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The electrochemical oxidation of benzoic acid over boron-doped diamond electrodes was studied. Exper-
iments were conducted in a flow-through electrolytic cell at current intensities ranging from 11 to 24 A,
an electrolyte concentration of 0.05 M and initial substrate concentrations ranging from 16 to 185 mg L!.
Liquid chromatography (LC) coupled to diode array detector was employed to follow benzoic acid con-
centration profiles, while chemical oxygen demand and dissolved organic carbon (DOC) analyses were
carried out to assess the extent of mineralization. In preliminary experiments, the effect of different
electrolytes (NaNOs, NaCl or Na;S0O4) and the initial pH of the solution (10 or 3.8) was evaluated. The
effects of operating parameters such as applied current intensity, electrolysis time and initial benzoic
acid concentration on the degradation and mineralization efficiency were investigated with the applica-
tion of factorial design methodology and simple linear models describing and predicting adequately the
removal of the substrate and DOC were developed. The initial substrate concentration and the treatment
time constitute important parameters with regard to the efficiency of the process. Benzoic acid conver-
sion proceeds through the hydroxylation of the aromatic ring as evidenced by the formation of several
hydroxylated derivatives identified by LC coupled to mass spectroscopy (LC/MS-MS). Of these, mono-
hydroxybenzoic acids appear to be quite stable to electrochemical oxidation. Toxicity tests with marine
bacteria V. fischeri showed that, at the conditions in question, degradation by-products are consistently
more toxic than the parent compound even after deep oxidation.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Advanced oxidation processes involve the in situ generation
of highly reactive chemical oxidants such as the hydroxyl radical
(OH*) and have emerged as an important class of technologies for
accelerating the oxidation of a wide range of organic contaminants
to less harmful compounds and/or to their complete mineralization
[1].

Electrochemical oxidation is a promising environmental reme-
diation technology due to its effectiveness, easy operation and wide
application. Electrochemistry makes the treatment of liquids, gases
and solids possible, it is amenable to automation and compatible
with the environment, because the main reagent, the electron, is
a clean one [2], thus avoiding the use of strong oxidizing agents.
In the context of wastewater treatment, electrochemical processes
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usually aim at either the conversion of biorecalcitrant organics to
biocompatible organics or the combustion of organics which are
completely oxidized to CO, [3].

In anodic oxidation [1,4-8] organic pollutants can be oxidized by
highly oxidizing radical species formed on the high O,-overvoltage
anode surface through water oxidation:

H20 — OHads. + H++e‘ (1)

Several anodes have been tested with some demonstrating selec-
tive oxidation (IrO;) [9], while others either releasing toxic ions
(Pb0O;) or exhibiting limited service life (SnO,) [10]. The use of a
boron-doped diamond (BDD) thin film anode [11-14] in anodic oxi-
dation has shown that its O,-overvoltage is much higher than that
of the aforementioned conventional anodes, thus producing larger
amounts of adsorbed OH* from water decomposition (reaction (1)),
yielding faster destruction of pollutants [15]. The diamond surface
is non-active in the sense that it does not provide any active sites
for the adsorption of reactants and/or reaction by-products [6,16].
Therefore, hydroxyl radicals are considered to be the dominant


http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mantzavi@mred.tuc.gr
dx.doi.org/10.1016/j.cej.2010.03.065

T. Velegraki et al. / Chemical Engineering Journal 160 (2010) 538-548 539

species for the electrochemical combustion of organic pollutants;
in addition, reactions of organic pollutants with oxygen species (e.g.
H,0; and Os3) and other electrochemically generated oxidants (e.g.
in the presence of various electrolytes) are known to complement
electrochemical activity [11,12,16-18].

Boron-doped diamond thin-films electrodes present some addi-
tional useful properties such as great chemical and electrochemical
stability which enhance the average lifetime of this material and
allow its use in the treatment of almost any kind of wastewa-
ter, high resistance to corrosion, high thermal stability, hardness
and good electrical conductivity [19,20], thus being undoubtedly
a promising material for the complete combustion of organics in
wastewater treatment. The excellent properties of BDD anodes for
electrochemical water treatment have been discussed thoroughly
in a recent review article [16].

The goal of this work was to study the BDD electrochemical
oxidation of benzoic acid (BA: CgH5COOH), a model compound
representative of the aromatic fraction typically found in var-
ious industrial waste streams. BA also constitutes the parent
molecule of several phenolic compounds such as vanillic, gallic,
veratric, syringic, protocatechuic and hydroxybenzoic acids that
are commonly found in agro-industrial effluents which are usually
characterized by low biodegradability and high ecotoxicity [21].
Furthermore, BA is very commonly found in food and pharmaceu-
tical products as antimicrobial preservative.

The effect of several operating parameters such as applied
current, electrolysis time, initial BA concentration, the type of
supporting electrolyte and initial solution pH on compound degra-
dation and mineralization was investigated. An experimental
factorial design methodology was adopted to elucidate the statisti-
cally important parameters, while the effect of the electrochemical
oxidation of benzoic acid aqueous solutions on ecotoxicity was
assessed.

To the best of our knowledge, information regarding the elec-
trochemical degradation of BA is scarce in the literature. Montilla
et al. [12] employed cyclic voltammetry and bulk electrolysis to
study the electrochemical behavior of 257-1080 mgL~! BA under
galvanostatic conditions (1.5 A) on p-Si/BDD electrodes in perchlo-
ric acid solutions (0.5 M). They reported that electrolysis at high
anodic potentials in the region of water and electrolyte decom-
position led to the incineration of BA through complex oxidation
reactions with hydroxyl radicals.

