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The photodegradation of phenol and dichloroacetic acid (DCAA) by BiVO4 was studied in the absence as
well as presence of selected electron scavengers. The experiments were performed under the visible (vis)
irradiation of aqueous solutions over a wide pH range (1–13). Phenol was photocatalytically degraded by
ismuth vanadate
isible light photocatalysis
ydrogen peroxide, Electron scavenger

BiVO4 into p-benzoquinone below pH 3 and into an open-ring structure at pH 13. Methylene blue (MB)
accelerated the reaction below the isoelectric point of BiVO4 and did not undergo significant degradation.
In presence of H2O2, phenol was rapidly degraded up to pH 9. The degradation rates are two orders of
magnitude higher than in absence of electron scavenger. The degradation of dichloroacetic acid was only
possible in presence of H2O2. High initial concentrations of H2O2 inhibit the reaction and its consumption
is very fast. Sequential additions of this sacrificial electron acceptor (SEA) enables the total degradation

.
of a 1 mM DCAA solution

. Introduction

Since the discovery of the Honda–Fujishima effect in 1972 [1],
emiconductor photochemistry has evolved – among others – into
win disciplines solar energy conversion water photoelectrolysis
2,3] and photocatalytic oxidation of pollutants [4,5]. TiO2 has
roved the best material for application eversince but researchers
re still looking for better performing ones. Thus BiVO4 was pre-
ented in 1998 as a promising candidate for oxygen evolution in
he half reaction of water decomposition due to its electronic band
tructure allowing the absorption of visible light up to 540 nm and
n unusually high valence-band edge for a metal oxide [6,7]. As
side effect, Kohtani et al. reported the photocatalytic degrada-

ion of endocrine disruptor 4-n-nonylphenol at pH 13 to favor the

henolate form of the compound. The alkylphenolates yielded an
pen-ring structure with one acid and one aldehyde group (direct
ole transfer), or a catechol (•OH attack) after 80% degradation of
he initial compound. However no smaller products nor CO2 could
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be detected. This was ascribed to the weaker oxidative power of
BiVO4 photoholes than of TiO2 ones [8,9].

Other pollutants such as rhodamine B [10], methyl orange [11]
and methylene blue [12] were also reportedly degraded by pure
monoclinic BiVO4 although the experimental conditions were not
always optimal (e.g. possible photosensitization by the dye not
mentioned, reductive bleaching not excluded, minor oxidation of
easily degraded functional groups; see Table 1). Recombination is
a matter of concern for BiVO4 [13], so a number of metals have
been loaded as electron traps on the surface of the semiconductor
such as Ag [14] and Cu [15]. Alternatively, Long et al. suggested
to use composite semiconducting particles by loading Co3O4 onto
BiVO4 for phenol degradation. Those should also suppress recom-
bination because charge separation is favored by an electric field
created within each nanoparticle [16]. Finally, the use of AgNO3 as
sacrificial electron acceptor to test O2 evolution activity may have
inspired Xie et al. to reduce Cr(VI) as they oxidized phenol [17].

Apart from the work by Kohtani et al. at pH 13 [9,14,18], BiVO4
has not yet been reported as a reliable photocatalyst for the degra-
dation of recalcitrant organic pollutants more than 10 years after
the discovery of its photoactivity [6]. Several reasons could explain
this: (a) photocatalytic activity has mainly been tested by the
simple-to-measure decolorization of dyestuff beside oxygen evo-

lution and has not risen much interest among the community
specialized in the degradation of recalcitrant organic pollutants;
(b) BiVO4 is not that good a photocatalyst, and results showing
its inability to degrade typical model pollutants well known to be
degraded by UV-driven TiO2 photocatalysis remained unpublished.

dx.doi.org/10.1016/j.jphotochem.2010.08.021
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:nikola.castillo@epfl.ch
mailto:cesar.pulgarin@epfl.ch
dx.doi.org/10.1016/j.jphotochem.2010.08.021
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Nomenclature

