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Abstract

A model is proposed for describing the electrochemical oxidation of multicomponent mixtures of organic compounds, when significant
mineralization (i.e., combustion to Gof the compounds occurs. This is known to be the case of the degradation of many organic compounds
on boron doped diamond (BDD) and other new electrocatalytic materials used as anodes. The proposed model predicts the variation of
concentrations of each component present in the mixture, chemical oxygen demand (COD) and current efficiency as a function of time, under
different rate control regimes (diffusive, kinetic and mixed) at constant current. Mass transfer coefficients of each component of the mixture,
needed for the application of the model, were obtained from single solute experiments. Tests were conducted in a conventional three-electrode
cell, using a commercial BDD electrode as anode. Good agreement between predicted and experimental results was generally obtained,
though some deviations had been observed when the highest concentrations of the solutes were used, with concentrations decreasing faste
than predicted. These deviations were found for both single- and multi-component systems, and can be explained by the occurrence of side
reactions or the accumulation of intermediate compounds of the combustion mechanism.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction phenol using BDD anodes. Degradation of benzoic §jid

2-naphto[10] and 4-chlorophenoxyacetic agitll] was also
In recent years, many papers have been published focusstudied on BBD electrodes.

ing the application of electrochemical methods for wastewa- A model for the determination of current efficiencies in

ter treatment. Referencfk 2] review the subjectin general.  the electrochemical oxidation of organic compounds was

Of particular interest is the study of the oxidation of organic presented by Comninellis and PlattrjéR]. In this model,

compounds on electrocatalytic materials like BbOnQ, the instantaneous current efficienay) s calculated from

Ti/SnO,—SkhOs5 [3,4] and more recently on boron doped dia- experimentally obtained oxygen flow ratecan also be cal-

mond (BDD) electrodes, where the overpotential for oxygen culated by determination of the rate of chemical oxygen de-

evolution is particularly higH5-7]. For this kind of elec- mand (COD) removal, during an electrolytic process, using

trodes, very high current efficiencies may be obtained, and the following relationshig9,11,13-15]

complete mineralization of the organic compounds can be

achieved. Phenols are probably the most extensively stud-,7 — (COD); — (COD)r+as

ied compounds in the field of wastewater treatment, as they 81 At

are persistent pollutants with high toxicity that are released

in the wastewaters of a considerable number of industries.

Reference$b5,8] are examples of studies on degradation of

FV (1)

It is important to note that this equation makes no assump-
tions about the nature or number of components in the sys-
tem, since the observed COD differences along the time are
exclusively related to the degree of oxidation of the organic

* Corresponding author. Tek:351-275-319-880; matter asa Whole: Thus we may expect .that the differential
fax: +351-275-319-730. dCOD/d in a multicomponent system will reflect the cur-
E-mail address: analopes@ciunix.ubi.pt (A. Lopes). rent efficiency of the electrolytic process.
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This theory was extended to achieve the prediction of the 2. Development of the model
rate of COD removal (thug) in a system where combus-
tion of an organic compound occyBs10,16] These authors We present here a first attempt on modeling the oxidation
proposed a model in which the current efficiency is given Of a multicomponent system of organic compounds. The
by n = ji/j, if the applied current density is higher than the model is based on three fundamental assumptions: (a) All the
limiting current density, otherwise = 1. This hypothesis ~ components in the mixture are degraded at the same time. (b)
is equivalent to consider that while there are organic speciesThe combustion of the compounds to £ very fast (i.e.,
to be degraded at the electrode’s surface, no oxygen evolu-N0 intermediates are considered to be present in significant
tion occurs. If a single organic compound is completely ox- concentrations). (c) There will be no oxygen formation until
idized (to CQ) in an electrochemical process, ands the all the organic species are removed from the region near
total number of electrons transferred to the anode by eachelectrode’s surface.
molecule of that compound, then its rate of consumption is  The first assumption can be justified by the fact that in

given by: this type of electrodes the oxidation of the organic com-
. pounds is an indirect process, carried out by hydroxyl radi-

v; = rate(mols™1) = —V% = En 2) cals[3,15,17-19] Thus we expect that, in a multicomponent
d nF mixture, any ordinary organic molecule that comes close to

The limiting current densityj , is defined, as usual, by the electrode is immediately attacked by the hydroxyl rad-
icals present in that region. Second and third assumptions
Jju = nFkgc 3) are not new, and were also used to derive the model for

single-component systems.