2. Experimental and analytical
2.1. Chemical reagents

Benzoic acid (99.5%), 4-hydroxybenzoic acid (99%) and cinnamic
acid (99%) were provided by Fluka. Organic solvents utilized for
HPLC analysis were provided by Riedel de Haén. Inorganic salts,
namely Na,S04 (99%, Riedel de Haén), NaCl (99%, Riedel de Haén)
and NaNOj (99%, Fluka) were used as electrolytes. Working solu-
tions were prepared daily by dissolving the appropriate amount
of BA in deionized water at concentrations varying from 16 to
185mgL-1.

2.2. Electrolytic system

Experiments were conducted in a DiaCell (type 100) single
compartment electrolytic flow-cell manufactured by Adamant
Technologies (Switzerland). Two circular electrodes made of BDD
on silicon were used as the anode and cathode; each electrode area
was 70cm? and the distance between them 0.01 m. Experiments
were carried out in a recirculated batch mode under temperature
control. A spiral coil immersed in the liquid and connected to tap

water supply was used to remove the heat liberated from the reac-
tion. The temperature increased during the first 15 min of reaction
up to 28-35°C, depending on the current intensity applied and
remained constant thereafter. The working solution volume was
10L for all experiments. A peristaltic pump was used to recircu-
late the solution through the electrochemical cell at a constant
flow rate of 20Lmin~!. pH was left uncontrolled throughout the
electrochemical treatment.

The cell potential was practically constant during the reaction,
indicating that appreciable deterioration of the electrode and/or
passivation phenomena did not take place [19]. The polarization
changed automatically every 30 min, which helped to maintain the
two electrodes free of intermediate product deposition on their
surface.

2.3. Analytical methods

The degradation of benzoic acid was monitored by reversed-
phase high performance liquid chromatography (HPLC) using a
Shimadzu 10AVp system comprising two LC-10ADVp pumps, an
autosampler (SIL-10ADVp) and an SPD-M10AVp diode array detec-
tor. Acidified water (pH of about 2.5) (solvent A) and acetonitrile
(solvent B) were eluted through a C-18 column (4.6 mm x 250 mm;
Prevail Organic Acid) under constant flowrate of 1 mLmin~!. The
mobile phase followed a time program (0-5 min: B increases from
0% to 70% and A decreases from 100% to 30%; 5-10 min: B and A
remain stable at 70% and 30%, respectively; 10-4 min: B decreases
from 70% to 0% and A increases from 30% to 100%; 14-20 min:
B and A remain stable at 0% and 100%, respectively). The injec-
tion volume was 20 pL and the temperature was kept constant at
30°C. All samples were filtered (0.45 wm, Nylaflo, PALL) prior to
analysis. HPLC was also employed to follow the concentration of
4-hydroxybenzoic and cinnamic acids during the respective elec-
trochemical experiments.

Liquid chromatography coupled with tandem mass spec-
troscopy (LC/MS-MS) was employed to identify intermediate
compounds accompanying BA degradation. A Varian HPLC sys-
tem (Walnut Creek, CA, USA) comprising two pumps (Prostar
210), an autosampler (Prostar 420) with a 100 ul sample loop
and column oven (Prostar 510) was employed. The chromato-
graphic column was a Polaris 5u C18-A (2.1 mm x 150 mm, 5 pum
particle size). The mobile phase, a mixture of methanol:water
(5:95) at a flowrate of 0.2mLmin~!, eluted isocratically. Each
run lasted 15 min. All chromatographic solvents were degassed
online with a vacuum degasser (Varian Prostar 590 Elite Micro
Degasser). An electrospray ionization (ESI) interface (operated in
the negative ion detection mode) was fitted to a Varian 1200 L
triple quadrupole MS-MS system. Analysis was carried out under
an argon pressure of approximately 2 x 106 atm in the collision
cell.

The decay of dissolved organic carbon (DOC) during treatment
was followed on a Shimadzu 5000A analyzer, whose operation is
based on the combustion/non-dispersive infrared gas analysis. pH
was determined with a Crison GLP 21 pH meter. Chemical oxygen
demand (COD) reduction was determined colorimetrically accord-
ing to the EPA approved reactor digestion method [22].

The luminescent marine bacteria Vibrio fischeri were used to
assess the acute ecotoxicity of BA samples collected at fixed inter-
vals during the process. The inhibition of V. fischeri was measured
by the Microtox test system (Microtox 500 Analyzer (SDI, USA)) at
exposure time of 15 min. The pH of the samples was adjusted to
7 +1 prior to toxicity tests with the addition of 0.1N HCI or 0.1N
NaOH solutions, so that pH-related light inhibition was avoided.
Furthermore, NaCl was added to the sample at 2% (w/v) concentra-
tion to exclude light inhibition due to osmotic phenomena.
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2.4. Average oxidation state and partial oxidation efficiency

From the ratio between COD and DOC it is possible to calculate
the value of the average oxidation state (AOS) of the organic carbon
in solution as follows:

4(DOC — COD)

AOS = DOC

(2)
with DOC and COD in molar concentrations.

AOS constitutes a potentially valuable parameter that can be
used to estimate the degree of oxidation in a complex solution con-
sisting of the initial compound and its oxidation by-products. It is
based on the fact that the AOS of carbon can take values from —4
to +4.