BQ p-benzoquinone, C6H4O2
DCA dichloroacetate anion, CHCl2COO−

DCAA dichloroacetic acid, CHCl2COOH
e−

cb conduction-band electron
h+

vb valence-band hole
HOO• hydroperoxyl radical
HQ hydroquinone, C6H4(OH)2
IEP isoelectric point
LMB leuco methylene blue, C16H20N3SCl
MB methylene blue, C16H18N3SCl
•MB− semi-reduced methylene blue
•O2

− superoxide anion
•OH free hydroxyl radical
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Table 2
Physico-chemical properties of BiVO4 nanoparticles.

T
C

•OHs surface-bound hydroxyl radical
PhOH phenol, C6H5OH

Some of us have been studying the degradation of model as
ell as real organic pollutants by a number of advanced oxidation
rocesses (AOP) [22,23]. In particular, phenol and dichloroacetic
cid (DCAA) are degraded over TiO2 under UV irradiation by the
wo major possible pathways, i.e. electrophilic attack of the aro-

atic ring by surface hydroxyl radical, and direct hole transfer,
espectively [24]. In order to reach total mineralization of an
rganic pollutant, small aliphatic acid intermediates will eventu-
lly undergo a photo-Kolbe oxidation. Such reaction is therefore of
ajor importance and can be well assessed by the degradation of
CAA because the presence of the two Cl atoms make decarboxyla-

ion the most dominant initial degradation pathway [25,26]. In this
ontribution, we discuss the conditions required to degrade such
ollutants by visible-light driven photocatalysis over flame-made
iVO4 nanoparticles and the use of a number of electron scavengers
o improve the reaction.

. Experimental
Phenol (Reag. ACS, Riedel-de Haën, Germany), dichloroacetic
cid (99%, Fluka, Germany), hydrogen peroxide solution 35% by
eight (puriss., stabilized Sigma–Aldrich, Germany), methylene

lue (pure USP, AppliChem GmbH, Germany), Cu(ClO4)2·6H2O

able 1
hronological list of pollutants degraded by BiVO4-based photocatalysts.

Year Photocatalyst Pollutant Comment

2003 BiVO4 4-n-Alkylphenols pH 13, solar simu
smaller aliphatic

2005 Ag–BiVO4 4-n-Alkylphenols pH 13, solar simu
long-chain alkylp

2005 Ag–BiVO4 PAHsa In acetonitrile, so
2006 Co3O4–BiVO4 Phenol 0.8% Co3O4 loade

photocatalyst
2006 BiVO4 Phenol PhOH degradatio

by simultaneous
2006 BiVO4 Rhodamine B Natural sunlight,

dye
2006 BiVO4 Methyl orange High-pressure Hg

azo dye
2007 BiVO4 Methylene blue W halogen lamp,
2008 Cu–BiVO4 Methylene blue Hg lamp. Dealkyl
2009 BiVO4 Methylene blue Solar simulator, d

amorphous BiVO4

2010 BiVO4 Methylene blue UV, blue, and wh
2010 BiVO4 Methylene blue Blue light, dye sen

Dealkylation of th

a Polycyclic aromatic hydrocarbons.
Crystal phase Eg (eV) SSA (m2g−1) IEP

Monoclinic 2.50 24.4 2.3

(pure, Riedel-de Haën, Germany) and K2S2O8 (≥99%, for analysis
ACS, Acros Organics, Belgium), were all used as received. MilliQ
water was used throughout the experiments.

2.1. BiVO4 nanopowders

BiVO4 nanoparticles were made by flame spray synthesis
with in situ crystallization as reported in a previous work
[21]. Crystal phase, bandgap energy (Eg), BET specific surface
area (SSA) and surface isoelectric point (IEP) are summarized
in Table 2.