IntegratingEq. (2)usingn = j./j or n = 1 gives The fundamental set of equations that describes the indi-

n=jL/j = ¢ = coe AV (4) vidual rates of consumption of the organic compounds will
A be, for each component:
JAL ,
=1 =co— — 5 dc; i A
N=2=C¢=0" 5y ® molsty = —y 3G _ A (9)
dr n I

Thus, depending on the type of control regime, a linear
or exponential decay of the concentration of the organic
compound versus time can be expected. The correspondin
expressions for the variation of COD with time are read-
ily obtained by substituting by COD/&, noting that, for

any given GH, O, that is completely oxidized to CQthat 0= D i

wherej; is a partial current density, defined as the portion
f the total current density that is used for the oxidation of
he organic specidsin the mixture. If a new, more general,
definition of current efficiency is also introduced

equality is verified8]: ; (10)
n=j./j = COD = CODye kaA/V (6) then, the partial current density can be related to a fraction
giAt of net currentg;, defined as
and also, SubstitutingEg. (11)into Eq. (10)gives:
FkqyCOD -
L= de ® hi=1 (12)

) ) ) . To complete the setup of the model, the partial current
These expressions will be used to analyze data obtained inyensities must be calculated. Different expressionsjfor

single-component systems, namely to obtain mass tra”Sfercalculation, depending on the type of rate control regime,
coefficients and recognize the type of rate control regime. .o yerived inAppendix A These proposed expressions
The authors of this model also presented expressions 0, symmarized ifable 1 Calculations were carried out
be applied in a batch process when there is a change fromy,, o system ofN components, using a set bf equations
kinetic to diffusive control (due to the consumption of the i, the form of Eq. (9) that was numerically solved. Mass

organic pollutant). These expressions can also be used fOransfer coefficients were calculated from experimental data
plug-flow reactorq8], and in this latter reference, expres- pisined in single-component tests.

sions for continuous stirred tank reactors, are also presented.

This kind of models can be viewed as very important tools
for optimization purposes in the field of the application of 3 Experimental details
diamond electrodes (or other electrocatalytic materials) to
wastewater treatment. In order to apply this type of model  Phenolic compounds tested were phenol, phenyl-methanol,
to real effluents, the existing theory must be developed and1-phenyl-ethanol andm-cresol. All the reagents used
further applied to multicomponent systems. were of analytic grade. Experiments were carried out in



Table 1

Expressions for calculation of partial current density) @nd current
efficiency () for electro-oxidation of multicomponent mixtures of organic
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compounds, to be used depending on the available data

Type of Knowing C;, kq; andn; Knowing COD andky ;
regime
Diffusive j,' = ﬂ,‘de,,‘C,' /z = (1/8)F|(d_,‘COD,'
control n=2jLili n=73Jjiilj
Mixed Jq = ngFkg 4C,4, with Jq = (1/8)Fkg, CQQ,,
control Csq=0 with CODs , = 0
Jk = #,.(j — B), with Jk = #,.(j — B), with
Csk >0 CODsy > 0
B:quLJI B:qul--‘l
@'k = niCi /3y ik Cr ¢'x = COD./}", COD;
n= 1 n= 1
Kinetic ji = (niCi/ XniCi) j ji = (COD;/ Y. COD;) j
control n=1 n=1

a three-electrode stirred cell, using Riachem® boron
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(v/v). Current was controlled with dacussel PJT 35-2
potentiostat-galvanostat. The anode potentials were mea-
suredversus a saturated calomel electrode and monitored
along the time of experiment. The processed volumes were
2.50 x 10-*m?2 in each run. Initial concentrations of the
organic compounds are specifiedTiable 2