However, its use does not provide information concerning the
degree of partial and total oxidation that has occurred since the
beginning of the reaction, but simply reports on the oxidation state
at a given time without following the progress of partial oxida-
tion reactions [23]. COD removal by partial oxidation (COD a1 ) at
different reaction times can be expressed as follows [24]:
CODpgrtial = CODg (IIDDTOCCO) — COD 3)
Eq. (3) can be expanded to give additional information with respect
to the relative contribution of partial and total oxidation reactions
that have occurred; the index & represents the efficiency of COD
removal through partial oxidation and is defined as the ratio of
COD removal by partial oxidation to the overall COD removal [23]:
6= CODpartial (4)

(CODy — COD)
where ¢ takes values from 0 to 1 corresponding to total and partial
oxidation, respectively.

2.5. Instantaneous current efficiency

The data obtained from COD measurements during electroly-
sis were used for the determination of the instantaneous current
efficiency (ICE) using the following equation [25,26]:

(COD; — CODy, o )FV

ICE (%) = 100 STAL

(5)

where COD; and CODy, o are the COD values (in g0, L~1) at times
t and t+ At (in s), respectively, I is the current intensity (A), F is
the Faraday constant (96487 Cmol~1), Vis the volume of the liquid
(L) and 8 corresponds to a dimensional factor for unit consistency
(32g0, mol~1 0,/4mole~ mol~10,).

2.6. Experimental factorial design methodology

Optimization of the treatment parameters of BA electrochemi-
cal oxidation was performed by experimental design and response
surface methodology (RSM). This methodology was implemented
employing the statistical software package MINITAB.

The first step in RSM is to determine a mathematical equation
that describes the functional relationship between a response Y and
a set of independent variables X. The mathematical expression of
the response could be a first-order or second-order model that fits
well in the region of the independent variables that is employed
[27].

A central composite statistical design was used that comprises
a 23 full factorial design, augmented by three center points and
six star (axial) points. Three independent variables were converted
to dimensionless ones (x1, X3, X3), with values at five levels. The

Table 1
Independent variables, their codified levels and actual values for the central com-
posite design used in the present study.

Variable Symbol Real values of codified levels

—a -1 0 +1 +a
Current intensity, I (A) X1 113 14 18 22 24.7
BA concentration, Co (mgL~') x, 16 50 100 150 185
Treatment time, t (min) X3 99.5 120 150 180 2005

codified variables x; are expressed as a function of their real values
according to the following equation:

zi — ((z41 +2-1)/2)
(241 —2-1)/2

where z; are the real (non-codified) values of variable x;.

The variables considered for this study were the applied current
intensity (x1), the initial concentration of the pollutant (x,) and
the treatment time (x3). The selection of the variables and their
levels (Table 1) was based on previous work [28] and preliminary
experiments.

The axial points were selected at an o =(F)'/4=+1.68 to assure
the rotatability of the area of interest. The response factors
were defined as: Y; =mass of benzoic acid removed per liter and
Y, =mass of dissolved organic carbon removed per liter.

Regression analysis was applied in order to build an adequate
model for each response factor and the goodness-of-fit and statisti-
cal significance of the models was assessed by analysis of variance
(ANOVA) for 95% confidence interval.

(6)

Xij =

3. Results and discussion
3.1. Screening experiments

To assess the effect of various electrolytes on the efficiency of
the electrochemical oxidation of aqueous solutions of benzoic acid
(150 mgL~1), preliminary runs were performed at 14 A, in the pres-
ence of 0.05M NaNOs, NaCl or Na;S0Oy4. The effect of solution pH
was also investigated by treating BA solutions of 150mgL~! con-
centration at 18 A, in the presence of 0.05M Na,SO4 and at initial
pH values of 3.8 and 10. Table 2 summarizes the results obtained
from the aforementioned experiments. It is shown that Na,SO4
results in the highest BA conversion (35%) after 2 h of electrochemi-
cal treatment, compared to NaNO3 and NaCl, that yield 23% and 15%
conversion, respectively. Thus, after 2 h of treatment the concen-
tration of BA removed is 46 mgL-! with Na,SOy4, 32mgL-! with
NaNOs and just 19mgL-1 with NaCl. The superiority of NaySO4
compared to the other two salts may be associated with the gener-
ation of peroxodisulfate [17] (Eq. (7)), a powerful oxidizing agent
that can enhance the hydroxyl radical-induced degradation of BA.

2504%~ — S,0g2™ +2e~ (7)

After 1 and 2 h of treatment at 18 A, BA removal at inherent pH (3.8)
reached 25% and 41%, respectively, which is about twice as much
as that achieved at alkaline conditions. In this view, all subsequent
runs were conducted at the solution’s inherent pH.

Fig. 1 shows the evolution profiles of normalized DOC and BA
concentrations with the electrical charge passed, during the elec-
trochemical oxidation of 50mgL-! benzoic acid at 14A in the
presence of 0.05 M Na,SOy. It is demonstrated that DOC is satisfac-
torily diminished and the formation of carbon dioxide commences
from the initial stages of the treatment. After 2 h of treatment, 56%
removal of BA is achieved, which is 20% higher than the respective
removal accomplished for 150 mg L~! BA under similar experimen-
tal conditions (Table 2). Almost complete removal of the initial
compound can be achieved after the consumption of 9.8 AhL!
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Table 2

Effect of the type of electrolyte (0.05M) and initial pH on BA (150 mgL~") conversion at different current intensities and reaction times. ND, not determined.

