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The degradation of 100 mL of solutions containing 4-hydroxyphenylacetic acid in 0.050 M Na2SO4 at pH 3.0 has
been performed by anodic oxidation with electrogenerated H2O2 (AO-H2O2) using a stirred tank reactor equipped
with a boron-dopeddiamond (BDD) anode and an air-diffusion cathode. An almost totalmineralizationwith 95.5%
total organic carbon (TOC) removal was achieved for a 1.03 mM substrate solution at 100 mA cm−2. The effect of
current density between 16.7 and 100 mA cm−2 and 4-hydroxyphenylacetic acid content between 0.21 and
2.06 mMwas examined. Greater current efficiency with lower specific energy consumption and smaller mineral-
ization was found at low current density and high substrate concentration. The TOC abatement as well as the 4-
hydroxyphenylacetic acid concentration decay obeyed a pseudo-first-order kinetics. The oxidation roleof hydroxyl
radical formed from water discharge at the BDD anode is explained on the basis of its electrogeneration rate and
competitive wasting reactions. 4-Hydroxybenzenemethanol and its derivative 4-hydroxybenzenealdehyde were
identified as primary aromatic by-products by gas chromatography-mass spectrometry. Ion-exclusion HPLC
allowed the detection of low amounts of the persistent oxalic acid during the AO-H2O2 process. The remaining
TOC in final electrolyzed solutions is related to the presence of a large proportion of unidentified by-products
that are even more recalcitrant than common short-chain aliphatic carboxylic acids.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The olive oil production in Mediterranean countries such as Spain,
Portugal, Greece and Italy accounts for near 77% of world output. The ex-
traction of olive oil causes the annual release of N30 million cubic meters
of industrial effluents worldwide. Olive oil mill wastewater (OOMW) has
an acidic pH near 5 and is highly hazardous for the aquatic environment
because it presents a chemical oxygen demand up to 110 g L−1, a bio-
chemical oxygen demand up to 170 g L−1 and total solids concentration
up to 150 g L−1 [1,2]. The organic components of OOMWinclude phenols,
lipids, sugars and tannins, related to up to 37% of its total mass [3,4]. Sev-
eral authors have reported the treatment of these effluents by catalytic
wet air oxidation [5] and electrochemical degradation with a Pt anode
[6,7], which lead to a significant reduction of phenolic derivatives. In
order to establish an optimum integral treatment of such wastewater,
the degradation of its main single components has to be addressed. 4-
Hydroxyphenylacetic acid is one of the most abundant phenolic compo-
nents detected in OOMW, also found in beer. At industrial level, it is
used as intermediate in the production of β-blockers like atenolol and
other chemicals. It is a primary product upon oxidation of tyrosol (4-
du (E. Brillas).
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hydroxyphenylethanol), another phenolic compound in OOMW [8,9].
However, little information is available about the degradation of 4-
hydroxyphenylacetic acid for wastewater treatment. Only its removal
by several advanced oxidation processes (AOPs) such as zero-valent
iron [10] and UV/H2O2 and Fenton's reagent [11] has been described,
but the use of powerful electrochemical AOPs (EAOPs) for treatingwaste-
water contaminated with 4-hydroxyphenylacetic acid has not been re-
ported yet.

EAOPs are environment-friendly technologies that operate at mild
conditions without addition of noxious chemicals since the main oxi-
dant is produced by the electron [12–15]. The great oxidation power
of thesemethods to destroy the organic matter in wastewater is related
to the continuous in situ production of reactive oxygen species (ROS),
pre-eminently the powerful hydroxyl radical (•OH). This species, the
second strongest oxidant known after fluorine, possesses such a high
standard reduction potential (E°(•OH/H2O) = 2.80 V/SHE) that can
non-selectively react with most organics via dehydrogenation and/or
hydroxylation up to their mineralization (conversion into CO2, water
and inorganic ions) [13]. Anodic oxidation (AO), also called electro-
chemical oxidation, is the most popular EAOP. In this procedure, a solu-
tion with organic pollutants is placed in the electrolytic cell to be
oxidized either by direct charge transfer at the anodeM or, if a high cur-
rent is applied, by adsorbed hydroxyl radical M(•OH) formed as
c acid from aqueousmediumby electrochemical oxidationwith a BDD
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intermediate of O2 evolution from water oxidation [13,16,17]. The oxi-
dation ability of AO depends on the selected anode. It has been found
that the most potent one is the boron-doped diamond (BDD) thin-
film electrode in which the physisorbed BDD(•OH) is produced from
the following reaction [16,18,19]:

BDD þ H2O→ BDDð•OHÞ þ Hþ þ e− ð1Þ
The use of the BDD anode presents important technological advan-

tages such as remarkable corrosion stability in harsh media, inert sur-
face with low adsorption of BDD(•OH) and organics and a greater O2-
evolution overvoltage than other anodes. These characteristics signifi-
cantly upgrade the removal of organic pollutants by hydroxyl radicals
[13,16], allowing the mineralization of aromatics [14,18,20–29] and
by-products like aliphatic carboxylic acids [30], with much higher oxi-
dation ability than traditional anodes like Pt [31–33] and PbO2 [34].

An alternative to raw AO relies on its combination with
electrogenerated H2O2, so-called AO-H2O2. In this procedure, H2O2 is
continuously produced by the two-electron cathodic reduction of
injected pure O2 or air via reaction (2) [12,13]:

O2 þ 2 Hþ þ 2 e− → H2O2 ð2Þ
Effective cathodes for reaction (2) include carbonaceous materials

like BDD [35], activated carbonfiber [36], carbon nanotubes [37], carbon
sponge [38], carbon felt [39–41] and carbon-polytetrafluoroethylene
(PTFE) gas diffusion composites [14,15,42,43].

AO-H2O2 has been developed in our laboratory using a gas-diffusion
cathode [12,43], which minimizes the possible cathodic reduction of or-
ganics because of the very efficient supply ofH2O2 to themedium fromre-
action (2). We have found that the concentration of this species attains a
quasi-steady state once its electrogeneration and removal rates equate.
H2O2 is mainly destroyed upon oxidation to O2 at the BDD anode, thus
forming hydroperoxyl radical from reaction (3). Therefore, in AO-H2O2,
organic pollutants can be removedby BDD(•OH) and, tomuch smaller ex-
tent, by other weaker oxidants like H2O2 and BDD(HO2•).

BDD þ H2O2 → BDDðHO2•Þ þ Hþ þ e− ð3Þ
This paper reports a study on the degradation of acidic solutions of

4-hydroxyphenylacetic acid by AO-H2O2 using a BDD/air-diffusion
tank reactor. The influence of current density (j) and substrate content
on degradation rate, mineralization current efficiency (MCE) and ener-
gy consumption was examined. The decay kinetics of 4-hydroxy-
phenylacetic and the evolution of generated carboxylic acids were
monitored by high-performance liquid chromatography (HPLC). The
degradation process was ascertained by identifying the products using
gas chromatography-mass spectrometry (GC-MS).

2. Experimental

2.1. Chemicals

4-Hydroxyphenylacetic acid (98% purity) was purchased from
Sigma-Aldrich and used as received. Analytical grade oxalic acid and an-
hydrous Na2SO4 were supplied by Merck and Fluka, respectively. Ana-
lytical grade H2SO4 purchased from Acros Organics was used to adjust
the initial pH to 3.0. All the aqueous solutionswere preparedwith ultra-
pure water from a Millipore Milli-Q system (resistivity N18 MΩ cm at
25 °C). Other chemicals used for analysis were of HPLC or analytical
grade provided by Panreac and Merck.

2.2. Electrolytic System

All the trials were carried out in an open, undivided, cylindrical glass
cell containing 100mL solutions. The cell was surroundedwith a double
jacket where water was recirculated at 35 °C regulated by a Thermo
Electron Corporation HAAKE DC 10 thermostat. This temperature was
Please cite this article as: N. Flores, et al., Removal of 4-hydroxyphenylaceti
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the maximum value that could be used to avoid significant solvent
evaporation. All the assays were performed under vigorous stirring
with a magnetic bar at 700 rpm for homogenization and for ensuring
maximum mass transport of reactants toward/from the electrodes. A
3 cm2 BDD (deposited onto p-Si) electrode supplied by NeoCoat (La-
Chaux-de-Fonds, Switzerland) was used as the anode and a 3 cm2 car-
bon-PTFE air-diffusion electrode supplied by E-TEK (Somerset, NJ,
USA) was used as the cathode. The interelectrode gap was about 1 cm.
The cathode was mounted as reported elsewhere [42] and was fed
with air pumped at 300 mL min−1 for continuous H2O2 generation on
site. The experiments were performed at constant j provided by an
EG&G Princeton Applied Research 273A potentiostat-galvanostat. The
surfaces of the anode and cathode were initially cleaned and activated,
respectively, under polarization in 100 mL of 0.050 M Na2SO4 at
100 mA cm−2 for 180 min. Aqueous solutions with 0.21–2.06 mM 4-
hydroxyphenylacetic acid and 0.050 M Na2SO4 at pH 3.0 were treated
by AO-H2O2 at j values between 16.7 and 100 mA cm−2.