Concentrations of the various components in mixtures
were determined by HPLC in &pectra-Physics system
equipped with a gradient pump, a reversed phase column
Foheri-10 RP-18, with a stationary phase particle size of
10pm, from Brownlee Laboratories. A mobile phase of
10% acetonitrile—90% water (v/v) was used for 1 mlmin
of flow rate. Detection was carried out at 210 and 254 nm si-
multaneously. For COD determinations, the standard colori-
metric (titrimetric) method, with closed reflfi20] was used.

4. Results and discussion

doped diamond electrode, with an immersed area of 4.1. Single-component systems

1.014 x 10°m?, as anode. A copper foil, with large

area, was used as cathode. Supporting electrolyte was Results of tests performed under diffusive and kinetic con-

NaCOs 0.1 M, neutralized to pH 7.0 using 230, 5%

COD/COD,, or COD,/COD,

COD/COD, or COD,/COD,
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Fig. 1. Degradation of phenols in single-component solutions at low concentrations Rtesis Phe-2, PhM-1, PhM-2, PhEt-1, PhEt-2, mc-1 and
mc-2). Determination of mass transfer coefficients by fittings of COD vs. time. Comparison of COD with @i2s determined by HPLC. Volume:
2.50 x 104 m3; applied current: 300 A mé; temperature: 25C; anode: BDD; cathode: copper.
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degradation of the compounds was followed by COD mea-

As it can be seen ifrig. 1, for low concentrations of
the compounds (tesBhe-1, Phe-2, PhM-1, PhM-2, PhEt-1,
PhEt-2, mc-1 andmce-2) mass transfer coefficients of the in-
dividual compounds can be estimated by exponential fitting
of COD/CODy values against time, usirtgg. (6) With the
obtainedky for each product, the critical COD for which the
rate control regime changes from diffusive to kinetic, CQD
can be also estimated usifg|. (8)as shown infable 3

On the other hand, for much higher concentrations of the
compounds (testBhe-3, PhM-3, PhEt-3 and mc-3) kinetic
control conditions are attained, as it can be seen by the lin-
ear decrease of concentration for all the compounds tested
(Fig. 2); this is in agreement witlEq. (7) Thus, we may
conclude that current efficiencies near 100% are in fact ob-
tained with these electrodes, as it was suggested in the setup
of the model, provided that concentrations of the solutes be-
ing above the critical values.

Concentrations of individual compounds in single-
component systems were also followed by HPLC, and the

4000
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Table 2
Essays run and the corresponding concentrations of organic componentss;;rements and by HPLC.
@™
Phenol  Phenyl-methanol  1-Phenyl-ethanolm-Cresol
Phe-1 0.202 - - -
Phe-2 0.222 - - -
Phe-3 2.189 - - -
PhM-1 - 0.199 - -
PhM-2 - 0.229 - -
PhM-3 - 1.230 - -
PhEt-1 - - 0.232 -
PhEt-2 - - 0.227 -
PhEt-3 - - 1.214
me-1 - - - 0.183
me-2 - - - 0.244
me-3 - - - 1.243
mix-1 - 0.159 0.368 -
mix-2 - 0.583 0.329 -
mix-3 - 1.201 0.355 -
mix-4 - 0.556 0.329 -
mix-5 - 0.155 0.353 -
mix-6 - 0.323 0.599 1.216
mix-7 - 0.730 1.200 0.339
mix-8 - 1.230 0.332 0.616
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Fig. 2. Degradation of phenols in single-component solutions at high concentrationsRies3s PhM-3, PhEt-3 and mc-3). The filled line is the
theoretical prediction of COD vs. time for single-component systems (iind7), assuming; = 1 (i.e., assuming full kinetic control). Comparison of
COD with COD values determined by HPLC. Volume:5D x 10~4m3; applied current: 300 A m?; temperature: 25C; anode: BDD; cathode: copper.
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results were compared with those obtained from COD mea- Table 3
surements. This comparison is made in terms of C(3Pe Mass transfer coefficientkd), theoretical specific COD (sCOD), critical

