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ABSTRACT: Rates of ClO4
− formation from ClO3

−

oxidation were investigated in batch experiments as a function
of organic compounds (p-nitrophenol, p-benzoquinone, p-
methoxyphenol, and oxalic acid) and current density using
boron-doped diamond film anodes. Excluding organics, ClO4

−

formation rates ranged from 359 to 687 μmoles m−2 min−1 for
current densities of 110 mA cm−2. The presence of p-
substituted phenols inhibited ClO4

− formation rates between
13.0 and 99.6%. Results from a reactive-transport model of the
diffuse layer adjacent to the anode surface indicate that
competition between organics and ClO3

• for OH• within a
reaction zone (0.020.96 μm) adjacent to the anode controls
ClO4

− formation. Under kinetic-limited conditions (1.0 mA
cm−2), organics reach the anode surface and substrates with higher OH• reaction rates demonstrate greater inhibition of
perchlorate formation (IPF). At higher current densities (10 mA cm−2), organic compound oxidation becomes mass transfer-
limited and compounds degrade a small distance from the anode surface (∼ 0.26 μm for p-methoxyphenol). Therefore, OH•

scavenging does not occur at the anode surface and IPF values decrease. Results provide evidence for the existence of desorbed
OH• near the anode surface and highlight the importance of controlling reactor operating conditions to limit ClO4

− production
during anodic treatment of organic compounds.

■ INTRODUCTION

Boron-doped diamond (BDD) film electrodes are one of the
most efficient anode materials to oxidize recalcitrant and
complex waste streams. The high oxidation power of BDD is
due to the production of hydroxyl radicals (OH•) via water
oxidation and direct electron transfer reactions occurring at the
BDD surface.1−6 Experimental results indicate that OH• react
at near diffusion-limited rates with a wide range of organic
compounds.7 BDD anodes have been utilized in various water
treatment applications including the treatment of landfill
leachate, reverse osmosis (RO) concentrate, industrial waste-
water, and electrochemical disinfection of cooling tower waters,
drinking water, wastewater, swimming pools, and spas.8−13

However, the promise of BDD electrodes in water treatment
applications is hindered by the formation of perchlorate
(ClO4

−)9,14−18 and chlorinated organic compounds,8,19−23

which are unwanted byproducts produced during the
electrolysis of chloride-containing waters. Perchlorate forma-
tion is problematic because it is resistant to further oxidation
and its consumption is associated with known health risks,
which include disruption of the thyroid gland and carcinogenic
potential.24−26 In response to health risks, the Environmental
Protection Agency (EPA) issued a health advisory level of 15
parts-per-billion (pbb) for drinking water sources,27 and

Massachusetts and California implemented drinking water
standards of 2 and 6 pbb, respectively.24,28,29

Recent studies indicate that mass transfer rates of ClO4
−

precursors (e.g., ClOx
− species) to the electrode surface15,16

and competition with other ions (e.g., Cl−)15,16,18,30 are primary
factors affecting ClO4

− production. Low mass transfer rates of
ClOx

− species increase ClO4
− production,15 and competitive

ions like Cl− can limit the production of ClO4
−, likely as a result

of competition for OH• and electrode reaction sites.15,30,31

Previous research has shown that ClO4
− forms via a multistep

oxidation pathway starting with chloride, as shown in reaction
1:

→ → → →− − − − −Cl OCl ClO ClO ClO2 3 4 (1)

where the rate-determining step is the oxidation of ClO3
− to

ClO4
−.16,32 Experimental and density functional theory (DFT)

modeling studies have shown that the conversion of ClO3
− to

ClO4
− is a two-step process.14 The first step of ClO4

−
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formation involves ClO3
− reacting on the electrode surface via a

direct electron transfer (DET) reaction (reaction 2).14

→ +− • −ClO ClO e3 3 (2)

In the second step, ClO3
• undergoes a homogeneous

reaction with OH• to form HClO4 (reaction 3).14

+ →• •ClO OH HClO3 4 (3)

Previous work indicates that under kinetic-control and in the
absence of other competing species (e.g., OH• scavengers),
reaction 2 is the rate-determining step for ClO4

− formation.14

However, electrochemical reactors often operate under mass
transfer-control and waste streams contain a multitude of
compounds that may interfere with reactions 2 and 3 and affect
ClO4

− formation. Therefore, research is needed to understand
the effects of solution conditions and mass transport on the
mechanism of ClO4

− formation in complex waste streams. In
order for BDD electrodes to be successfully adapted to water
treatment applications, ClO4

− production must be reduced
below advisory levels.
This paper investigates the effects of several p-substituted

phenols (i.e., p-nitrophenol, p-benzoquinone, and p-methoxy-
phenol) and oxalic acid on the rate of ClO4

− formation. These
compounds have varying affinities for adsorbing to the
electrode surface and reacting with OH•. Specifically, batch
experiments were used to investigate ClO4

− formation rates in
1 mM ClO3

− solutions as a function of organic compound
concentration and current density. Linear scan voltammetry
experiments were used to investigate the interaction of organic
compounds with the BDD surface. A mathematical reactive-
transport model was developed to describe the reactions
occurring within the anode diffuse layer and assist in
interpretation of experimental results.