2.3. Analytical Methods

The solution pH was measured with a Crison GLP 22 pH-meter. For
total organic carbon (TOC) determinations, samples were withdrawn
from treated solutions, filteredwith 0.45 μmPTFE filters fromWhatman
and directly injected into a Shimadzu VCSN TOC analyzer. Reproducible
values with ±1% accuracy were always found.

Assuming the following total mineralization for 4-hydroxy-
phenylacetic acid:

C8H8O3 þ 13 H2O→ 8 CO2 þ 34 Hþ þ 34 e−: ð4Þ
the MCE values for each trial were estimated as follows [26,29]:

MCE %ð Þ ¼ n FVΔ TOCð Þ exp
4:32� 107m I t

� 100 ð5Þ

where n=34 is the number of electrons for themineralization process,
as shown in Eq. (4), F is the Faraday constant (96,487 C mol−1), V is the
solution volume (L), Δ(TOC)exp. is the experimental TOC decay
(mg C L−1), 4.32 × 107 is a conversion factor to homogenize the units
(3600 s h−1 × 12,000 mg C mol−1), m = 8 is the number of carbon
atoms of 4-hydroxyphenylacetic acid, I is the applied current (A) and t
is the electrolysis time (h).

The specific energy consumption per unit TOCmass (ECTOC) was es-
timated from Eq. (6) [29,43]:

ECTOC kWh gTOCð Þ−1
� �

¼ EcellIt
VΔ TOCð Þ exp

ð6Þ

where Ecell is the average cell voltage (in V) and the rest of parameters
have been defined above.

The 4-hydroxyphenylacetic acid abatement was followed by re-
versed-phase HPLC using a Waters 600 LC fitted with a BDS Hypersil
C18 6 μm, 250 mm× 4.6 mm, column at 35 °C and coupled to a Waters
996 photodiode array detector selected at λ = 277.0 nm. Measure-
ments were made by injecting 10 μL aliquots into the LC and eluting
an acetonitrile/water (60:40) mixture at 0.6 mL min−1 as mobile
phase. The chromatograms exhibited a well-defined peak at retention
time (tr) of 5.0 min. Generated carboxylic acids were identified by ion-
exclusion HPLC using the same LC fitted with a Bio-Rad Aminex HPX
87H, 300 mm × 7.8 mm, column at 35 °C and the photodiode array de-
tector selected atλ=210.0 nm. Aliquots of 10 μLwere also injected into
the LC and the mobile phase was 4 mM H2SO4 at 0.6 mL min−1. The
chromatograms displayed a well-defined peak related to oxalic acid at
tr = 7.0 min.

The organic products generated upon treatment of 1.03 mM 4-
hydroxyphenylacetic acid solutions at 30 and 90 min of AO-H2O2 at
33.3 mA cm−2 were identified by GC-MS using a NIST05-MS library to
c acid from aqueousmediumby electrochemical oxidationwith a BDD
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Fig. 1. (a) Effect of current density on TOC removalwith electrolysis time for the treatment
of 100mL of a 1.03 mM 4-hydroxyphenylacetic acid solution in 0.050MNa2SO4 at pH 3.0
and 35 °C by anodic oxidation with electrogenerated H2O2 (AO-H2O2) using a stirred tank
reactor with a 3 cm2 BDD anode and a 3 cm2 air-diffusion cathode. (b) Kinetic analysis for
TOC removal assuming a pseudo-first-order decay. Applied current density: (●)
16.7 mA cm−2, (■) 33.3 mA cm−2, (▲) 66.7 mA cm−2 and (▼) 100 mA cm−2.
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interpret themass spectra. About 100–250mLaliquotswere lyophilized
or extracted out with CH2Cl2 (3 × 25 mL). After lyophilization, the resi-
duewas dissolved in 1mL of ethyl acetate, whereas after CH2Cl2 extrac-
tion, the organic volume was reduced to about 1 mL after drying over
anhydrous Na2SO4 followed by filtration. GC-MS analysis of concentrat-
ed samples was carried out on an Agilent system composed of a 6890 N
GC and a 5975C MS, operating in EI mode at 70 eV. The GC was fitted
with either a non-polar Teknokroma Sapiens-X5ms or a polar HP
INNOWax column, both of 0.25 μm, 30 m × 0.25 mm. The temperature
ramp was: 36 °C for 1 min, 5 °C min−1 up to 325 °C and hold time
10 min. The temperature of the inlet, source and transfer line was 250,
230 and 300 °C for the non-polar column and 250, 230 and 250 °C for
the polar one.
Table 1
Percentage of TOC removal, mineralization current efficiency and specific energy consumption
solutions at pH 3.0 using a BDD/air-diffusion cell under selected conditions.

