore, the requisite anodic O-transfer step from 

adsorbed OH radicals to solvated hydrophilic species is slow or non-existent. Data shown in 

Table 6.2 verifies the virtual inertness of acetic acid under these conditions, albeit there is a 

slightly greater reactivity at the PbOVPt electrode, as compared with the bare Pt electrode, 

particularly when illuminated with UV light. 

Elemental analysis of oxide films — The PbOz films in this study were observed to 

exhibit a slightly rusty hue in comparison to the dark black color characteristic of pure |3-

PbO%. The rusty hue was suspected to result from the presence of Fe(III) in PbO% ("Fe-

PbOzl. 

A PbO% film typical of those used to generate data in Table 6.2 was dissolved and the 

resulting solution was analyzed using ICP-MS. Indeed, this film was determined to contain 

0.8% Fe( III) calculated relative to the Pb(IV) content. Analysis of a film of MnO? by ICP-

MS indicated the presence of 1.0% Fe(Iin relative to Mn(IV). It is anticipated that Fe(IID. 

with its low d-orbital occupancy, functions as Lewis acid sites in the surfaces of Fe(lII)-

doped PbO% films ("Fe-PbO^") and Fe< IID-doped MnO% films ("Fe-MnOz"). Catalytic 

benefit of Fe< HI) in P~PM> films has been described for oxidation of CN~ to CNO in 

alkaline media."9 In comparison, virtually no voltammetric response was observed for CN~ 

at a pure PbO^-film electrode. The catalytic activity of the Fe-PbOVAu surface was 

speculated to result from weak adsorption of the CN~ species at the Fe(III) surface sites 
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within the oxidation mechanism. A similar function Fe(III) sites has been offered to explain 

the higher current efficiencies for anodic production of O3 during 0% evolution at Fe-

PbOVAu electrodes in comparison to PbCtyAu electrodes.40"43 It is anticipated in the present 

work that the Fe(III) sites can adsorb phenol and aniline by the formation of weak 

coordination bonds with the organic molecules via their it-electrons. The benefit expected 

from reactant adsorption is an increased time of residence at the electrode surface with a 

resulting increase in probability for the desired anodic reaction. 

The only possible source of Fe(II/IID in the electrolysis solutions was the stainless 

steel cylinder of the electrolytic reactor that functions as a cathode during electrolysis. 

However, the mechanism for dissolution of the stainless steel is not clear. In a separate 

experiment using electrolyte solution free of organic compound, the Fe(II/llI) content of the 

solution was determined to increase approximately as a linear function of time to 0.070 ppm 

at 2.2 h when the stainless steel cathode was at its "open-circuit" potential. Subsequently, the 

concentration of Fe( II/IID was determined to decrease only to 0.040 ppm during a 2-h period 

under the electrolysis conditions ( 1.0 A). We suspect that very thin films of protective oxide 

formed under open-circuit conditions are dissolved into the acidic electrolyte. 

Rate of CO z(g> generation for phenol - It has been stated that "deep oxidation of any 

hydrocarbon should yield CO; though this is seldom achieved"*.43 Figure 6.2 shows the 

percent COztg) ( v/v) in the gas mixture coming from the void space above the solution 

reservoir as a function of time it) during electrolytic degradation of phenol at the Pt electrode 

and the Fe( MVdoped PbO% on the Pt electrode ("Fe-PbOVPtl with and without UV 

illumination of the electrode surfaces. Clearly for the uncoated Pt anode, the rate of COztg) 

generation is low in the absence (•) and presence (V) of UV illumination for t < ca_ 5000 s 
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Figure 6.2. Percent COztg) as a function of time in the Nitg) stream coming from the 
electrochemical cell during the electrochemical incineration of 5.0 mM phenol 
at bare Pt and Fe( IlD-doped PbOVPt electrodes with and without UV 
illumination. Anodes: (•->) Fe-PbCK/PL (#. V) Pt. Conditions: (0. V) with 
UV illumination. (•. #) without UV illumination. 

with only a slight increase caused by UV illumination for t > 5000 s. Use of the Fe-PbOVPt 

anode resulted in a significantly higher rate of CO%(g) production (•). as compared with the 

uncoated Pt (•). in the absence of UV illumination. Furthermore, with application of UV 

illumination, a significant increase in COz(g) was observed with UV illumination (0) for 

1000 < r < 6000 s. The rate of C02(g) production at the PbOVPt electrode under UV 

illumination (C ) rapidly diminishes toward zero for t > 7000 s. This behavior undoubtedly 
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reflects the significant decrease in the concentration of phenol in the bulk solution as a result 

to the rapid degradation process. 