■ MATERIALS AND METHODS
Reagents. Inorganic chemicals were reagent grade and

obtained from Fisher Scientific and Sigma-Aldrich. Organic
compounds were obtained from, Pfaltz-Bauer (Waterbury, CT)
(p-nitrophenol (p-NP)), Sigma-Aldrich (p-benzoquinone (p-
BQ), oxalic acid (OA)), and MP Biomedical (Solon, OH) (p-
methoxyphenol (p-MP)). Chemicals were used as received
without additional purification. Solutions were made from
Milli-Q Ultrapure water (18.2 MΩ-cm at 21 °C).
Rotating Disk Electrode Experiments. Chronopotenti-

ometry experiments were conducted to measure ClO4
−

formation rates using a rotating disk electrode (RDE).
Experimental details are in the Supporting Information(SI).
Briefly, experiments were conducted at 20 °C, and currents and
electrode potentials were controlled and measured using a
Gamry Reference 600 potentiostat/galvanostat (Warminster,
PA). Potentials are reported versus the standard hydrogen
electrode (SHE). The working electrode was an ultra-
nanocrystalline BDD film on a 1.0 cm2 surface area p-silicon
substrate (Advanced Diamond Technologies, Romeoville, IL),
the counter electrode was a Pt wire, and the reference electrode
was a single junction Hg/Hg2SO4/K2SO4 (MSE) (Pine
Research Instruments). Before the BDD electrode was used
for oxidation experiments, it was polarized at 20 mA cm−2 in
1.0 M KH2PO4 for 1 h to remove sp2 C impurities.33 The
ClO4

− formation rate was determined in a 100 mM KH2PO4
solution (pH 4.43) containing 1 mM NaClO3, in both the
absence and presence of organic compounds (0.20 to 1.0 mM).

The 100 mM KH2PO4 electrolyte was used to eliminate
electrostatic migration of ClO3

− and ClO4
− during experiments

and thus simplify the mathematical model. To avoid
intermediate and product accumulation that may interfere
with ClO4

− formation, ClO3
− removal (<4% conversion) and

organic compound removal (∼1525%) were minimized. The
limiting current technique was used to estimate the limiting
current density and calculate a mass transfer rate constant
(km,o) to the electrode surface.34 Experimental details are
included in the SI.
Linear sweep voltammetry (LSV) experiments were

performed for organic compounds and ClO3
− in the reactor

setup described above. For LSV experiments, the electrode was
stationary and the potential was swept from 0.642.86 V (scan
rate =100 mV s−1). The conductivity of the 100 mM KH2PO4
electrolyte was 7280 μS cm−1, which correlated to an IR drop in
solution of 0.096, 0.023, and 0.10 V for current densities of 1.0,
2.4, and 10 mA cm−2, respectively. The reported potentials
were not corrected for IR drop, as RDE experiments and LSV
scans were all performed with the same electrolyte concen-
tration and working to reference electrode gap (0.2 cm).
Therefore, comparison of potentials between the kinetic
experiments and LSV scans are appropriate.

Rates of Perchlorate Formation and Organic Com-
pound Oxidation. Perchlorate formation and organic
compound removal rates were calculated by linear regression
of measured concentration versus time profiles. Errors reported
throughout represent the 95% confidence intervals determined
by regression analysis of duplicate experiments. The inhibition
of perchlorate formation (IPF) was determined by comparing
ClO4

− formation rates in both the absence and presence of
organic compounds. An example calculation is shown in the SI.

Analytical Methods. Concentrations of ClO3
−, ClO4

−, and
oxalic acid were determined using ion chromatography (Dionex
ICS-3000; Dionex IonPac AS16 column). Concentrations of p-
nitrophenol, p-benzoquinone, and p-methoxyphenol were
measured using a Shimadzu UFLC XR HPLC with a
Phenomenex Luna 5 μm C18(2) column (100 A°, 250 ×
4.60 mm) and photodiode array detector (PDA). The PDA
detector was set to 314 nm for p-nitrophenol, 220 for p-
benzoquinone, and 270 nm for p-methoxyphenol.

Mathematical Model. A one-dimensional, steady-state
model was used to interpret experimental findings and
investigate the effects of organic compounds on steady-state
ClO4

− production rates. Species considered in the model
include p-nitrophenol, p-methoxyphenol, p-benzoquinone,
oxalic acid, OH•, ClO3

•, and ClO4
−. The model domain is

the diffuse boundary layer adjacent to the anode surface (δ),
which was determined to be 7.0 μm from the limiting current
experiment (SI). The model does not account for adsorption or
reactions at the anode surface, and assumes all reactions are
homogeneous and occur in the diffuse layer.35 For these
conditions a mass balance equation governing organic
compound reactivity and diffusion within the model domain
is given in eq 4:

∂
∂

= =
∂
∂

+
C
t

D
C

x
R0i

i
i

i

2

2 (4)

where Ci denotes the concentration of the ith species (mol
m−3), Di denotes the diffusion coefficient (m2 s−1), and Ri
denotes the reaction rate expression (mol m−3 s−1). The
assumption of steady-state was applicable because only the
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steady-state ClO4
− formation rates were of interest. Equations

58 were applied throughout the model domain to account
for organic compound (P) degradation, self-decay of ClO3

• and
OH•, and ClO4

− production. The term k (m3 mol−1 s−1)
represents the second-order rate constant of organic com-
pounds with OH• (kOH•

,P), the second-order rate constant
between ClO3

• and OH• (kOH•
,ClO3

•), or the self-decay of ClO3
•

and OH• (kClO3
•
,d, kOH•

,d) . SI Table S-1 lists k values used for
each compound.