Time (min) Current intensity (A) Type of Electrolyte Initial pH Conversion (%) BA removed (mgL-1)
30 14 NaCl 3.8 7 9
120 15 19
30 NaNO; ND ND
120 23 32
30 Na,S04 15 20
120 35 46
30 18 Na,S04 3.8 14 22
60 25 39
120 41 64
30 10 ND ND
60 10 13
120 22 29
1.0 tions of benzoic acid varies from —0.4 to —0.2. If the oxidation
of BA and its degradation by-products to CO, was complete and
occurred rapidly, the AOS would remain nearly unchanged during
0.8 electrolysis. However, the AOS increases gradually throughout the
reaction and this indicates that more oxidized molecular structures
_ are formed during treatment. As can be seen, the increase of AOS
s is more pronounced at lower BA concentrations. The AOS increases
o from —0.4 to about 1 (i.e. 1.4 units increase) at 16 mgL~!, from
o 0.4 —0.2 to 0.6 (i.e. 0.8 units increase) at 100mgL-! and from —0.4
to 0.08 (i.e. 0.48 units increase) at 185 mgL~! initial BA concentra-
tion, respectively. This means that more oxidized intermediates are
0.2 formed during treatment of lower initial concentrations of BA.
Total oxidation seems to be dominant since ¢ is, in most cases,
lower than 0.5 (i.e. more than 50% of the overall COD removal is due
0.0t+——T— I S T LINE T T to total oxidation reactions). This threshold value is represented in
o 1 2 3 4 5 8 7 8 9 10

Q(AhL"

Fig. 1. DOC (O) and benzoic acid (O) abatement as a function of the applied charge
passed. Operating conditions: 14 A; T=28°C; NaS04 0.05M; BA50mgL~'; inherent
pH.

(7 h). The remaining DOC (9 mgL-!) can be attributed to oxidizable
degradation by-products still present after the end of the treatment.
As will be discussed in following sections, LC/MS-MS analysis con-
firmed the presence in the reaction mixture of various hydroxylated
benzoic acid derivatives.

Fig. 2 shows the progress of AOS and the efficiency of partial
oxidation ¢ with time for different benzoic acid concentrations at
18 A and 0.05 M Na,S0Og4. The initial AOS value of the aqueous solu-

2.0 1.00
1:5:7
40.75
1.0 1
partial
8 05 oo P e TR 0.50 £
<
0.0 1
40.25
-0.564
-1.0 T T T T T T 0.00
0 30 60 90 120 150
Time (min)

Fig. 2. Changes in the average oxidation state, AOS (closed symbols) and in the
efficiency of COD removal by partial oxidation, ¢ (open symbols) at different ini-
tial concentrations of BA: (CJ, ®) 16 mgL~'; (a, A) 100mgL'; (®, ©O) 184mgL-'.
Operating conditions: 18 A; T=31°C; Na,S04 0.05 M; inherent pH.

Fig. 2 by a dashed line, above which the COD removal achieved is
mainly due to partial oxidation reactions, while below it is mainly
attributed to total oxidation reactions.

Fig. 3a—c depict the concentration of BA, COD and DOC removed,
respectively as a function of charge passed during the electrochem-
ical oxidation of 100 mg L~! BA. Itis observed that the concentration
of BA and DOC removed remains practically unaffected by the
applied current intensity, which means that the same efficiency
(in terms of mass removed) can be attained at either longer treat-
ment times and lower current intensities or, conversely, at shorter
treatment times and higher current intensities. However, the mass
of COD removed seems to increase slightly at lower current inten-
sities (Fig. 3b). For example, the mass of COD removed is 49 mgL~!
at 24.7A and 67 mgL-! at 11.3 A after about 2.5AhL-! of charge
passed. In other words, to remove the same amount of COD, e.g.
73mgL-!, would require 3.7AhL-"! (or 90 min of treatment) at
24.7A and 2.8 AhL~! (or 150 min of treatment) at 11.3 A. This may
be due to the fact that part of the electrogenerated radicals are
wasted to side reactions such as O, evolution (Eq. (8)) and this
phenomenon is more pronounced at higher current intensities; this
behavior is characteristic of mass transfer controlled processes in
which an increase in the current density cannot enhance the rate
of oxidation of the organics at the electrode but favors anodic side
reactions [29].

H,0 — ]/202+2H++267. (8)

Side reactions on the anode surface act competitively against the
indirect degradation of the organics [5], whereas at lower current
intensities the majority of HO® radicals are utilized for the degra-
dation of the organic compounds.

Interestingly, the effect of applied current intensity on the
extent of COD removal (for the same charge) was not observed in
the case of DOC removal (Fig. 3c) although both COD and DOC are
gross, lumped parameters of the liquid phase organic content. It
should be taken into account that changes in COD are related to a
complex reaction network that includes chemical transformations



542 T. Velegraki et al. / Chemical Engineering Journal 160 (2010) 538-548

70
_: 60 (a) 0 2
A

2 507 . o~
E 401 o A
é 30 1 o
& 201
g 101 o

0

0 1 2 3 4 5 6 7

Q(AhL")

—~ 100
oo f ® 4
3 8o
@ 70
E & 9
§ 50
3 40 "
E a0
@ o
5 2019
o 10
o o0

0 1 2 3 4 5 6 7
Q(AhL")

30

(c)

257
201
151
101

DOC removed (mg C L'1)

25 )
20 1

151

ICE (%)

101

0 T T T T T T
0 1 2 3 4 5 6 T

Q(AhLY

Fig. 3. Effect of current intensity at (3J) 11.3A; (O) 18 A; (A) 24.7 A on 100 mgL-" BA oxidation. Variation of concentration of (a) BA removed; (b) COD removed; (c) DOC
removed; (d) ICE, with reference to applied charge passed. Operating conditions: Na;SO4 0.05M; T=26-31°C; inherent pH.

such as dimerization, polymerization, partial and total oxidation.
On the contrary, changes in DOC are solely related to the complete
oxidation of liquid phase organic carbon to CO, without taking
into account other chemical transformations. It can be hypothe-
sized that total oxidation reactions are less susceptible to changes
in the applied current (for the same charge) than partial oxidation
and possibly other reactions and this would explain the different
behavior of COD and DOC.