Figure 6 J shows the time-integrals of the plots from Figure 6.2 plotted as moles 

COjig) vs. time. In the case of the Fe-PbOVPt electrode under UV illumination, the 

production of CO?(g) reached 76% of the theoretical limit at 9000 s (2.5 h) and 90% of the 

theoretical limit at 14.400 s (4 h). These yields are significantly larger than the values 21% 

at 2.5 h and 46% at 10 h reported by Sharifan and Kirk for 3.5 mM phenol in 1.0 M H2SO4 

using a larger anode (237 cm2) with a current of 1.0 A (0.42 A cm-2).19 Results reported by 
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Figure 6.3. Moles of CO%(g) generated as a function of time during the electrochemical 
incineration of 5.0 mM phenol at bare Pt and Fe(HT)-doped PbOVPt electrodes 
with and without UV illumination. Theoretical maximum is 6.0x10-3 moles 
CO2- Anodes: (B.0) Fe-PbOVPt (#. V) PL Conditions: (O. V) with UV 
illumination. (•. #) without UV illumination. 
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these workers were obtained using an anode consisting of lead pellets with a stainless steel 

cathode; however, no mention was made of iron content in the PbO^j) film generated on the 

Pb pellets during passage of anodic current. 

Figure 6.4 contains a comparison of the moles of C02(g) generated vs. time during 

use of the Fe(III)-doped MnOi(s) Sim on the Pt electrode (""Fe-MnOVPt") without (S) and 

with (V) UV illumination. The Fe-MnOVPt electrode exhibited kinetics only slightly more 

favorable than that for the Pt electrode; however, illumination of the electrode with UV light 
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Figure 6.4 Moles of CCh(g) generated as a function of time during the electrochemical 
incineration of 5.0 mM phenol at Fe( MVdoped MnOr-PbOVPt and MnOvPt 
anodes with and without UV illumination. Theoretical maximum is 6.0x10 " 
moles CO2 Anodes: (#10) Fe-MnO^-PbO^/Pt. (#. V) Fe-MnOVPt. 
Conditions: (C. V) with UV illumination. (•. #) without UV illumination. 
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had a more pronounced effect than for the Pt electrode. Also shown in Figure 6.4 are plots 

for a Fe(m)-doped MnOz-PbOVPt electrode ("Fe-MnCK-PbOVPt'*) without (•) and with (0) 

UV illumination. It is apparaît for this electrode that there is no benefit from 

UV illumination. The Fe-MnOz-PbOVPt electrode exhibited more rapid onset of CCh(g) 

production (r < 1000 s) than observed for the Fe-PbOVPt electrode. However, the Fe-MnO--

PbCWPt electrode was unable to drive the incineration reaction to the same degree of 

completeness as achieved using the Fe-PbOVPt electrode, reaching only approximately 70% 

completeness. 

Additional experimental results demonstrated that the UV illumination of anodes 

under open-circuit conditions did not result in significant degradation of the aromatic 

230 —I ! 
3  2 - 1 5 3  1 0  0  2 4  5 3  1 0  

Time (hoars} Tme (hours) 

Figure 6.5 Comparison of the electrochemical incineration of (A) 5.0 mM 4-
chiorophenol and (B) 5.0 mM phenol with/without UV illumination in 0.10 M 
NaOH. Anode: PL Conditions: (•) UV illumination under open-circuit 
conditions. (O> electrolysis without UV illumination, and (•) electrolysis 
with UV illumination. 
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compounds tested. As representative data, Figures 6.5A&B contains COD values obtained 

during the processing of 0.10 M NaOH containing 5.0 mM 4-chIorophenol (A) and 5.0 mM 

phenol (B) using the bare Pt-wire anode. Clearly? the change of COD is insignificant in 

comparison to experimental uncertainty during UV illumination of the anode without the 

passage of anodic current (•). Hence, it is concluded that photocatalytic degradation 

without simultaneous electrolysis is negligible using the UV lamp tested in these 

experiments. Also shown are COD values for the electrochemical incineration of these 

solutions with (•) and without (O) simultaneous UV illumination of the Pt anode. As 

already demonstrated, simultaneous illumination of the anode during electrolysis results in a 

significant increase in the rate at which COD decreases with time. 