= − •
•R k P[OH ][ ]PP OH , (5)

= − −

−
•

• •

• •

• •

• •

R k P k

k

[OH ][ ] [OH ]

[OH ][ClO ]

P dOH OH , OH ,
2

OH ,ClO 33 (6)

= − −• • •
• • • •R k k[ClO ] [ClO ][OH ]dClO ClO , 3

2
ClO ,OH 33 3 3 (7)

= • •
− • •R k [ClO ][OH ]ClO ClO ,OH 34 3 (8)

The following boundary conditions were applied to the
model:

δ= =P P x[ ] [ ] ;B (9)

δ= =− x[ClO ] 0;4 (10)

α=
∂

∂
= − =• •

•
N D

C
x

j
F

x; 0OH OH
OH

(11)

= = × =• − −j x[ClO ]( 1.0) 1.05 10 mol m ; 03
3 3

(12)

= = × =• − −j x[ClO ]( 2.4) 9.30 10 mol m ; 03
4 3

(13)

= = × =• − −j x[ClO ]( 10) 6.80 10 mol m ; 03
4 3

(14)

Equations 9 and 10 represent constant concentrations of
organics species (P) and ClO4

− at the diffuse zone/bulk
solution interface, respectively. It was assumed that the
concentration for organic compounds (P) was equal to initial
concentrations measured experimentally in the bulk solution
(B). Since the model is used only to predict the flux of ClO4

−

from the anode surface and not to simulate ClO4
−

concentration profiles in a batch system, the concentration of
ClO4

− at the bulk solution/diffuse layer interface was equal to
zero. The flux term, N, in eq 11 was applied at the anode
surface, x = 0, to simulate OH• production, where j represents
current density (A m−2) and F represents Faraday’s constant
(96 485 C mol−1). The term α (0.111) accounts for the fraction
of current directed toward OH• production. The boundary
condition for ClO3

• concentration at the anode surface is a
function of current density (eqs 12−14). Steps leading to
calibration of α and surface concentrations of ClO3

• are
outlined in the SI.

The reaction between OH• and the H2PO4
− background

electrolyte was shown to be insignificant, and therefore was not
considered in the model (SI). The production of ozone was
assumed to be negligible at the current densities of our
experiments,36−39 and was not included in the model. The
production of H2O2 from the self-decay of OH• was not
considered in the model, since H2O2 is nonreactive with
phenolic compounds and oxalic acid.40,41 This approach is
similar to a previous model formulation.42

To predict ClO4
− inhibition, organic species were individ-

ually incorporated into the model and the steady-state ClO4
−

formation rates were determined by the concentration of ClO4
−

at the anode surface. The model was solved with the
commercially available finite element software COMSOL
Multiphysics 4.3. All diffusion and reaction rate constants
used are presented in SI Table S-1.

■ RESULTS AND DISCUSSION

Linear Sweep Voltammetry Results. Table 1 includes
physical and chemical characteristics of the organic compounds
and a summary of linear sweep voltammetry (LSV) results.
Since LSV results are similar to previous studies, they are
presented in the SI (Figures S-1S-3). Results indicate that
ClO3

− undergoes a DET reaction at the BDD anode surface
according to reaction 2;14 both p-NP and p-MP undergo DET
reactions at potentials where significant water oxidation does
not occur;43 p-BQ is nonreactive with respect to DET reactions
and blocks water oxidation;44 and OA shows reactivity toward
DET reactions at potentials where significant water oxidation
occurs.45 Based on these results, p-NP, p-MP, and OA may
compete with ClO3

− for reaction sites on the electrode surface
and limit the oxidation of ClO3

− to ClO3
• (reaction 2). All

organic compounds used in this study also have the potential to
react with OH• (see Table 1), and limit the reaction between
ClO3

• and OH• to form ClO4
− (reaction 3).

Batch Experiments. Chronopotentiometric batch experi-
ments were performed to determine ClO4

− formation rates as a
function of substrate, organic compound concentration (01
mM), and current density (1.0, 2.4, and 10 mA cm−2). The
limiting current density (2.4 mA cm−2) was determined
experimentally for 1 mM Fe(CN)6

4‑, and approximates the
transition between kinetic-limited and mass transfer-limited
conditions for fast reacting compounds (SI). Measured rates of
ClO4

− formation and organic compound removal were
compared to calculated mass transfer rate constants (km) (SI;
Figures S-5S-8). Analysis indicates that ClO4

− formation
rates were kinetically limited for all current densities tested.
Organic compound oxidation rates were kinetically limited at a
current density of 1.0 mA cm−2, and p-substituted phenols were
mass transfer-limited at current densities ≥2.4 mA cm−2.
Oxidation rates for OA were kinetically limited for all current
densities tested.