. i itical COD Acnr?) for each i
also Figs. 1-3, that were calculated from the concentra- concentrationse) and critical COD (at 30mAcn™) for each organic

. . L . compound
tions determined by HPLC, multiplied by the theoretical -
values of specific COD (sCOD, expressed as mgS of Compound Ky (}f; ?CO(')DZ " ‘(3 o (CO%:H)
. ms m m
compound;Table 3. The results are quite unexpected, as 929 g 9
the HPLC analysis clearly shows that, at higher concen- ~nen°l 1.9+ 01 2383 0.55 1300
. d d f h di dPhenyl-methanol 1. 01 2519 0.52 1300
trauon;,_ compounds are consume aster than predicted, ppenyiethanol 1.2 01 2623 056 1500
In addition, it is important to note that the chromatograms m-cresol 21+ 0.1 2519 0.47 1200
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Fig. 3. Degradation of phenols in binary systemsx{1-5). The filled lines are the theoretical predictions of COD and C®@f time under different
control regimes (see the corresponding equation3aible 7. Volume: 250 x 10~4m?3; applied current: as shown; temperature:’25 anode: BDD;
cathode: copper.
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also show the appearance of new bands (at low retention4.2. Binary systems
times) that are not initially present, and also that solutions
become brownish colored along the time of electrolysis.  Results obtained for binary mixtures of phenyl-methanol
These results may be interpreted, at least, in two different and phenyl-ethanol, at 300 ATA, are presented ifig. 3.
ways: one is that phenyl compounds apart from being ox- These results are compared with those predicted by the
idized to CQ can possibly be involved in side reactions model for multicomponent mixtures, using as input the ini-
leading to an increase of their rate of consumption; an- tial values of COD), the operating conditions, and the mass
other possibility is that the compounds can be converted transfer coefficients previously determined. In these tests,
into more stable intermediates, i.e., having lower rates of the concentration of phenyl-ethanol was kept approximately
combustion (in that case the initial products would be con- constant, and that of phenyl-methanol was varied to obtain
sumed faster than predicted and the intermediates woulddiffusive, mixed and kinetic control regimes (respectively
be accumulated). The formation and accumulation of inter- testsmix-1, mix-2, mix-3). As it can be seen, a good agree-
mediates during the oxidation of phenol in 0.1 M HGIO ment is found between the predicted and obtained results,
on BDD has been previously reported by Iniesta et al. both in terms of COD and CQODas a function of time,
[21]. for diffusive and mixed control. For kinetic control, good
Results obtained with phenyl-methanol, phenyl-ethanol agreement is also found for COD versus time, but in this
and m-cresol clearly show less significant deviations be- case CODvalues significantly deviates from the predicted
tween COD and CODthan those found for phenol, partic- trends. This means that under these conditions other prod-
ularly at lower concentrations. For this reason, experiments ucts are formed, apart from GQand these products will
with multicomponent mixtures proceeded with these three contribute to a significant fraction of the total COD.
compounds, but phenol was discarded. High concentrations  In testmix-4, applying a lower current density, 150 AT
of the components in the mixtures were also avoided, if pos- and using approximately the same concentrations of test

sible. mix-2, kinetic control was also obtaine#ify. 3) and similar
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Fig. 4. Degradation of phenols in ternary systemis«{6-8). The filled lines are the theoretical predictions of COD and @b time under kinetic control
(see the corresponding equationsTable 1. Volume: 250 x 10~ m3; applied current: 300 A r?; temperature: 25C; anode: BDD; cathode: copper.
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Table 4 5. Conclusions
Average degradation rates of individual components under kinetic control

conditions for binary and terary mixtures (mof Apart from some deviations found for higher concentra-