Conclusion 

Illumination of anode surfaces with low intensity UV light was observed to result in 

faster COitg) production during electrochemical incineration of selected organic compounds. 

We conclude that the use of photo-assisted electrochemical incineration can be important for 

oxidative degradations of toxic organic wastes, especially at the site of origin 

Based on observations of this photo effect for both aromatic (phenol and aniline) and 

non-aromatic (zz-propanol and acetic acid) compounds, we speculate that the photo 

mechanism results from absorption of UV photons in the surface of the electrode rather than 

absorption by reactant molecules. The consequence of adsorption of UV photons in the 

electrode surface might be an increased rate for generation of *OH radicals as is proposed to 

explain the photocatalytic process at TiO% particles/5'36'44"45 Future research will test this 

speculation for the PbQrfilm electrodes by determining possible differences in the apparent 
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overpotential for anodic discharge of H%0 with and without illumination UV light Future 

research also will test the possible benefit of emulsifying agents to increase the solubility of 

insoluble compounds in the aqueous media. 
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VIL THE POSSIBILITY OF CONTROLLED PARTIAL ANODIC 

DEGRADATION OF PHENOL 

A paper submitted for publication in Electrochemical and Solid State Letters 

Stephen E. Treimer and Dennis C. Johnson1 

Abstract 

A metal oxide film electrode has been identified that is speculated to be useful for 

selective anodic conversion of phenol to acetic acid in weakly acidic (pH 3.5) 0.10 M NaNOj 

under galvanostatic conditions (0.18 A cm'") with irradiation from an 18-W LTV light (254 

nm). The film composition corresponds to 12% (at/at) Fe^ and 0.8% (at/at) Mn4~ in a P~ 

PbOi matrix. 

introduction 

The removal of phenol and related aromatic compounds from waste effluents and 

contaminated ground waters is a primary initiative of the Environmental Protection Agency. 

Various methodologies have been developed for degradation of phenol and the oxidative 

pathway for phenol has been thoroughly elucidated;1*8 however, few technologies oxidize 

phenol in a controlled or selective manner. A goal of preliminary research described here is 

the controlled oxidation of phenol to generate a product that might have commercial value. 

1 Corresponding author 
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Experimental 

Instrumentation..— The flow-through photoelectrochemical reactor and associated 

instrumentation have been described9 To summarize, the reactor utilized a low-pressure Hg-

vapor lamp (15 mm o.d. x 21 cm length. 254 nm) operated at 18-watts power and inserted 

into a quartz tube (22-mm o.d. x 31 -cm length). The tube was wrapped with a 284-cm length 

of 51 -^m Pt wire (5.4 cm2) that served as the anode. This assembly was placed in a stainless 

steel cylinder (2.5-cm i.d. x 30.5-cm length) that functioned as the cathode. Electrolyses 

were performed at a constant current (0.22 A cm-2) at 40±l °C. The concentration (v/v) of 

C03(g) in the reactor headspace was determined with a Binos 100 NDIR flow-through 

detector from Fisher-Rosemont (Baar. Switzerland) using a Ni(g) purge (210±5 mL min~l). 

Chemical oxygen demand (COD) was determined using a procedure from Hach Chemical 

Company (Ames. LA).10 

Reagents.- Solutions were prepared from reagents as received from Fisher Scientific 

( Pittsburgh. PA) using tap water purified by passage through anion- and cation-exchange 

towers from CuIIigan (Owatonna. MN). and a Milli-Q system from Miliipore (Bedford. MA). 