Table 1. Physical and Chemical Characteristics of Organic Compounds

compound (P) logkow pKa kp,OH•(m3 mol−1 s−1) km (m s−1) potential for DETc

p-nitrophenol 1.91 7.2 3.8 × 106a 1.28 × l0−4 1.2
p-methoxyphenol 1.34 10.2 2.6 × 107a 1.36 × l0−4 0.95, 1.2d

p-benzoquinone 0.2 0.8 6.6 × 106b 1.35 × l0−4 NA
oxalic acid −0.81 pka1 = 1.2 pka2= 4.2 1.4 × 103a 1.68 × l0−4 1.5

aBuxton et al.7 bBejan et al.50 cObserved anodic potentials where increased current was observed relative to the blank electrolyte (100 mM
KH2PO4).

dTwo oxidation peaks were observed.
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Measured surface area-normalized ClO4
− formation rates in

the absence and presence of organic compounds are shown in
the SI (Table S-2). Rates of ClO4

− formation in the absence of
organic compounds increase with current density. Although
ClO4

− formation was not mass transfer-controlled (SI Figure S-
5a), a linear increase in ClO4

− formation with current density
was not observed, due to competition with the O2 evolution
reaction14 or side reactions involving ClO3

• with the electrode
surface.14

Upon the addition of p-substituted phenols to solution, the
rate of ClO4

− formation decreases compared to the blank
electrolyte (SI Table S-2). Figure 1a shows experimentally

determined IPF values as a function of current density. For the
lowest current density (1.0 mA cm−2), the addition of 250 μM
p-MP, p-BQ, p-NP, and OA results in 93.3 ± 10%, 96.1 ± 0.9%,
99.6 ± 2.5%, and 5.30 ± 8.6% IPF values, respectively. At this
current density, organic compound reaction rates are less than
the calculated mass transport rates (SI Figure S-5b), indicating
that organic compounds accumulate at the anode surface.
Comparing the log Kow values for organic compounds (Table
1), indicates that hydrophobicity does not correlate with
measured IPF values. However, kOH•

,P values agree with trends
of ClO4

− inhibition. The p-substituted phenolic compounds

have high kOH•
,P values and achieve high values of IPF (93.3 ±

10% to 99.6 ± 2.5%). OA was selected for its low reaction rate
with OH•, and minimal IPF was observed (not statistically
different from the blank control). Results suggest that under
kinetic-limited conditions, reaction between organic com-
pounds and OH• is the primary mechanism for IPF.
For a current density of 2.4 mA cm−2, p-MP, and p-NP

oxidation rates reach mass transfer-limited conditions and p-BQ
oxidation approaches mass transfer-control (see SI, Figure S-
5b). For a current density of 2.4 mA cm−2, results for p-NP and
p-BQ experiments show similar IPF values of 93.6 ± 2.6% and
92.1 ± 1.6%, respectively (Figure 1a). Although p-MP has the
largest kOH•

,P value of the compounds tested (Table 1), IPF
decreases to 53.5 ± 15% upon reaching mass transport-limited
removal (2.4 mA cm−2). The Mathematical Modeling section
provides further explanation of these experimental results.
For the current density of 10 mA cm−2, reaction rates for all

p-substituted phenols (∼ 250 μM) were under mass transfer-
control, and thus concentrations at the anode surface were
minimal. As shown in Figure 1a, p-BQ is most effective at
limiting ClO4

− formation, followed by p-NP and p-MP. Figure
1c shows percent IPF as a function of organic compound
concentration (2001000 μM) and at a current density of 10
mA cm−2. The trends for p-MP and p-NP are similar, as
substrate concentration increases IPF values also increase.
Solutions containing p-NP achieved higher inhibition for all
concentrations tested despite its lower kOH•

,P value compared to
p-MP. For initial concentrations of ∼250 μM, p-NP
demonstrated IPF values of 29.3 ± 6.4% compared to 13.0 ±
8.9% for p-MP.
In the presence of p-BQ, significantly higher IPF values were

observed relative to the other p-substituted phenols (Figure
1c). For p-BQ concentrations between 222 and 912 μM, IPF
values were approximately constant (85 ± 3.0% to 91 ± 1.0%).
Although p-BQ removal was determined to be mass-transfer
controlled, accumulation of either p-BQ or its oxidation
products on the BDD surface is possible, as p-BQ showed
the slowest oxidation rate of the p-substituted phenols (SI
Figure S-5b). Since p-BQ is resistant to DET and is removed
solely via reaction with OH•, any accumulation of p-BQ on the
BDD surface may both inhibit ClO3

• (reaction 2) and OH•

formation. LSV scans shown in SI Figure S-2 demonstrate a
decrease in current relative to the blank electrolyte upon p-BQ
addition (0.2510 mM). These trends support the hypothesis
that p-BQ inhibits DET reactions. It is also possible that p-BQ
or its oxidation products react with ClO3

•, as previous research
has provided evidence that ClO3

• is reactive with N-
nitrosodimethylamine.13

Figure 1c also includes results for the IPF in the presence of
OA. Due to its relatively low kOH•

,P value (1.4 × 103 m3 mol−1

s−1), inhibition was not statistically different from that of the
blank electrolyte and measurable IPF was not observed.