c0 (mM)a j (mA cm−2)b

After 120 min of electrolysis

% TOC removal % MCE ECTOC (kW

0.21 33.3 21.5 2.05 5.89
0.51 33.3 35.0 8.31 1.44
1.03 16.7 28.2 26.8 0.266

33.3 40.1 19.1 0.627
66.7 50.6 12.0 1.39
100 55.6 8.79 2.46

2.06 33.3 24.7 23.5 0.510

a Initial substrate concentration.
b Current density.
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3. Results and discussion

3.1. Effect of Current Density on the Degradation of 4-Hydroxyphenylacetic
Acid

The current density is a crucial parameter in electrochemical treat-
ments of wastewater because it is expected to determine the amount
of oxidant,which is BDD(•OH) in the present study. To test the oxidation
ability of AO-H2O2 for the decontamination of 4-hydroxyphenylacetic
acid solutions and the influence of j on the degradation rate, a first series
of experiments was performed by electrolyzing 100 mL of solutions
containing 1.03 mM of this substrate in 0.050 M Na2SO4 at pH 3.0 and
at j values between 16.7 and 100 mA cm−2 for 360 min. This acidic pH
was chosen for two reasons: (i) to oxidize the neutral form of the mol-
ecule, thereby ensuring mineralization since it prevents from possible
polymerizations at the anode, as observed for phenolate ions under al-
kaline conditions [16,19], and (ii) to work under conditions that are op-
timal for other promising EAOPs, like those based on Fenton's reaction
chemistry [12,13], which will be comparatively investigated in the
near future. In all these trials, the solution pH remained practically un-
changed, becoming slightly more acid up to 2.6–2.7 probably because
of the formation of large quantities of acidic by-products like short-
chain aliphatic carboxylic acids [13,29].

Fig. 1a shows the TOC-time plots obtained for the above assays. A
progressive TOC abatement when prolonging electrolysis can be ob-
served in all cases, as expected from the effective mineralization of the
parent molecule and its by-products caused by physisorbed
BDD(•OH). Moreover, data of Fig. 1a show that increasing j from 16.7
to 100 mA cm−2 yielded a greater TOC decay with the consequent en-
hancement of the oxidation power of theAO-H2O2 process. This tenden-
cy can also be deduced from Table 1, where the percentage of TOC
removal after 120 and 360 min of electrolysis is summarized. The
highest mineralization with 95.5% TOC decay was then found for the
greatest j of 100 mA cm−2, whereas TOC was only reduced by 69.1% at
the lowest j of 16.7 mA cm−2. The enhancement of TOC abatement at
higher j can be simply explained by the concomitant acceleration of all
electrode reactions, giving rise to a greater quantity of themain oxidant
BDD(•OH) from reaction (1), as well as of other weaker oxidants like
H2O2 from reaction (2).