Test Phenyl-methanol 1-Phenyl-ethanol m-Cresol tions of the organic compounds, the results are clearly in

Binary mixtures accordance with the proposed model. Firstly, it is a fact that
mix-3 3.4 x 1077 1.1x 1077 - simultaneous degradation of all the components of the mix-
mix-4 18x 1077 0.96 x 1077 - ture takes place, as it was assumed. Thus, there is infact a

Ternary mixtures partial current density that can be ascribed to each organic
mix-6 0.90x 1077 1.4 x 1077 2.7 x 1077 component of the mixture. This is also in accordance with the
mix-7 1.3 x 1077 23x 1077 0.55x 107 hypothesis that an indirect oxidation process occurs (prob-
mix-8 3.3x 1077 0.81x 1077 1.6 x 1077

ably carried out by hydroxyl radicals, as pointed out by a
number of authors previously cited). Secondly, under kinetic
. . control conditions, the higher degradation rates were always
results to those of teshix-3 were found (i.e., good agree-  found for the more concentrated compounds (irrespective
ment between theoretical and experimental values of COD of the compound itself), confirming that the partial current,

versus time, but deviations in CQDersus time). or current fraction of each compound can be given by an

In testmix-5, the concentration of phenyl-methanol was  expression similar to that what was proposed. Thirdly, un-
lowered to obtain mixed control at 150 ATh A good pre-  ger diffusive control conditions, the deviations between pre-
diction of COD was obtained, and deviations in CQOfere dicted and obtained results are very small, confirming that
again found to be negligible. the addition of limit current densities gives the net fraction

From these results, we may conclude that the proposedyf cyrrent used to degrade the organic compounds, and so,

model is very accurate in the prediction of COD Versus the expression for the calculation of the current efficiency is
time, under diffusive, mixed and kinetic control regimes. 4isg confirmed.

The model also describes well the variations of concentra-  The highest deviations from the model were found for

tions of the individual components of the mixture, under the more concentrated solutions, resembling what is found
diffusive and mixed control regimes. The results obtained i, single component systems under kinetic control. It is im-
for diffusive control are in agreement with the idea that the portant to note that these deviations occur in the individual
sum of the limiting current densities gives the net fraction of COD; predictions, but for the global COD the predictions
current that is used to degrade the organic compounds, anqyere found to be always very accurate, even for the more
so the proposed expression for the calculation of the current.yncentrated solutions.
efficiency is also confirmed. _ Due to the good agreement between the predicted and
Under kinetic control, deviations between the predicted gptained results, this model can be viewed as a starting point
and obtained values of CQOmay be explained by the o further theoretical developments, and can also be used in
same arguments used in the case of the deviations found inyractical applications of multicomponent systems, in those
single-component systems, because for both compounds thg 3ses where the determination of individual mass transfer

degradation rates are higher than predicted. It is also impor-qefficients of the components is a feasible task.
tant to note that, apart from these quantitative deviations,

the results are qualitatively in accordance with the proposed
model in that of components being degraded Sim““aneOUS'yAcknowledgements
and in that higher degradation rates are found for the more

concentrated compounddble 4. In ternary systems, the To the Portuguese Ministry of Science and Technology—

same behavior was also found. Fundagdo para a ®ica e a Ecnologia (FCT). The
grant awarded to A. Moréo is gratefully acknowledged
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Test were carried out using different concentrations of the the diamond electrode.
compounds, under the same operating conditions, to confirm
the simultaneous degradation of the components, and also to
investigate if the order of the degradation rates is the sameList of symbols
of the initial concentrations, as suggested by the model.