Mathematical Modeling. A one-dimensional, steady-state
model was developed to understand ClO4

− formation as a
function of organic compound concentration and current
density. Steady-state was assumed, because only the effect of
organic compounds on the initial steady-state production of
ClO4

− was of interest. Model-determined IPF values as a
function of current density were obtained by fitting Di values
for organic compounds (Figure 1b). Model results accurately
predict experimental IPF values within statistical bounds
(Figure 1a), except for p-MP at a current density of 10 mA
cm−2, where the 95% confidence interval on measured IPF

Figure 1. Steady-state percent inhibition of ClO− formation (IPF) as a
function of current density: (a) experimental results and (b) model
results for fitted diffusion coefficients (Dp‑NP = 1.99 × 10−9 m2 s−1,
Dp‑BQ = 6.00 × 10−9 m2 s−1, Dp‑MP = 6.50 × 10−10 m2 s−1, and DOA =
1.46 × 10−9 m2 s−1) and calculated Wilke and Change (WC) diffusion
coefficients (error bars).46 Figure (c) reports IPF as a function of
initial organic compound concentration at a current density of 10 mA
cm−2 for both experimental and model results for fitted diffusion
coefficients. Error bars shown in Figure 1a and c represented 95%
confidence intervals. Experimental conditions: Electrolyte = 100 mM
KH2PO4, T = 20 °C, Specific surface area = 0.457 m−1.
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values ranged from 4.0 to 22% and the simulated IPF value was
2.0%. Figure 1c shows model results for variable organic
compound concentrations using the same fitted Di values used
in Figure 1b. Model determined IPF values for OA were within
statistical bounds reported experimentally. For p-NP the
highest error between model and experimental IPF values
occurred at 259 μM and was 44.4%. Model and experimental
results for p-BQ diverged by ≤6.2%. Model results for p-MP
were systematically lower than experimental data, and the
highest percent error was 60.5% for a concentration of 734 μM
(Figure 1c).
A sensitivity analysis was conducted to compare fitted Di

values to Di values calculated by the Wilke and Chang
method.46 The error bars in Figure 1b show the model-
determined IPF values using Di values calculated by the Wilke
and Change method. Table S-1 in the SI lists values for fitted
and calculated Di. Fitted values of Di differed by a factor of
+2.04 for p-NP, −1.77 for p-MP, and +5.7 for p-BQ, compared
to calculated values. The higher variation observed between
fitted and calculated Di values for p-BQ may be attributed to
physical/chemical processes involving p-BQ that were not
accounted for in the model. For example, reactions between p-
BQ and ClO3

• and/or adsorption of p-BQ on the BDD surface
resulting in blocking H2O and/or ClO3

− oxidation, as discussed
previously. Increasing the value of Di for p-BQ in the model
increases transport of p-BQ to the BDD surface, which
compensates for the absence of the aforementioned physical/
chemical processes in the model. Figure S-9 in the SI includes
model IPF values using the Wilke and Change determined Di

values as a function of organic compound concentration. The
variation in IPF results obtained by varying Di shown in Figure
2b and SI Figure S-9, illustrates the sensitivity of ClO4

−

formation to mass transfer rates of organic compounds to the
BDD surface. Higher diffusion rates increase mass transport to
the anode surface thus increasing organic compound
concentrations at the anode surface and as a result IPF values
increase. The sensitivity of IPF values to mass transport
increases as kOH•

,P increases, which is discussed in the SI. In
addition to diffusion coefficients, reported kOH•

,P values were
adjusted by ±15% (Table 1). Minimal changes in IPF were
observed (less than ±1.0% difference).

Modeling results also provided insight into the mechanisms
by which mass transport of organics to the BDD surface
impacts ClO4

− formation. Figure 2 shows simulated concen-
tration profiles of p-MP, OH•, ClO3

•, and ClO4
− as a function

of current density using fitted Di values. Under kinetically
controlled conditions (1.0 mA cm−2) p-MP is present at the
anode surface at a concentration of 0.11 mM (Figure 2a).
Therefore, p-MP is able to react with OH• at the anode surface
and directly inhibit ClO4

− formation (reaction 3). Since ClO3
•

and OH• are both generated at the anode, the reaction between
OH• and p-MP in this region is the most effective means for
inhibiting ClO4

− formation, and explains the high experimental
IPF values (93.3 ± 10%) at the 1.0 mA cm−2 current density
(Figure 1a).
As current density increases p-MP oxidation becomes mass

transfer-controlled (Figure 2a). The concentration of p-MP at
the anode surface was 2.0 μM at the 2.4 mA cm−2 current
density, and is <0.1 μM at a distance of ∼0.26 μm from the
anode surface at the 10 mA cm−2 current density. These
processes result in decreased IPF values upon increasing
current density, as reactions between ClO3

• and OH• are able
to occur without interference from organic compounds at or
near the anode surface. These findings explain the experimental
results in Figure 1a that show IPF values in the presence of p-
MP significantly decreased upon increasing current density
(93.3 ± 10% to 13.0 ± 8.9%).
The presence of organic compounds at or near the anode

surface has a significant effect on ClO4
− production. To

illustrate this effect, a reaction zone for ClO4
− formation was

defined as the region where OH• and ClO3
• coexist at

concentrations >1.0 × 10−5 mol m−3 (10 nM). For example,
the OH• and ClO3

• profiles shown in Figure 2b and c,
respectively, were used to determine the thickness of the
reaction zone for ClO4