A look to Fig. 1a reveals an exponential TOC decay for all trials, sug-
gesting that the mineralization process obeyed a pseudo-first-order ki-
netics, since it was limited by a constant low content of generated
oxidants and controlled by mass transport of reactants toward the
anode. This behavior was corroborated by representing the correspond-
ing ln (TOC0/TOC) values versus the electrolysis time, yielding good
straight lines as presented in Fig. 1b. The slope of these correlations cor-
responds to thepseudo-first-order rate constant for TOC removal (kTOC),
which acquired growing values of 3.4 × 10−3, 3.9 × 10−3, 6.6 × 10−3

and 7.9 × 10−3 min−1 for increasing j of 16.7, 33.3, 66.7 and
100 mA cm−2, respectively. The square of the regression coefficient
per unit TOC mass for the AO-H2O2 treatment of 100 mL of 4-hydroxyphenylacetic acid

After 360 min of electrolysis

h (g TOC)−1) % TOC removal % MCE ECTOC (kWh (g TOC)−1)

67.6 2.15 5.62
82.7 6.54 1.83
69.1 21.9 0.325
75.5 11.5 1.00
90.3 7.14 2.34
95.5 5.04 4.30
64.1 20.3 0.590

c acid from aqueousmediumby electrochemical oxidationwith a BDD
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(R2) for all these fittings was N0.99. From these kTOC values, one can
infer that the apparent rate constant was upgraded only 2.40-fold
whenworking at 16.7 and 100mA cm−2, respectively (6-fold increase).
This is indicative of a loss in process efficiency at greater j. This pointwas
confirmed from the MCE values calculated from Eq. (5).

TheMCE-time curves related to the experiments shown in Fig. 1a are
depicted in Fig. 2a. As can be seen, the current efficiency for the AO-
H2O2 degradation of the 1.03 mM 4-hydroxyphenylacetic acid solution
underwent a progressive decrease as j increased. This tendency can
also be observed in theMCE values after 120 and 360min of electrolysis
given in Table 1. Themost efficient process then occurred at the lowest j
of 16.7mA cm−2, which reached amaximal of 28.4% at 60min to be fur-
ther reduced to 21.9% at the end of treatment. Fig. 2a also evidences a
greater decay of MCE at long electrolysis time when j became higher.
This effect can be ascribed to the progressive disappearance of organic
matter in solution, as will be discussed below, along with the formation
of by-products that aremore hardly destroyed by BDD(•OH). This loss in
current efficiency is in contrast to the enhancement of the mineraliza-
tion rate of 4-hydroxyphenylacetic acid with increasing j, and it can be
associated with the acceleration of parasitic reactions of BDD(•OH).
This leads to a smaller generation of available amounts of this oxidant,
with the consequentwaste of current in reactions that do not contribute
to the destruction of organics. The most important of such parasitic re-
actions is the oxidation of BDD(•OH) to O2 gas via reaction (7), although
the dimerization of this radical to H2O2 from reaction (8) and its de-
struction by the latter species from reaction (9) can occur as well [13,
21,26,27]. Apart from the partial destruction of the excess of
BDD(•OH) produced at higher j under the action of reactions (7)–(9),
the larger production of other weaker oxidants at the BDD anode like
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consumption per unit TOC mass vs. percentage of TOC removal for the trials of Fig. 1.
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the peroxodisulfate (S2O8
2−) ion from the oxidation of SO4

2− ion from
the electrolyte via reaction (10) and ozone via reaction (11) also re-
duces the oxidation power of the AO-H2O2 process [12,16,18].

2 BDDð•OHÞ→ 2 BDD þ O2 þ 2 Hþ þ 2 e− ð7Þ
2 BDDð•OHÞ→ 2 BDD þ H2O2 ð8Þ
H2O2 þ BDDð•OHÞ→ BDDðHO2•Þ þ H2O ð9Þ
2 SO 2−
4 → S2O 2−

8 þ 2 e− ð10Þ
3 H2O→ O3 þ 6 Hþ þ 6 e− ð11Þ

The ECTOC is another key parameter to characterize the viability of
AO-H2O2 for 4-hydroxyphenylacetic acid degradation since cost-effec-
tive processes are needed for practical application. For the above trials,
Fig. 2b highlights the expected rise in ECTOC determined from Eq. (6)
when j increased, as a result of the concomitant growth of Ecell. Results
of Table 1 also evidence that the specific energy consumption remained
practically constant at j= 16.7 mA cm−2, slightly increasing with elec-
trolysis time at j = 33.3 mA cm−2 and undergoing a much larger in-
crease at 66.7 and 100 mA cm−2. At this latter j, the final ECTOC value
was as high as 4.30 kWh (g TOC)−1, in contrast to 0.325 kWh
(g TOC)−1 found at j = 16.7 mA cm−2.