At the experimental conditions in question, ICE is not affected
significantly by variations in the applied current intensity (Fig. 3d).
The relatively low ICE values recorded indicate that oxidation pro-
ceeds under current intensities considerably greater than those
stoichiometrically required to oxidize the organic content present
in the solution. These results are typical for the electrochem-
ical treatment of solutions with low COD content [14,30,31]
and are attributed to mass transfer limitations of the organic
compounds to the anode surface. The higher ICE values (i.e.
22% at 18A) observed at the early stages of the reaction are
due to the higher concentrations of BA and other intermedi-
ates initially available to react. As the reaction proceeds, the
efficiency drops continuously and this is probably associated
with the progressive formation of intermediates, such as short
carboxylic acids, that are more resistant to electrochemical oxida-
tion.

The aforementioned screening runs clearly highlight the poten-
tially important effects of initial BA concentration, electrolysis time
and current intensity on the performance of the electrochemical
process; in this respect, these parameters are investigated further
in a more systematic way.

3.2. Statistical analysis

Table 3 shows the central composite design matrix, the com-
binations of the independent variables xq, x, and x3 and the
corresponding experimental values of responses Y; and Y, (mass
of BA and DOC removed per liter, respectively). The experiment at

the center of the design was carried out three times (runs 9, 10 and
11 in Table 3) in order to obtain an estimation of the experimental
standard error [28,32].

Table 4 shows all model parameters, in terms of statistical signif-
icance, that affect responses Y; and Y5. Only terms that were found
statistically significant (p <0.05) were included in the reduced mod-
els that are discussed later [33]. It is depicted that the initial
concentration of BA (x,) is an important factor for both response
variables. Moreover, electrolysis time (x3) is very close to the
threshold p-value of 0.05, therefore, it was included in the reduced
model describing Y.

One way to assess the significance of the effects and the exis-
tence of curvature in the system is to perform repeat runs at the
center point of the design (i.e. the variables receive mean values
between their high and low levels) and make an estimation of the

Table 3
Central composite statistical design matrix showing the combinations of experi-
mental conditions and the respective responses Y; and Y. ND, not determined.

Run Type X1 X2 X3 Y1 Y,

1 Full design - i - 52 40

2 + + + 85 ND
3 - + + 75 34
4 - - + 44 18

5 + - + 52 21

6 + - - 43 16
7 - 32 10
8 W 4 - 70 26
9 Center runs 0 0 0 57 24
10 0 0 0 53 25

11 0 0 0 54 26
12 Axial or star 0 0 —a 36 14
13 points —a 0 0 36 13
14 0 +a 0 50 35
15 0 0 +a 59 28
16 +a 1] 0 54 26
17 0 —a 0 11 5
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Table 4
Statistical significance of parameters of full quadratic models with regard to
responses Y7 and Y.

Parameter Mass of BA Mass of DOC removed

removed per liter per liter (Y2)

(Y1)

Estimate p-Value Estimate p-Value
Intercept 53.61 0.000" 247 0.000"
X1 5.65 0.107 0.97 0.592
X2 12.93 0.004° 8.48 0.003°
X3 7.15 0.052° 2.55 0.187
X1X2 1.12 0.786 —-3.32 0.213
X2X3 2.12 0.611 —1.82 0.473
X1X3 -1.37 0.741 0.92 0.712
(x1)? 0.23 0.947 -0.93 0.609
(x2)? —-4.89 0.189 —0.75 0.677
(x3)? 1.11 0.750 —0.40 0.823
" Statistically significant at & =0.05.

standard error according to Eq. (9):
2
Y; - Y,
MSPE = E (Yi — Yim) (9)
(total number of repeat runs — 1)

where Y; is the response of the ith repeat run and Yy, is the mean
value of the repeated responses. Standard error for each model
was calculated at a value of 2.08 (response Y7) and at a value of
1 (response Y5) according to Eq. (9). If an effect is about or below
the standard error, it may be considered insignificant (or in other
terms, not different from zero). Pareto charts (Fig. 4) help to iden-
tify the most influential factors through a comparison of the relative
magnitude of the effects and an evaluation of their statistical sig-

2.365
I

@ ]

Term
X
N
>
w

1 2 3
Standardized Effect

~

2.447
I

Term
2

T T T T T

0 1 2 3 4 5
Standardized Effect

Fig.4. Pareto chartsindicating the statistically important effects of main, interaction
and quadratic terms for response variables: (a) Y1; (b) Y. White bars: positive effect;
Black bars: negative effect.

Table 5
ANOVA for the reduced models of Egs. (10) and (11).
Source DF SS MS F D
Y1 =50.8+12.9x; +7.2x3
Regression 2 2982 1491 119 0.001
Residual error 14 1759 125.6
Lack of fit 6 1171.7 195.3 2.7 0.101
Pure error 8 587.3 734
Total 16 4741.1

Y>=23.3+8.8X,+2.9x3

Regression 2 1031.3 515.7 20.4 0.000
Residual error 13 328.6 253

Lack of fit 6 85.3 14.2 0.4 0.852
Pure error 7 2433 34.8

Total 15 1359.9

nificance. Fig. 4 displays the absolute value of the effects and the
reference line (tges.dof» 0.025) that is computed by the error terms and
corresponds to o =0.05. Any effect that extends past the reference
line is potentially important. Therefore, the effect of initial pollu-
tant concentration (x, ) seems to have a significant positive effect on
Y; (Fig. 4a), while electrolysis time (x3), since it marginally reaches
the reference line and its effect is not evaluated clearly, is worth
investigating further and is also added to the reduced model. Like-
wise, initial pollutant concentration (x;) is found to have the most
significant positive effect on Y, (Fig. 4b). No curvature was detected
in the system, for the experimental area under investigation, which
implies that a full complex model with all parameters is unneces-
sary. The system is characterized by linearity and can, therefore, be
described adequately by simpler linear models.