Electrolyses solutions contained 0.10 M NaNCh adjusted to pH 3.5 using 0.10 M HNO3. 

Metal oxide films.— Films of Fe(III)-doped p-PbOi(5) ("Fe-PbO^I or the mixed 

Fe( lII)-doped and Mn( IV)-doped P-PbO%(j) ("Fe/Mn-PbOz") were electrodeposited on the 

Pt-wire anode simultaneously with electrochemical incineration of selected organic 

compounds by addition of 1.0 mM Pb(NO?h or 0.50 mM MnSO* with 1.5 mM Pb(N03h-

respectively. Iron( III) in the films originated 60m the stainless steel cylinder under the 

slightly acidic conditions. 
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Analysis of films.— Elemental analysis of films was achieved via energy dispersive 

spectroscopy (EDS) using a Link Isis Model-200 x-ray analyzer from Oxford Instruments 

(High Wycombe. Bucks, United Kingdom) equipped with a high-purity Ge light-element x-

rav detector. A take-off angle of 30° was used with ca. 4,000 x-ray counts per second for a 

60-s acquisition time. The resolution was ca. 140 eV at 5.9 keV. 

Results and Discussion 

Significant activity was demonstrated in previous research for the anodic oxidation of 

phenol at Fe-PbOi film electrodes in dilute acidic electrolyte.0 Subsequently, the activity of 

an Fe'Mn-PbCK film electrode was compared with that of an Fe-PbQj film electrode for 

phenol oxidation. Figure 7.1 shows the %COi (v/v) in the headspace of the reactor system as 

a function of time (r) during electrolyses of200-mL aliquots of slightly acidic (pH 3.5) 0.10 

M NaNCh containing 5.0 mM phenol (1.0 mmol). The solid line ( ) corresponds to use of 

the Fe-PbOi electrode with illumination by the UV light. This curve has the expected shape 

for exhaustive conversion of an organic compound to CCK More specifically, the CO; level 

rises from zero to a maximum at ca. 3.000 s (0.8 h) and then decreases with an asymptotic 

approach to zero for t > 14.000 s (4.0 h). The time-integral of this curve over the 3.9-h 

electrolysis period corresponds to production of 5.4 mmol CO2, i.e.. 90% of the yield 

expected for complete conversion to CO% as described by Equation [I]. 

C„H<OH - 11 HzO -> 6CO2 - 28 IT - 28 e~ [1] 

The dashed line ( ) in Figure 7.1 corresponds to use of the Fe/Mn-PbQ» electrode with 

illumination by the LTV light. The shape of this curve is significantly different from that 

obtained for the Fe-PbO? electrode. More specifically, there is a more rapid rise in CO% level 
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to its maximum value at ca. 1000 s (03 h). This is evidence of faster kinetics at the Fe/Mn-

PbOz electrode in comparison to the Fe-PbCK electrode. More significant is the sharp 

termination of CO% production in the region 1.4 < t < 1.7 h. This feature indicates the 

cessation of GO? production prior to complete anodic degradation of phenol according to 

Equation [1]. 

Table 7.1 contains values for expected yields of CO?, for complete incineration of the 

designated compounds. Included in Table I are the observed yields of CO2, calculated from 

the time-integrals of plots of%COz vs. time, for 3-h electrolyses of the designated 
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Figure 7.1. Typical electrochemical incineration curves for 200 mL aliquots of 5.0 mM 
Phenol in pH 3.5 0.1 M NaNO? electrolyte at a Fe_Mn-doped p-PbO? ( 
) and Fe-doped P-PbOz ( ) anodes with illumination of 18 W UV light. 
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compounds at Fe/Mn-PbOi film electrodes under UV illumination. Also included in Table 

7.1 are COD values for the solutions at the start and end of the electrolyses. For phenoL the 

quantity of CO% produced was 4.05±0.19 mmoles for five repetitions (N = 5). This yield is 

67.5% of the theoretical yield based on Equation [I]. This CCh yield is consistent with 

anodic degradation of phenol to CO2 and acetic acid or formic acid, as described by 

Equations [2] and [3], respectively. 