The aforementioned findings demonstrate that the use of low j
values is preferable for the AO-H2O2 degradation of the 1.03 mM 4-
hydroxyphenylacetic acid solution tested, although lower mineraliza-
tion was achieved compared to that at high j values. Since in Spain the
price of the industrial electrical energy is 0.092 € (kWh)−1 on average,
the cost of the cheapest treatment after 360 min at the lowest j of
16.7 mA cm−2 would be around 0.030 € (g TOC)−1, achieving a miner-
alization of 69.1% with the greatest current efficiency of 29.1%.
3.2. Influence of 4-Hydroxyphenylacetic Acid Concentration on Its
Degradation Process

The substrate concentration is an important operation variable that
affects the rate of the attack of generated oxidants on organicmolecules,
which competes with parasitic reactions. The influence of this parame-
ter on the degradation rate for the AO-H2O2 treatment of 100 mL of 4-
hydroxyphenylacetic acid solutions in 0.050 M Na2SO4 at pH 3.0 using
a BDD anode was examined for concentrations between 0.21 and
2.06 mM by applying a j = 33.3 mA cm−2 for 360 min. No significant
pH change was observed during these trials, since its value only de-
creased to 2.6–2.7 due to the formation of acidic by-products, as pointed
out above.

Fig. 3a depicts the TOC decay determined for these assays versus the
electrolysis time and Table 1 summarizes the percentage of TOC remov-
al at selected times of 120 and 360 min. Different degradation rates can
be observed depending on substrate content despite that the same
quantity of BDD(•OH) was always expected to be generated from reac-
tion (1) at j=33.3mA cm−2. For the lowest content (0.21mM), the so-
lution was very poorly degraded, especially at the beginning of the
process, and its TOCwas only reduced by 67.6% after 360min. This sug-
gests a large influence of parasitic reactions (7)–(9), significantly
diminishing the amount of BDD(•OH) that is available to react with
the low quantity of organic matter present in solution. In contrast,
when the concentration was increased to 0.51 mM, the percentage of
TOC decaywas strongly upgraded (see Table 1), indicating amore effec-
tive mineralization of organics by BDD(•OH) as a result of the decelera-
tion of reactions (7)–(9). Further treatment of more concentrated
solutions up to 2.06 mM caused a progressive drop of the percentage
c acid from aqueousmediumby electrochemical oxidationwith a BDD
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Fig. 3. (a) Influence of pollutant concentration on TOCabatementwith electrolysis time for
the degradation of 100 mL of 4-hydroxyphenylacetic acid solutions in 0.050 M Na2SO4 at
pH 3.0 by AO-H2O2 using a BDD/air-diffusion cell at 33.3mA cm−2 and 35 °C. (b) Analysis
for TOC decay assuming a pseudo-first-order kinetics. 4-Hydroxyphenylacetic acid
content: (○) 0.21 mM, (Δ) 0.51 mM, (■) 1.03 mM and (▽) 2.06 mM.
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of TOC decay, as can be seen in Table 1, although a larger amount of TOC
was gradually removed due to the faster oxidation of organics with
greater quantities of available BDD(•OH) thanks to the gradual decay
in rate of parasitic reactions (7)–(9).

The good linear correlations related to the pseudo-first-order kinet-
ics of TOC abatement for the experiments of Fig. 3a are depicted in Fig.
3b. It should be noted that in the case of 0.21 mM, the linear trend be-
tween ln (TOC0/TOC) and electrolysis time started from about 60 min
of the AO-H2O2 treatment because no significant mineralization was
found at shorter time. The kTOC value under these conditions was
3.5 × 10−3 min−1 (R2 = 0.996), which increased to 4.9 × 10−3 min−1

(R2 = 0.990) for 0.51 mM due to the larger oxidation action of
BDD(•OH). In contrast, the presence of higher 4-hydroxyphenylacetic
acetic concentration caused a gradual drop in kTOC, with values of
3.8 × 10−3 min−1 (R2 = 0.996) for 1.03 mM and 2.8 × 10−3 min−1

(R2=0.990) for 2.06mM, because a lower TOC0/TOC ratiowas obtained
despite the removal of greater amounts of TOC.