As a result, all the interaction and quadratic terms, as well as
the main effect of current intensity (Table 4) were dropped and
new reduced linear models (Egs. (10) and (11)) were developed.
To assess the goodness-of-fit of the reduced models, ANOVA was
performed for the second time (Table 5).

Y; =50.8 + 12.9%, + 7.2x3 (10)
Y> =23.3 +8.8xy +2.9x3 (11)

The p-values (0.001 and 0.000) in the ANOVA tables show that the
reduced models estimated by the regression procedure are signifi-
cant at an «-level of 0.05. The p-values of the estimated coefficients
of x, and x3 for the first model are 0.001 and 0.033, respectively
(data not shown), indicating that they are significantly related to
the response Y;. Likewise, the p-values for the second model are
equal to zero (data not shown) which also confirms the signifi-
cance of these parameters concerning the response Y. Both models
demonstrated good fit and were found significant by the F-test at
the 5% confidence level (Prob > F< 0.05) [34]. Analysis of variance for
both models was also performed and statistical parameters were
obtained (data not shown for brevity), indicating that the reduced
models fit the data satisfactorily.

The diagnostic plots (Fig. 5) verify that the assumptions of nor-
mality, independence and randomness of the residuals (i.e. the
difference between the observed and predicted or fitted values of
each response) are satisfied. From the normal probability plots of
the residuals for the two reduced models, it can be seen that the
residuals follow the fitted line fairly closely; this confirms that (i)
the residuals follow normal distribution with mean value close to
zero, and (ii) the effects that were assumed insignificant during the
development of the reduced models can be readily explained as
random noise. The estimated p-values for each Anderson-Darling
goodness-of-fit test are greater than 0.05, suggesting that the data
follow a normal distribution.
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Fig. 5. Normal probability plot of the residuals for (a) Y7; (b) Ya.

Taking into consideration the reduced linear models of Egs. (10)
and (11), an attempt was made to evaluate the goodness-of-fit of
the computed data (i.e. derived from the model) with the observed
data(i.e. derived from the experiments). In order to do this, the cod-
ified forms of the independent variables x, and x5 are transformed
to their corresponding non-codified forms through Eq. (6) and the
resulting expressions of the response variables Y; and Y, are:

Y; = —10.7 +0.26 Co + 0.24¢ (12)
Y, = —8.75+0.18Co +0.1¢ (13)

where Co (mgL-1) and t (min) are the initial BA concentration and
electrolysis time, respectively.

Representative data are shown in Fig. 6 where the experimental
values of Run 15 in Table 3 are compared to the respective values
derived from Egs. (12) and (13). For a given value of x; (i.e. 18 A)
and x; (i.e. 100mgL-1), both models fit well throughout the whole
range of x3 studied (i.e. from 99 to 200 min shown by the marked
area). At lower treatment times, the discrepancy between experi-
mental and predicted values becomes expectedly pronounced, thus
implying that the models may be inadequate for predictions outside
the range of conditions for which they were developed.

3.3. Modeling of COD evolution and comparison with
experimental data

The electrochemical oxidation of 50mgL-! BA at 14 A results
in an exponential decrease of COD with time, as clearly seen in
Fig. 7a. This trend is typical of a mass transport-controlled process
[17,31,35], during which oxidation is controlled by the rate at which
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Fig. 6. Comparison between experimental and predicted values with respect to the
concentration of (a) BA (Eq. (12)); (b) DOC (Eq. (13)) removed. Operating conditions
asin Run 15, Table 3: 18 A; T=27°C; Na;S04 0.05 M; BA 100 mgL~"'; inherent pH.

organic molecules are carried from the liquid bulk to the electrode
surface rather than by the rate at which electrons are delivered to
the anode.

In previous studies [17,35], a theoretical model capable of
predicting temporal COD evolution during the electrochemical
oxidation of organic compounds on BDD thin electrodes was devel-
oped. At conditions of mass transport control (j > jgm), the model
is expressed as follows:

COD; = SCODg exp <—Ak\7t + ]ﬂﬂ) (14)
where CODg and CODy are the initial and at time t (in s) COD (in
mol O, m—3), A is the electrode area (m?2), k, is the mass transfer
coefficient in the electrochemical reactor (ms~1), V is the liquid
volume (m3), B=j/j’ . and j and j} _ are the applied and initial
limiting current density (A m~2), respectively.