QHsOH + 9 H20 4CO2 - CH3COOH +• 20 FT + 20 e" [2] 

CeHsOH + 11 H20 4CO, + 2 HCOOH + 22 IT +22e" [31 

In view of these speculations, aliquots of formic acid and acetic acid were 

electrolyzed according to the procedure applied for phenol. A summary of these results is 

included in Table 7.1. Anodic degradation of formic acid was very rapid and the COD 

Table 7.1. Yield of CO2 and decrease in COD for complete electrolyses of200 mL 
aliquots of selected compounds. 

Organic 
Reactant 
(Cone.) 

Initial 
mass 

(mmol) 

Expected 
CO: 

(mmol) 

Actual 
CO: 

(mmol) 

Yield CO, 
(%) 

Initial 
COD (mg 

0>L"') 

final 
COD(mg 

CkL')  

Decrease 
in COD 

(%) 

Phenol (5 mM)* 1.0 6.0 4.05=0.19 67.5=3.2 1184-35 154=27 87=4 

Formic Acid 
( 15 mM)" 

3.0 3.0 0.89 29.7 303=9 38=9 87=4 

Acetic Acid 
115 mM)' 

3.0 6.0 0-21 ±0.02 3.5-0.3 946=5 905=6 4J=0.8 

1 Multiple electrolyses (N=5) with multiple determination of COD (N=4) for each sample. 
b Single electrolysis (N=l) with multiple determination of COD (N=4) for each sample. 
c Double electrolyses (N=2) multiple determination of COD (N=4) for each sample. 
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decreased by ca. 93% during a 2.6-h electrolysis. It is apparent that formic acid is readily 

degraded under these conditions. However, as yet unexplained is the observation that CO, 

production during electrolysis of formic acid corresponded to only ca. 30% of the theoretical 

yield for the reaction given by Equation [4]. 

HCOOH -» CCb + 2 IT + 2e~ [4] 

For the 2.6-h electrolysis period for acetic acid, the yield of CO, was only 3.8% of the 

theoretical amount predicted by Equation [5], and the COD was decreased by only 4.3%. 

Therefore, it is 

CH3-COOH - H,0 -» 2CO, + 6H* r 6e" [5] 

apparent that acetic acid is inert at the Fe/Mn-PbO, electrode under these conditions. This 

conclusion is consistent with previous findings for electrolysis of acetic acid at a Pt 

electrode.10 

The value 330±4 mg O, L~l UV = 3) was obtained for the COD of a 5.0 mM acetic 

acid solution. This value is in good agreement with the predicted value of320 mg O2 L-t for 

this solution. Based on this result, the final COD of 154+27 mg 0% L-1 for the product 

solution from electrolysis of 5.0 mM phenol shown in Table I is estimated to correspond to 

ca. 2.5 mM acetic acid. However, based on the predicted reaction described by Equation [2|. 

this value corresponds to only 50% of expected concentration of 5.0 mM for acetic acid. 

This discrepancy between the predicted and determined COD values is not yet explained. 

Several unsuccessful attempts were made to obtain conclusive identification of acetic 

acid in the final product solution for electrolytic degradation of phenol at the Fe/Mn-PbO, 

electrode. Procedures tested included the extraction of an acidified aliquot into diethyletfaer 
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with subsequent analysis of the extract by GC-MS using a DB-5 column. No 

chromatographic peaks could be discerned even when using selected ion monitoring. 

The composition of an Fe/Mn-PbO, film was determined using EDS immediately 

after deposition onto a polished Au substrate and following a 3-h electrolysis period (0.22 A 

cm-2) in 0.10 M NaNOj (pH 3.5). The bulk surface composition was determined to contain 

1.18=0.17 % (at/at) Fe and 0.79=0.07% (at/at) Mn before electrolysis. After electrolysis, the 

bulk composition corresponded to 1.17±0.32% (at/at) Fe and 0.66+0.14% (at/at) Mn. 

Electrolysis appears to have resulted in a slight leaching of Mn from the film. 

Conclusion 

It has been demonstrated that production of CO2 is terminated prior to complete 

degradation of phenol at a Fe/Mn-PbOi electrode in slightly acidic 0.10 M NaNO? (pH 3.5). 