− formation in the presence of ∼250 μM
p-MP as a function of current density. A summary of the effects
of the reaction zone thickness on IPF values for variable organic
compound concentrations and current densities is shown in
Figure 3. Results show that there is an inverse linear
relationship between the reaction zone thickness and IPF
values (R2 = 0.965). These results clearly illustrate that the
reaction between organics and OH• create a reaction zone
adjacent to the anode surface that controls ClO4

− formation,

Figure 2. Simulated steady-state concentration profiles of (a) p-MP, (b) OH•, (c) ClO3
•, and (d) ClO4

− during oxidation of 0.25 mM p-MP in 100

mM KH2PO4 for applied current densities of 1, 2.4, and 10 mA cm−2

; kp−MP,OH
• = 2.6 × 107 m3 mol−1 s−1. The insets are included to show profiles

for (a) p-MP, (b) OH•, and (d) ClO4
− near the anode surface.
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and provides direct evidence that supports the hypothesis that
OH• exist freely near the BDD surface, which has been
suggested previously.2,42,47 The reaction zone thickness is an
approximation of the OH• concentration, and thus the linear
correlation between the reaction zone thickness and ClO4

−

production rates is apparent from eq 8.
The reaction zone thickness is a function of the local organic

compound concentration near the anode surface and the kp,OH
value. Therefore, for a given organic compound varying either
the organic compound concentration or the applied current
density will affect the mass transport of the organic compound
and thus the reaction zone thickness. The effect of current
density on OH• concentration profiles in the presence of p-MP
is illustrated in Figure 2b. Due to increased OH• production
and minimal OH• scavenging at the anode surface by p-MP at
higher current densities, OH• concentrations at the anode
surface increase by two-orders of magnitude upon increasing
the current density from 1.0 to 10 mA cm−2 (Figure 2b). In the
presence of p-MP, Figure 2b and c show that the reaction zone
thickness increases from 0.02 to 0.82 μm as reaction conditions
move from kinetic-limited (1.0 mA cm−2) to mass transport-
limited conditions (10 mA cm−2), respectively. Similar trends
occur for the other p-substituted phenols. Under these same
conditions the reaction zone increases from 0.06 to 0.70 μm for
p-NP (SI Figure S-10) and 0.04 to 0.20 μm for p-BQ (SI Figure
S-12). The larger reaction zone thickness at mass transfer-
limited conditions in the presence of p-MP relative to the other

p-substituted phenols is related to its higher kOH•
,P value (Table

1), which allows p-MP to react with OH• and become depleted
before reaching the anode surface. Both p-NP and p-BQ were
not fully depleted at the anode surface, and were present at low
concentrations at the 10 mA cm−2 current density (SI Figures
S‐10a and S‐12a).
As shown in Figure 4, organic compound concentration also

impacts mass transfer rates and the reaction zone thickness.
Figure 4a and b show p-MP and OH• concentration profiles,
respectively, for a 10 mA cm−2 current density in the presence
of various concentrations of p-MP (01016 μM). The
thickness of the reaction zone for ClO4

− formation decreases
from 0.96 μm in the absence of organics to 0.32 μm in the
presence of 1016 μM p-MP. A similar trend is observed in the
presence of the other organic compounds (0.12 μm in the
presence of 1016 μM p-NP, and 0.06 μm in the presence of 912
μM p-BQ; SI; Figures S-11 and S-13). At constant current
density, OH• production remains constant. Therefore, as
organic compound concentration increases, organic substrates
approach closer to the anode surface (Figure 4a) thus shrinking
the reaction zone by reacting with OH•. Similar trends were
observed for p-NP and p-BQ and results are shown in the SI
(Figures S-11 and S-13).
The reaction between OH• and organic compounds will

likewise affect the ClO3
• concentration profiles. The ClO3

•

gradient with respect to distance from the anode surface
becomes steeper as current density increases (Figure 2c). This
result can be attributed to minimal reactions between ClO3

•

and OH• near the anode surface at lower current densities,
since OH• are primarily reacting with p-MP. Similar trends
occur for reactions containing p-NP and p-BQ, which are
shown in the SI (Figures S-9 and S-11). Concentration profiles
for ClO3

• (Figure 2c) show an opposite response to increases
in current density than OH• (Figure 2b). Chlorate radical
concentrations at the surface were calibrated independently at
each current density. As current density increases, ClO3

•

surface concentrations decrease (Figure 2c). This trend occurs
due to a shift in anodic current going toward water oxidation
relative to ClO3

− oxidation upon increasing electrode
potentials. LSV results in the presence of 1 mM ClO3

−

concentrations support this trend (SI; Figure S-1a). For

Figure 3. Relationship between the reaction zone thickness and the
measured IPF values. Solid line represents linear regression of the data.