At the experimental conditions under consideration,j > jloirn and
B becomes equal to unity, thus reducing Eq. (14) to:

COD; = CODg exp (-A’%“r) (15)

In a recent work of our group [36], the mass transfer coefficient
was determined equal to 1.75 x 10-> ms~! for the electrochemical
reactor in question using the ferri/ferrocyanide redox couple and
the limiting current density values. If this k;, value is taken into
account, the model clearly underestimates the oxidation capacity
of the electrochemical process (dashed line in Fig. 7a) since the
COD decrease is always greater than the theoretical one. As a mat-
ter of fact, regression of the experimental data (solid line in Fig. 7a)
yields a mass transfer coefficient that is about 5 times greater than
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Fig. 7. Comparison between experimental and predicted COD profiles during the
electrochemical oxidation of (a) 50 mgL-! BA at 14A; (b) different BA concentra-
tions, i.e. (+) 16mgL-1; (A) 100mgL-'; (J) 184 mgL-" at 18 A. Solid, dashed and
dotted lines represent model prediction with the fitted, measured and corrected k,
values, respectively. Operating conditions: Na;SO4 0.05M; T=28-31°C; inherent
pH.

the measured one. The discrepancy between experimental and pre-
dicted values may be due to the following reasons: firstly, the
model only takes into account the HO*-induced reactions near the
anode surface, while the contribution of oxidation reactions driven
by various electrogenerated species in the liquid bulk (e.g. perox-
odisulfate) is completely disregarded [17]. Secondly, the fast redox
reaction of the ferri/ferro couple employed to determine k;; does
not consider the different organic species (i.e. BA and its degra-
dation by-products) and reactions occurring in the system under
consideration. In an attempt to correct the k;; value to take into
account the presence of a specific organic or mixture of organics,
the following procedure is suggested:

The mass transfer coefficient for benzoic acid oxidation, km,, is
given as follows:

kg, = % (16)
where Dgp is the diffusion coefficient of benzoic acid
(0.95 x 1072 m2 s~1 [37]) and § is the thickness of the diffusion layer
(m). Assuming that § is common for both the ferri/ferrocyanide and
benzoic acid systems, it can be determined from Eq. (16) provided
that the diffusion coefficient of the ferri/ferro couple, Dgg is known.

Application of the above methodology directly to our system
was not possible due to the fact that the electrochemical reac-
tor consists of identical anode and cathode electrodes. Therefore,
the procedure was applied to another electrochemical reactor
[38] consisting of BDD and zirconium as the anode and cath-
ode, respectively. Dgr was determined equal to 0.45 x 102 m2 s~!
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Fig. 8. Changes in the concentration of (@) BA; (A) DOC; (a) carbon contained in
BA; (O) COD removed with electrolysis time. Operating conditions: 14 A; T=28°C;
Na,S04 0.05M; BA 50mgL-"; inherent pH.

using linear sweep voltammetry as described in detail elsewhere
[39] and § was computed equal to 2.6 x 10-5 m. Based on this §
value, kpm,, becomes 3.63 x 107> ms~!, i.e. twice as much as that of
the ferri/ferro couple. Fig. 7a and b shows predicted COD profiles
based on the corrected mass transfer coefficient (dotted lines) and,
despite the better fitting, there is still a significant deviation from
the experimental data and the respective fitted mass transfer coef-
ficients. Although this deviation may, to some degree, be associated
with the complexity of the reaction system in question (i.e. involv-
ing various by-products, mechanisms and kinetics), it can safely
be hypothesized that reactions in the liquid bulk play an impor-
tant role in the pathways leading to the destruction of BA and its
degradation by-products.

3.4. Determination and reactivity of intermediates

Fig. 8 shows temporal profiles of the concentrations of BA,
COD and DOC removed during the electrochemical treatment of
50mgL-! BAfor 7 h at 14 A. BA is rapidly oxidized and nearly com-
plete removal can be achieved after 7 h, while the respective extent
of COD and DOC removal is 70% and 77% which implies the presence
in the reaction mixture of intermediates that are more resistant to
electrochemical oxidation than the parent compound.

Fig. 8 also shows the temporal profile of theoretical DOC
removed if all BA were immediately converted to CO,, i.e. no sta-
ble intermediates remained in the liquid phase. For example, the
point encircled in Fig. 8 represents the theoretical amount of DOC
removed (32 mgL~1) upon the almost complete oxidation of BAand
this value corresponds to the measured DOC of the initial 50 mg L1
BA solution. The discrepancy between measured and theoretical
DOC values shown in Fig. 8 (open and closed triangles) corresponds
to the presence of liquid phase organic intermediates accompany-
ing the degradation of BA.

The LC/MS-MS analysis revealed the formation of several
hydroxylated intermediate compounds, namely hydroxybenzoic
acid(s) (HBAs), dihydroxybenzoic acid(s) (DHBAs) and trihydrox-
ybenzoic acid(s) (THBAs). HBAs are formed from the early stages
of the reaction and are still present after prolonged treatment, sig-
nifying a rather stable chemical structure and/or a production rate
that is greater than their destruction rate. On the contrary, DHBAs
and particularly THBAs seem to be readily oxidized. A compari-
son of the peak areas of the intermediates with the peak area of
the parent compound reveals that HBAs are the most abundant
intermediates followed by DHBAs, whereas THBAs are only present
at trace quantities. The present findings are in agreement with a
recent work [40] regarding the BDD electrochemical oxidation of
3,4,5-THBA (i.e. gallic acid) which is readily mineralized through
the formation of aliphatic intermediates. LC/MS-MS also verified
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the abatement of BA during the electrochemical process. It should
be pointed out here that other ring or ring-cleavage intermediates
could not be positively determined with the analytical equipments
and protocols employed in this study. From these findings, it can be
inferred that the hydroxylation of the aromatic ring is an important
pathway during the early stages of BA electrochemical oxidation;
this path has already been suggested for the TiO,-induced photo-
catalytic degradation [41] and photo-Fenton oxidation [42] of the
same compound. Montilla et al. [12] reported the formation of 2-
HBA, 2,5-DHBA and hydroquinone during the BDD electrochemical
oxidation of BA, without providing though additional information
concerning their abundance or at which point of the treatment they
appear.