We speculate that this termination corresponds to production of acetic acid which was 

demonstrated to be inert to further degradation under these conditions. A possible 

mechanism for production of acetic acid is consistent with that discussed for anodic 

degradation of 4-chlorophenol.12 Accordingly, phenol is converted to benzoquinone. 

followed by ring opening to form the corresponding dicarboxylic acids, with subsequent 

stepwise decarboxylation to produce CO%. Ultimately, decarboxylation is terminated at 

production of acetic acid. It is important that future work is focused on conclusive 

identification of the final stable product of this anodic reaction. 
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Vm. GENERAL CONCLUSIONS 

Throughout this thesis, oxygen-transfer reactions have been studied in detail. Several 

conclusions can be drawn from this work. 

In Chapter II we surveyed various literature citations in an attempt to show the many 

instances where Koutecky-Levich plots can be linear. It can be deduced that negative 

curvature in Levich plots (plots of I vs. a>l/2) can be indicative of slow charge-transfer 

kinetics, as indicated by Equation 10 on page 14. Of course, this is the mechanism presumed 

in the derivation of the Kouteckv-Levich equation and. therefore, the plot of l/I vs. I/to1'" is 

recommended. Accordingly, we recommend estimation of n values from both the linear 

segment of the Levich plot at low to values (< ca. 100 rad s-t) and from the linear segment of 

the Kouteckv-Levich plot at large co values (> ca. 100 rad s~'). Equality of these two n 

values can be interpreted as confirmation of the diagnosis of a one-step mechanism involving 

the transfer of n electrons with a moderately slow heterogeneous rate constant (kh). 

Furthermore, kh can be evaluated from the non-zero intercept of the Kouteckv-Levich plot, as 

indicated by Equation 15 on page 15. 

Should one observe that the value of n calculated from the Levich plot for low to 

values is larger than that estimated from the Kouteckv-Levich plot for large to values can be 

interpreted as indicative of two or more consecutive charge transfer steps, e.g.. ErEt and 

ErCE, mechanisms, wherein the second charge-transfer step occurs with a kh value much 

smaller than that for the first charge-transfer step. It can be helpful in such cases to 
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determine an overall n value from coulometric results for an exhaustive electrolysis, or 

employing other techniques of electrochemistry and/or electrode geometries. 

In the development of a mathematical model for O-transfer reactions in Chapter HI. it 

was surprising, upon first inspection, to find that Equation 26 on page 41 did not contain the 

term kwoR- Of course, this term was eliminated when we made the assumption kwoR » 

koTRCg. which resulted in Equation 22 (page 41). Hence, it is assumed that the OH flux is 

sufficiently large to support the convective-dififiision limited flux of the reactant R. 

For an oxygen-transfer mechanism with no adsorption of the reactant species. Case I 

produces a plot of l//to, vs. I/o)1'2 with a zero slope and an intercept that is independent of 

C£. Case II produces a plot of Illto, vs. I/o)1/2 with a zero slope and an intercept that 

decreases with increasing CR. Case III produces a plot of !//,„, vs. l/tolz2 with a non-zero 

slope with a zero intercept. Only Case IV produces a plot of !//,„, vs. I/o1/2 with a non-zero 

slope that decreases with increasing and a non-zero intercept that decreases with 

increasing Cb. 

Equation 47 in Chapter III describes ltot as a function of C£ for the case of weakly 

adsorbed reactant: 

This is to be compared to Equation 23 for the case of no adsorption under the condition 

( D/S)knDR - kwDRkom » ( D/ft/comCx as is given by: 

,  _2FAlD>â)k r i r Hr„r,K j U .C* 
/ — 

{D?S)+kn n trnr vK^ 

j 2FAID/ 3}kn n tC\ 

I (DiS)^k, rnt  
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Equation 23 is consistent with Equation 47 using the fWmirinn 

koTR = to77?r*qT*S'Kads 

In Chapter IV. the three film electrodes: undoped P-PbO,, Bi-doped P-PbO,. and Fe-

doped P-PbO, exhibited voltammetric waves for oxidation of toluene. However, for this 

anodic reaction was found to be larger at the Fe-PbO? electrode than at the Bi-PbO? and pure 

P-PbO% electrodes. This is especially noteworthy because of the small amount of FetHI) in 

the Fe-PbO, film (ca. 1%) as compared to the large amount of Bi(V) in the Bi-PbO, film (ca. 