As it can be seen irFig. 4, for ternary mixtures of A area (n)
phenyl-methanol, phenyl-ethanol angicresol, apart from B constant
the deviations, the results confirm the model, as the higherc concentration (g1%)
degradation rates are always found for the most concen-C concentration (mol m3)

trated compounds, irrespectively of the compound itself COD  chemical oxygen demand—oxygen needed for
(see alsdTable 4. total oxidation to CQ (mgQ; 1~ 1)
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COD; COD values calculated by multiplying the
sCOD values by HPLC concentrations

F Faraday constant (96,485 C mé)

I current intensity (A)

j current density (A m?)

iL limit current density defined by
Eq. (3)(Am~2)

Ji partial current density defined by
Eq. (9)(Am~2)

kg mass transfer coefficient (m¥d)

n number of electrons transferred to the
electrode by a compound

sCOD oxygen needed to achieve the complete
conversion of the organic compound to
CO, per gram of compound.

t time (s)

Vv volume (n¥)

rate of degradation (mots)

Subscripts and superscripts
i that of individual compound

i

k that of individual compound for whicli's > 0

0 initial (i.e., forr = 0)

a that of individual compound for whicli's = 0

S at the surface of the electrode

* critical, i.e., for whenj = ji_

Other symbols

¢ fraction of net current defined Hyq. (11)

1o fraction of current, under mixed control,
for compounds withCs > 0

® registered trade mark

Appendix A

For deriving the equations that describe the multicompo-

nent process of oxidation, three different situations are con-

sidered: diffusive control, mixed control and kinetic control.
A.1. Diffusive control

In this situation, all compounds have their rate of degra-
dation controlled by the rate of mass transfer from the bulk

of the solution to the electrode’s surface, where all the con- .
centrations are zero. Thus, assuming that all the compoundsj

A. Moréo et al./Electrochimica Acta 49 (2004) 1587-1595

A.2. Full kinetic control

It is assumed that full kinetic control only occurs when
for all the components > 0, i.e., all the components
of the mixture have a concentration at the electrode’s sur-
face different from zero. Under these circumstances, it is
assumed that the current efficiency is unitary, like in the
single-component models referred in the introduction, and
Eg. (11)becomes

Ji=ij (A.3)
Then byEgs. (9) and (10assuming; = 1
I’l,‘FU,‘ n;v;
i = —— i = A4
¢ AN ¢ S o (A.4)

At this point, two more assumptions are made. Firstly that,
like in single-component systems, the rate of degradation of
each compound is kept always constant during time, as long
as kinetic control is maintained. Secondly, that the rate of
consumption of each product depends on the probability of
a molecule of a certain species reach the electrode among
other molecules of different species; this probability corre-
sponds approximately to the mole fraction of that compo-
nent. Thus,

b = niK;Ci/ ) C; o g = n;K;C;
> niKiCi/ ) C; > niKiC;
where theK; are constants for a given set of operating con-
ditions. Finally, for simplifying, it may be assumed that, if
the species are sufficiently alike (in terms of structure, reac-
tivity, stability, etc.) then all thé; values will be probably
similar, and so
n,-Ci
¢i = S iC

A.3. Mixed control

(A.5)

(A.6)

This situation occurs when there are species With- 0
and others withCs = 0. The former will be denoted by the
subscriptk and the latter by the subscripgt Under these
circumstances is also assumed that the current efficiency is
1. Thus, according t&q. (A.1)

are degraded simultaneously, for each component the partiawhere

current density will be given by

Ji = niFkq;C; (A.1)

If the molar concentration of each compound is substituted
by (COD/8n;), for a C:H,O, compound that is completely
oxidized to CQ, then

ji = $Fkq;COD; (A.2)

Jg = JLg = Jjqg =nqFKa4Cqy (A7)
and
k=¢,(j — B) (A.8)
, niC
b = Zkknkkck (A9)
and
(A.10)

B = ZjL,q
q

Note that ifp = 1, as it is assumed, then Bgs. (10), (A.8)
and (A.10)
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Dii=Y 0= i)+ Y il
i k q q
==Y i) e+ g
q k q

thus,

do=1
k

(A.10)

(A.11)
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