Figure 4. Simulated steady-state concentration profiles of (a) p-MP, (b) OH•, (c) ClO3
•, and (d) ClO4

− in the presence of p-MP (0 to 1016 μM).
Inset is included to show concentrations of (a) p-MP near the anode surface.
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potentials <2.45 V, current directed toward ClO3
− oxidation is

higher compared to the blank electrolyte. As the potential
approaches the region of significant water oxidation (>2.45 V),
the anodic current in the presence of 1 mM ClO3

− is less than
the blank electrolyte. Less current directed toward ClO3

−

oxidation upon increasing potential leads to a decrease in
ClO3

• production. Measured anodic potentials are shown in the
SI (Figure S-14). For p-MP, as current density increases from
1.0 to 10 mA cm−2, potentials increase from 2.27 to 2.98 V,
respectively, which spans the potential window discussed above.
Organic compound concentration also has a significant effect

on ClO3
• profiles. Figure 4c shows ClO3

• profiles in the
absence and presence of p-MP. As p-MP concentrations
increase more substrate reaches the BDD surface and reaction
rates between p-MP and OH• increase. As a result, less OH• are
available to react with ClO3

• (reaction 3) resulting in less
consumption of ClO3

• near the anode surface.
As shown, ClO4

− generation near the anode surface is
directly related to the reaction zone thickness (region where
OH• and ClO3

• coexist), which is controlled by the mass
transport of organics to the anode surface. An increase in the
reaction zone thickness is followed by an increase in ClO4

−

production on the anode surface. The smallest reaction zone
thickness (0.02 μm) was measured under kinetic-limited
conditions (229 μM p-MP and 1.0 mA cm−2), and the ClO4

−

surface concentration was 0.4 μM (Figure 2d). As current
density increased and mass transport-limited conditions occur
(10 mA cm−2) the thickness of the reaction zone increased to
0.82 μm and the ClO4

− surface concentration increased to 64
μM (Figure 2d). The reaction zone thickness also decreases
upon increasing concentration of organic compounds, once
again due to substrate approaching the anode surface. In the
absence of p-MP (0 μM) the reaction zone was 0.96 μm and
the ClO4

− surface concentration was 64 μM (Figure 4d). In the
presence of 1016 μM p-MP, the reaction zone decreased to
0.32 μm and the ClO4

− surface concentration decreased to 33
μM (Figure 4d). These results illustrate the sensitivity of ClO4

−

formation to not only the presence of organic compounds, but
also to their rates of mass transport to the anode surface. These
results indicate that kinetic-limited conditions should be
maintained during electrochemical oxidation of organic
compounds in order to limit ClO4

− production.
Previous modeling studies have also investigated OH• and

organic compound profiles in the diffuse layer adjacent to the
BDD surface as a function of kOH•

,P and current density.35,42

Kaplka et al.42 developed a mathematical model that accounts
for organic compound oxidation with OH• produced at the
anode surface. Results demonstrated that the thickness of the
organic compound reaction zone was a function of organic
compound concentration, kOH

•
,P, and current density.42

Depending on kp,OH
•, the reaction zone thickness of organic

substrates varied between ∼1 nm in the presence of 1 M
ethanol (kOH•

,C2H5OH = 1.9 × 106 m3 mol−1 s−1) to 1 μm in the
absence of organics.42 Modeling results by Mascia et al.35

predicted a reaction zone thickness between 10 and 50 nm,
which was a function of current density. Our modeling results
are similar to these prior studies.

■ ENVIRONMENTAL SIGNIFICANCE

Since electrochemical oxidation will be applied for the
treatment of wastewaters containing Cl−, it is imperative that
ClO4

− formation is maintained below advisory levels. After a

total electrolysis time of 60 min, the addition of organics
discussed in this study were able to reduce ClO4

− production
rates by 13.0 ± 8.9% to 99.6 ± 2.5% compared to the blank
electrolyte, with final concentrations ranging from 0.04 to 24.8
μM ClO4

− (3.82500 ppb). The addition of p-NP at kinetic-
limited conditions (1.0 mA cm−2) were the only reaction
conditions where ClO4

− concentrations (3.8 ppb) were below
the EPA advisory level of 15 ppb. The actual ClO4

− production
in an applied setting will depend on the km value, hydraulic
residence time, and specific surface area of the reactor.
The model presented in this study was used to interpret our

highly controlled experimental data, and although was useful in
that regard, is not applicable to actual applied treatment
strategies with complex solution conditions. For example,
ClO4

− production presented in this paper used 1 mM ClO3
− as

the starting species. Many applied treatment systems will have
ClO3

− concentrations less than 1 mM and contain multiple
organic and inorganic species that scavenge OH• and may limit
ClO4

− production significantly. However, studies have also
documented significant ClO4

− formation during the anodic
oxidation of high-chloride containing waste streams (e.g.,
landfill leachate and seawater) with BDD electrodes,30,31 which
warrants further fundamental research and indicates that
electrochemical ClO4

− formation should be monitored carefully
in these applications.
During electrochemical oxidation, it is important to evaluate

the effects of organic compounds with varying kOH•
,P values on

the thickness of the reaction zone for ClO4
− formation.