33%). Apparently, the high catalytic activity of Fe(HI) sites as compared to Bi(V) and 

PbtlV) sites is the beneficial consequence of stronger adsorption of aromatic molecules at the 

Fe( IH) sites. This adsorption is expected to occur via interaction of it-electrons in the 

aromatic compound with partially filled d-orbitals at the Fe(IH) sites. 

Experimental results for toluene and m-xylene are consistent with a step-wise reaction 

sequence leading to carboxylic acids as final products. 

Chapter V demonstrated that electrocatalytic films can be employed for practical 

applications. With the further development of an inline electrochemical cell using MnO; as 

an anode, benchtop electrochemical incineration of chromatographic waste can become a 

reality with low cost and complexity to the user. 

In Chapter VI we find that the illumination of anode surfaces with low intensity UV 

light resulted in faster COitg) production during electrochemical incineration of selected 

organic compounds. We conclude that the use of photo-assisted electrochemical incineration 

can be important for oxidative degradations of toxic organic wastes, especially at the site of 

origin. 
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Based on observations of this photo effect for both aromatic (phenol and aniline) and 

non-aromatic (n-propanol and acetic acid) compounds, we speculate that the photo 

mechanism results from absorption of UV photons in the surface of the electrode rather than 

absorption by reactant molecules. 

Finally, the Fe.Mn-doped jB-PbO? film discussed in Chapter VII appears to be the 

most active anode film yet studied by this group for the anodic electrochemical incineration 

of the organic compounds phenol and aniline. It is curious and perhaps useful that this 

electrode selectively stops at the formation of acetate and might offer an interesting study as 

to the intermediates formed during the early stages of the incineration process. Future work 

should focus on the conclusive proof of the presence of acetate in the product mixture either 

by normal phase HPLC using conductivity or GC/MS using a column optimized for the 

detection of acetic acid in a matrix other than ether. 

Future Research 

An early revision of Chapter IV brought up the concept that a highly polarized 

electrode has a lower dielectric constant within the diffusion layer [1-2]. A hypothesis was 

proposed that organic compounds diffuse into these lower dielectric regions from the bulk 

and have increased residence time within the diffusion layer to allow oxidation at the 

electrode. This hypothesis was refuted by at least one individual, but it would be 

fundamentally instructive to probe this idea further and provide a fundamental reasoning of 

why we can exhibit the electrochemical incineration of compounds such as benzene and 

naphthalene in aqueous electrolyte. 
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After observing the catalytic effect of ultraviolet light on the on the doped lead 

dioxide films in Chapter VI. I believe it would be very beneficial to revisit Chapter 5 and 

compare the performance of a single pass electrochemical incineration of a series of 

chromatographic solvents while illuminating the electrode with UV light. The enhanced 

activity of the illuminated Fe-doped MnO% electrode might enable the electrochemical 

incineration of more practical concentrations of organic modifiers. 

Finally, introductory experiments of the nonpolar species naphthalene, trifluralin. and 

atrazine showed significantly enhanced electrochemical incineration when sulfated 

cyclodextrins were added to the aqueous mixture of insoluble organic compounds [3]. One 

hypothesis is that the hydrophobic cavity of a-. (K and y- cyclodextrins have similar size and 

shape to a variety of nonpolar organic compounds. The sulfated hydrophilic headgroups of 

these molecules may adsorb to the activated electrode surface allowing increased residence 

time for electrochemical incineration. Certainly P-cvlcodextrin can be obtained in reasonably 

cheap quantities to make the bulk electrochemical incineration of toxic organic containing 

waste feasible. One problem that has arisen is that the highly active Fe. Mn-doped PbO? 

electrode actually incinerates the cyclodextrin molecule as well as the added organic 

compounds, but certainly it would be of much greater benefit to use less active noble metal 

electrodes if they would prove useful. 
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