The enhancement of the oxidation power of the AO-H2O2 process
with increasing substrate concentration at constant j for the above trials
can be more easily deduced from the change of the corresponding MCE
values. Fig. 4a highlights that the current efficiency underwent a pro-
gressive rise as 4-hydroxyphenylacetic acid content grew from 0.21 to
2.06 mM. This behavior can be pre-eminently accounted for by the
more efficient action of reactive physisorbed BDD(•OH) due to the de-
celeration of its parasitic reactions (7)–(9), as stated above. For the
most concentrated solution, the MCE value decayed from a maximal
value of 24.8% at 60 min to 20.3% at the end of treatment (see Table
1). A drop of current efficiency from 23.7% at 30 min to 11.9% at
360 min was also determined for 1.03 mM, whereas it decreased from
9.1% at 60 min as maximal to a final value of 6.5% for 0.51 mM. In con-
trast, an MCE value near 2.1% was found for 0.21 mM (see Table 1).
These findings corroborate that the decay in current efficiency when
Please cite this article as: N. Flores, et al., Removal of 4-hydroxyphenylaceti
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prolonging the electrolysis for substrate concentrations ≥0.51 mM,
shown in Fig. 2a and 4a, is mainly due to the loss of organicmatter in so-
lution, although it can be influenced by the gradual formation of more
recalcitrant products that makes the degradation process slower.

The very small oxidation power of AO-H2O2 to mineralize the solu-
tion of 0.21 mM 4-hydroxyphenylacetic acid was also reflected in the
very high ECTOC values required, ranging between 4.3 and 6.4 kWh
(g TOC)−1, to attain 67.6% of TOC removal, as can be seen in Fig. 4b.
This figure, as well as the data collected in Table 1, shows a gradual re-
duction of the specific energy consumption when going up to the max-
imum content of 2.06 mM, which led to a final value of 0.590 kWh
(g TOC)−1 to remove 64.1% of TOC. These results allow concluding
that higher substrate contents are preferable to be mineralized by AO-
H2O2 since they lead to greater MCE and lower ECTOC values, but with
smaller mineralization of treated solutions.
3.3. Decay Kinetics of 4-Hydroxyphenylacetic Acid

The kinetics of the reaction between 4-hydroxyphenylacetic acid
and generated BDD(•OH) was followed by reversed-phase HPLC,
where this compound presented a well-defined peak. Fig. 5a illustrates
the exponential concentration decay for a 1.03mMsubstrate solution in
0.050 M Na2SO4 at pH 3.0 treated by AO-H2O2 with a BDD anode at j=
33.3 mA cm−2. Total removal was achieved after approximately
360 min of electrolysis, meaning that the 24.5% of the initial TOC re-
maining in solution at that time (see Fig. 1a) is due to the accumulated
by-products, which aremore recalcitrant than the parentmolecule. The
drop of substrate concentration was well-fitted to a pseudo-first-order
kinetic equation, as shown in Fig. 5b. A pseudo-first-order rate constant
c acid from aqueousmediumby electrochemical oxidationwith a BDD
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Fig. 5. (a) Decay of 4-hydroxyphenylacetic acid concentration with electrolysis time for
the degradation of 100 mL of a 1.03 mM pollutant solution in 0.050 M Na2SO4 at pH 3.0
and 35 °C by AO-H2O2 using a BDD/air-diffusion cell at 33.3 mA cm−2. (b) Kinetic
analysis assuming a pseudo-first-order reaction for 4-hydroxyphenylacetic acid.
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(k1) of 1.0 × 10−2 min−1, with R2 = 0.995, was then determined as
slope of the excellent linear trend obtained.

The aforementioned behavior suggests the attack of a constant
BDD(•OH) concentration on 4-hydroxyphenylacetic acid. This is feasible
by the short lifetime of this radical (≈10−9 s [13]) that allows the
Table 2
Organic intermediates detected byGC-MS using different columns and preparationmethods for
mM 4-hydroxyphenylacetic acid solution in 0.050 M Na2SO4 at pH 3.0 using a BDD/air-diffusio

Compound Molecular structure Electrolysis time (m

4-Hydroxyphenylacetic acid 30b

30b, 30c

4-Hydroxybenzenemethanol 30c

4-Hydroxybenzaldehyde 30b, 90c

30c, 90c

Acetic acid 30b

a Retention time.
b Lyophilized sample.
c Extraction with CH2Cl2.
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presence of a very small steady-state concentration during the AO-
H2O2 process. Accordingly, the reaction rate (r) between BDD(•OH)
and the molecule obeys a second-order kinetics, expressed as follows:

r ¼ k2 BDD •OHð Þ½ � R½ � ¼ k1 R½ � ð12Þ

where k2 (= k1/[BDD(•OH)]) is the absolute or second-order rate con-
stant and R symbolizes the 4-hydroxyphenylacetic acid tested. Taking
into account that a k2 value of 7.02 × 108M−1 s−1 has been determined
for this reaction [11], one can estimate the generation of an average
BDD(•OH) concentration (=k1/k2) of near 2.4 × 10−13 M. This radical
is expected to act within a small volume near the anode surface owing
to its very low adsorption on BDD [16].