Typically in applied settings, electrochemical oxidation
processes operate under mass transfer-control. However,
working under these conditions limits OH• scavenging at the
electrode surface, and substrates with equal values for Di will
become depleted further away from the anode surface as kOH•

,P
increases. Substrate accumulation at the anode surface is
minimal and the potential for OH• scavenging directly at the
location of ClO4

− formation is lost. Based on experimental and
modeling results presented here, operating just below the
limiting current may enable organic constituents present in
waste streams to react with OH• directly at the anode surface.
Operating below mass-transfer limited rates would not only
reduce ClO4

− formation but also reduce operating costs. One
possible strategy is using a modulated applied current for the
treatment of organic wastes, which was previously suggested as
a strategy to limit operating costs of anodic oxidation, without
affecting treatment performance.48 In this strategy, the
operating current is calculated as a function of km and the
organic compound concentration, which is expressed as the
chemical oxygen demand (COD), as shown in eq 15.49

=i Fk t(t) 4 (COD( ))m (15)

This strategy may also be effective at limiting ClO4
−

formation and warrants further research.
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Rodrigo, M. A.; Lobato, J. Measurement of mass-transfer coefficients
by an electrochemical technique. J. Chem. Educ. 2006, 83 (8), 1204.

Environmental Science & Technology Article

dx.doi.org/10.1021/es4031672 | Environ. Sci. Technol. 2013, 47, 12391−1239912398

mailto:chaplin@uic.edu


(35) Mascia, M.; Vacca, A.; Palmas, S.; Polcaro, A. M. Kinetics of the
electrochemical oxidation of organic compounds at BDD anodes:
Modelling of surface reactions. J. Appl. Electrochem. 2007, 37 (1), 71−
76.
(36) Katsuki, N.; Takahashi, E.; Toyoda, M.; Kurosu, T.; Iida, M.;
Wakita, S.; Nishiki, Y.; Shimamune, T. Water electrolysis using
diamond thin-film electrodes. J. Electrochem. Soc. 1998, 145, 7.
(37) Michaud, P. A.; Panizza, M.; Ouattara, L.; Diaco, T.; Foti, G.;
Comninellis, C. Electrochemical oxidation of water on synthetic
boron-doped diamond thin film anodes. J. Appl. Electrochem. 2003, 33
(2), 151−154.
(38) Arihara, K.; Terashima, C.; Fujishima, A. Application of
freestanding perforated diamond electrodes for efficient ozone-water
production. Electrochem. Solid State Lett. 2006, 9 (8), D17−D20.
(39) Arihara, K.; Terashima, C.; Fujishima, A. Electrochemical
production of high-concentration ozone-water using freestanding
perforated diamond electrodes. J. Electrochem. Soc. 2007, 154 (4),
E71−E75.
(40) Fukushima, M.; Tatsumi, K. Degradation pathways of
pentachlorophenol by photo-fenton systems in the presence of
iron(III), humic acid, and hydrogen peroxide. Environ. Sci. Technol.
2001, 35 (9), 1771−1778.
(41) Zazo, J. A.; Casas, J. A.; Mohedano, A. F.; Gilarranz, M. A.;
Rodriguez, J. J. Chemical pathway and kinetics of phenol oxidation by
Fenton’s reagent. Environ. Sci. Technol. 2005, 39 (23), 9295−9302.
(42) Kapalka, A.; Foti, G.; Comninellis, C. The importance of
electrode material in environmental electrochemistry Formation and
reactivity of free hydroxyl radicals on boron-doped diamond
electrodes. Electrochim. Acta 2009, 54 (7), 2018−2023.
(43) Zhu, X. P.; Shi, S. Y.; Wei, J. J.; Lv, F. X.; Zhao, H. Z.; Kong, J.
T.; He, Q.; Ni, J. R. Electrochemical oxidation characteristics of p-
substituted phenols using a boron-doped diamond electrode. Environ.
Sci. Technol. 2007, 41 (18), 6541−6546.
(44) Bejan, D.; Malcolm, J. D.; Morrison, L.; Bunce, N. J.
Mechanistic investigation of the conductive ceramic Ebonex as an
anode material. Electrochim. Acta 2009, 54 (23), 5548−5556.
(45) Ferro, S.; Martinez-Huitle, C. A.; De Battisti, A. Electroxidation
of oxalic acid at different electrode materials. J. Appl. Electrochem.
2010, 40 (10), 1779−1787.
(46) Wilke, C. R.; Chang, P. Correlation of diffusion coefficient in
dilute solutions. AIChE J. 1955, 1 (2), 264−270.
(47) Marselli, B.; Garcia-Gomez, J.; Michaud, P. A.; Rodrigo, M. A.;
Comninellis, C. Electrogeneration of hydroxyl radicals on boron-
doped diamond electrodes. J. Electrochem. Soc. 2003, 150 (3), D79−
D83.
(48) Panizza, M.; Kapalka, A.; Comninellis, C. Oxidation of organic
pollutants on BDD anodes using modulated current electrolysis.
Electrochim. Acta 2008, 53 (5), 2289−2295.
(49) Rodrigo, M. A.; Michaud, P. A.; Duo, I.; Panizza, M.; Cerisola,
G.; Comninellis, C. Oxidation of 4-chlorophenol at boron-doped
diamond electrode for wastewater treatment. J. Electrochem. Soc. 2001,
148 (5), D60−D64.
(50) Bejan, D.; Guinea, E.; Bunce, N. J. On the nature of the
hydroxyl radicals produced at boron-doped diamond and Ebonex®
anodes. Electrochim. Acta 2012, 69, 275−281.

Environmental Science & Technology Article

dx.doi.org/10.1021/es4031672 | Environ. Sci. Technol. 2013, 47, 12391−1239912399