It was then decided to investigate the reactivity of 4-HBA, mem-
ber of the HBAs family of reaction intermediates that accompany
the electrochemical oxidation of BA. Although chemistry laws dic-
tate that electrophilic aromatic substitution is most likely to occur
at the meta- rather than the ortho- or para-position [43], 4-HBA
was chosen over its ortho- and meta-isomers because in previ-
ous studies dealing with the advanced oxidation of benzoic acid
[41,42], it was detected at slightly higher concentrations than its
isomers. (It should be noted that LC/MS-MS analysis is not capable
of discriminating amongst the various hydroxylated isomers.)

Fig. 9 shows the evolution profiles of normalized DOC and 4-
HBA concentrations with the electrical charge passed, during the
electrochemical oxidation of 50 mg L~ 4-HBA at 14 A. To allow for
an easy comparison, data from an identical run with BA are also
given. As seen, 4-HBA is less susceptible to electrochemical oxi-
dation than its parent compound. For instance, 4-HBA conversion
after 2.8 AhL~! of charge passed is 30%, while the respective value
for BA is 43%. In a previous study dealing with the photo-Fenton
oxidation of BA and its derivatives [42], 4-HBA was found to be
more readily oxidizable than BA and this was attributed to the
role of the attached hydroxyl group facilitating the electrophilic
attack by HO( in the liquid bulk [44,45]. Taking into account that
photo-Fenton and BDD electrochemical oxidation occur, to a cer-
tain degree, through different reaction mechanisms, this would
explain the discrepancies in the observed reactivities. It can be
speculated that BA and 4-HBA exhibit different affinity to reactions
with hydroxyl radicals on the anode surface and/or with perox-
odisulfate in the liquid bulk [46,47]. Fig. 9 also shows that the
extent of 4-HBA degradation is expectedly lower than its min-
eralization, thus implying the presence of reaction by-products;
LC/MS-MS analysis confirmed the formation of DHBAs and THBAs
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Fig. 10. Changes in (0) toxicity and in the concentration of (o) BA; (¢) DOC
with electrolysis time. Operating conditions: 14A; T=26°C; NaySO4 0.05M; BA
50 mgL-!; inherent pH.

and their existence is consistent with the hydroxylation of the aro-
matic ring, a pathway already observed with BA as the starting
molecule.

In a final run, the reactivity of cinnamic acid (CA) was
tested and results are also shown in Fig. 9. Like BA, CA
(CgHsCH=CHCOOH) constitutes the parent molecule of several
(mainly hydroxylated) derivatives typically found in various
industrial effluents. As seen, CA exhibits substantially higher
reactivity than BA and this is owing to the exocyclic double
bond that makes the molecule more susceptible to oxidative
attack. Again, hydroxylation of the aromatic ring occurs as evi-
denced by the formation of coumaric and caffeic acids (mono-
and dihydroxylated derivatives, respectively), as well as ferulic
acid (a monohydroxylated derivative also bearing a methoxy
group).

3.5. Evaluation of ecotoxicity

Fig. 10 shows changes in toxicity (expressed as percent inhi-
bition of bioluminescence) to sea bacteria V. fischeri, as well as
in BA and DOC concentrations as a function of treatment time
during the electrolysis of 50 mgL-! BA at 14 A. Although the orig-
inal solution is only partially toxic (23% inhibition) to the test
microorganism, toxicity increases sharply during the early stages
of the reaction (e.g. 80% inhibition after 30 min) and remains high
throughout the course of the treatment. This clearly implies that
degradation by-products are considerably more toxic than the par-
ent compound; even after 6 h of reaction where 60% of the carbon
initially present in the reaction mixture has been converted to
CO,, inhibition is as high as 80%, indicating the toxic nature of
the liquid phase by-products that account for about two thirds
of the residual DOC. Similar results regarding the toxicity of the
parent compound and its reaction intermediates were reported
for the heterogeneous photocatalytic degradation of benzoic acid
[41].

4. Conclusions

This study dealt with various aspects of the electrochemi-
cal oxidation of benzoic acid, a model aromatic pollutant, over
boron-doped diamond electrodes. The following conclusions can
be drawn:

(1) Several factors may be decisive for the successful operation
of the process. To evaluate in a coherent way the impor-
tance of the various parameters involved, response surface
methodology and regression analysis were implemented. Both
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the initial concentration of the pollutant and the treatment
time constitute important parameters that influence treatment
efficiency.

(2) Simple linear models were developed which adequately sim-
ulated quantitatively the amount of benzoic acid and DOC
removed as a function of the most significant main effects.
The development of such empirical models with relatively few
experiments is of great importance as they can form the basis
for process optimization and scale-up. It should be noticed
though that such models can work satisfactorily within the
range of conditions from which they have been developed
and may be viewed with caution at conditions outside this
range.

(3) The reaction pathways of benzoic acid electrochemical abate-
ment involve (i) the attack of the aromatic ring by hydroxyl
radicals, as evidenced by the formation of several hydroxylated
derivatives, and (ii) total oxidation reactions that dominate
over partial oxidation, thus explaining the fast mineralization
of intermediates to carbon dioxide. Although the primary reac-
tion zone is believed to be near the BDD surface, reactions in the
liquid bulk stimulated by e.g. peroxodisulfate (which is asso-
ciated with the use of Na,SO4 as the supporting electrolyte)
and/or other electrogenerated species cannot be excluded.

(4) Reaction by-products exhibit different reactivities to electro-
chemical oxidation and this is attributed to differences in
chemical structures. Furthermore, by-products are more toxic
to marine bacteria than benzoic acid.
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