3.4. Identification and Evolution of By-products

Table 2 collects the organic products detectedbyGC-MS for short elec-
trolysis times during the AO-H2O2 treatment of a 1.03 mM 4-
hydroxyphenylacetic acid solution at pH 3.0 with a BDD anode. Apart
from the parent molecule, two primary aromatic by-products (4-
hydroxybenzenemethanol and4-hydroxybenzaldehyde) andonefinal al-
iphatic carboxylic acid (acetic acid)were identified bymeans of this tech-
nique. One can then establish that the initial attack of BDD(•OH)yields the
decarboxylation with hydroxylation of 4-hydroxyphenylacetic acid to
produce the diol 4-hydroxybenzenemethanol, which is in turn oxidized
to 4-hydroxybenzaldehyde. On the other hand, acetic acid is a final ali-
phatic carboxylic acid that proceeds from the oxidation of aromatic inter-
mediates with cleavage of their benzenic ring [12,29,39].

The evolution of final carboxylic acids was also followed by ion-ex-
clusion HPLC. These chromatograms only displayed traces of acetic
acid (b0.001 mM), the final by-product identified by GC-MS, at tr =
14.9 min. In contrast, they revealed the presence of great amounts of
oxalic acid, a usual final aliphatic carboxylic acid that can be directly
transformed into CO2 [21,26,33]. Fig. 6 depicts the time course of oxalic
acid concentration during the AO-H2O2 degradation of a 1.03 mM 4-
hydroxyphenylacetic acid solution at j = 33.3 mA cm−2. As can be
seen, it was progressively accumulated up to amaximum concentration
of 0.16mM at 180–240min, further being slowly removed to 0.071mM
at the end of th electrolysis. A simple mass balance highlights that this
acid content corresponds to 1.70 mg L−1 of TOC, which only accounts
for 6.9% of the total TOC of the remaining solution (see Fig. 1a). This
sampleswithdrawn after 30 and 90min during theAO-H2O2 treatment of 100mL of a 1.03
n cell at 33.3 mA cm−2 and 35 °C.

in) Column tr
a (min) Main fragmentation ions (m/z)

Polar
Non-polar

63.7
26.3

152, 107, 77

Non-polar 20.9 124, 107, 95, 77

Polar
Non-polar

43.3
21.4

121, 93, 65

Polar 15.3 60, 43
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means that the final solution contained a large proportion of unidenti-
fied products that are even more hardly oxidized by BDD(•OH) than
final aliphatic carboxylic acids.

4. Conclusions

It has been shown that 100mL of a 1.03mM 4-hydroxyphenylacetic
acid solution in sulfate medium at pH 3.0 can be almost totally mineral-
ized upon AO-H2O2 treatment with a BDD/air-diffusion cell. The use of a
lower j yielded a lower mineralization, but the process was more cost-
effective. The best results were found at j = 16.7 mA cm−2, leading to
21.9% of current efficiency with 0.325 kWh (g TOC)−1, but with only
67.6% of TOC removal. The efficiency of the process was upgraded and
the specific energy consumption became lowerwhen the substrate con-
centration was increased, although a smaller mineralization was
attained. The oxidation role of BDD(•OH) was then a function of its
electrogeneration rate at the anode, governed by j, and the extent of
its parasitic reactions. TOC removal and substrate concentration decay
obeyed a pseudo-first-order kinetics since they were limited by the
amount of reactive BDD(•OH) and the mass transport of organics to-
ward the BDD anode. 4-Hydroxybenzenemethanol and its oxidation
product 4-hydroxybenzenealdehyde were found as primary aromatic
by-products. Ion-exclusion chromatograms revealed the accumulation
of low contents of oxalic acid that persist during all the process,
highlighting that thefinal treated solutions contained a large proportion
of unidentified, recalcitrant by-products.
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