2.2. Photocatalytic degradations

Photocatalytic activity was evaluated in cylindrical 60 mL Pyrex
glass reactors with a top septum lid for sampling. Aqueous solu-
tions were aerated under magnetic stirring (500 rpm) and exposed
to the irradiation of five 18 W Philips TLD blue SLV fluorescent
tubes (emission maximum at � = 445 nm; no overlap with any of
the chemicals’ absorption but BiVO4; global radiation flux at reactor
distance = 58 W m−2). Two ventilation fans ensured a stable tem-
perature of 25 ◦C inside the reactors throughout the experiments
[21].

BiVO4 powder was dispersed ultrasonically in the reactors filled
with MilliQ water, and then a phenol or DCAA solution was added
to the reactor. The pH was adjusted with HClO4 and NaOH. The
suspensions were then stirred in the dark to reach adsorption equi-
librium. Concentration of the photocatalyst was set to 0.5 g L−1

in all phenol degradations and to 1.0 g L−1 in all DCAA degra-
dations. Initial phenol and DCAA concentrations were 53.1 �M
(5 ppm) and 1.06 mM (137 ppm), respectively. The pH of DCAA solu-
tions was naturally 4.5 so the acid (pKa = 1.35 [27]) is dissociated

into dichloroacetate (DCA). 0.7 mL aliquots were collected with
a syringe at pre-established reaction times and subsequently fil-
tered (0.22 �m millipore membranes) prior to HPLC analysis. High
Performance Liquid Chromatography with a Diode Array Detector
(Agilent 1100 series) and a reverse phase Spherisorb silica col-

Ref.

lator. Ring opening into aldehyde-acid/catechols but no
acids

[9]

lator. Degradation rates increased by Ag loading on
henols but mineralization still negligible; no effect on PhOH

[14]

lar simulator [18]
d as co-catalyst. Efficient mineralization and recycling of [16]

n at pH 1.5. Enhancement of degradation and mineralization
reduction of Cr(VI) below IEP

[17]

dye sensitization not excluded. Dealkylation of the R–N(Et)2 [10]

lamp, dye sensitization not excluded. Decolorization of the [11]

dye sensitization not excluded [12]
ation of the R–N(Me)2 dye [15]
ye sensitization not excluded. Dye degradation by [19]

ite light sources. Surface poisoning upon recycling [20]
sitization and reductive photobleaching excluded.
e R–N(Me)2 dye by amorphous BiVO4

[21]
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ig. 1. Degradation of a 53.1 �M phenol solution (–) in a 0.5 g L−1 BiVO4 suspension
t pH 1, 2 and 13. The build-up of intermediates in arbitrary units (- - -) are ascribed
o BQ for pH 1 and 2 and to an unidentified compound at pH 13.

mn C-18 (Macherey-Nagel) was used to detect PhOH, H2O2 and
-benzoquinone (BQ) by UV absorption at 220, 220 and 244 nm,
espectively. The mobile phase consisted of an acetonitrile:water
radient. [H2O2] was confirmed by Merckoquant Peroxide Test
trips at levels between 0.5 and 25 mg L−1.

CAA was isolated with a Supelcogel H column and its concentra-
ion was measured with a refraction index detector. The mobile
hase was a 5 mM H2SO4 solution.

. Results and discussion

.1. Phenol degradation

Phenol was degraded down to 10% of its initial concentration
fter a 300-min long irradiation of a BiVO4 suspension at initial
H 1 (Fig. 1). At pH 2, phenol was degraded to a lower extent, the
ctivity was even more reduced at pH 3 and became null for the
ange 4 < pH < 13 (Fig. 2). These results are in agreement with the
xperiments by Xie et al. at pH 1.5 [17]. It is worth to note that
he dramatic drop in activity occurs across the isoelectric point of
iVO4 (IEP = 2.3). Phenol is uncharged in acidic and neutral media
pKa = 9.99 [27]) and weakly adsorbs onto hydrophilic oxides sur-
ace so it cannot react with valence-band holes, h+

vb
. It rather reacts

ith surface-bound hydroxyl radicals, •OHs [24]:

OHs + PhOH → •Ph(OH)2 (1)

he sole activity of BiVO4 below its IEP must thus be related to

he formation of reactive oxygen species (ROS) on the surface of
ositively charged BiVO4. It is not clear whether such species can
orm on negatively charged BiVO4 and if so, why they cannot oxi-
ize phenol. One possibility is that the oxidation of adsorbed water

s not favored on negatively charged BiVO4. At pH 13, a significant

ig. 2. Phenol removal as a function of pH from a 53.1 �M solution after 300 min of
rradiation with 0.5 g L−1 BiVO4.
Fig. 3. Degradation of a 53.1 �M phenol solution in a 0.5 g L−1 BiVO4 suspension
with different initial [H2O2] at pH 7. Concentration of PhOH (–), H2O2 (· · ·) and BQ
in a.u. (- - -) are plotted.

amount of phenol was degraded in a more linear fashion suggesting
zero order kinetics (Fig. 1).

The fact that two different reaction rate laws apply at oppo-
site pH values suggests two different reaction pathways. On the
one hand, phenol is degraded following pseudo-first order kinetics
below the IEP of the photocatalyst. The build-up of p-benzoquinone,
BQ, as main intermediate, symmetric to phenol disappearance
(Fig. 1), is in good agreement with the widely accepted electrophilic
hydroxylation of phenol (reaction (1)) [28]. On the other hand, the
zero order found at pH 13 is reminiscent of the rate laws found for
the degradation of long-chained alkylphenols with BiVO4 [9]. The
deprotonated state of phenol at such high pH (pKa = 9.99) may favor
a different pathway. Indeed, Kohtani et al. suggested a 6-carbon
open-ring structure with a carboxylic group on C1 and an aldehyde
one on C62 as their main degradation product from direct hole
transfer [9]. The linear and very symmetric build-up of the HPLC
peak of a fairly high polar compound in the current work may well
correspond to such type of muconic acid-like compound (Fig. 1).
As a matter of fact, the absence of absorption band at � > 230 nm
is characteristic of a molecule that has lost its aromaticity by ring
cleavage. The oxidation through direct hole transfer to adsorbed
phenolate is consistent with the suggestion made above: the oxi-
dation of adsorbed water is unfavored above the IEP of BiVO4.
Moreover, Kohtani et al. observed a negligible production of free
•OH at pH 12 [29], which is consistent with the lack of phenol
hydroxylation products (BQ) at pH 13.

3.2. Phenol degradation in the presence of electron scavengers

3.2.1. H2O2
Addition of 3 mM H2O2 into the photocatalytic reactor prior to

irradiation lead to the total degradation of phenol at pH 7 within
20 min (Fig. 3). However, for lower H2O2 initial concentrations, the
reaction is immediately quenched after the entire consumption of
H2O2. The evolution of [H2O2] from several initial concentrations
shows that the decomposition is linear, with a consumption rate
of 3 × 10−6 M s−1. The degradation of PhOH occurs in the presence
of H2O2: up to t = 7 min for [H2O2]0 = 1 mM; up to t = 20 min for
[H2O2]0 = 2 mM (Fig. 3). BQ is concomitantly formed upon PhOH
removal. BQ reaches its maximum concentration, [BQ]max, at 7 min
for [H2O2]0 = 1 mM, i.e. when [H2O2] reaches zero. [BQ]max is shifted

to 12 min when [H2O2]0 is doubled; H2O2 obviously lasts longer in
the reactor. It is worth to note that [BQ] starts to decrease after
the total consumption of H2O2 in these two runs. This slow decre-
ment may not reflect photocatalytic degradation but rather redox

2 The aldehydic acid was wrongly named cis,cis-4-alkyl-6-oxo-2,6-hexadienoic
acid. The correct nomenclature should be cis,cis-4-alkyl-6-oxo-2,4-hexadienoic acid
since the second double bond lies between C4 and C5.
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ig. 4. Degradation of a 53.1 �M phenol solution in a 0.5 g L−1 BiVO4 suspension at
everal initial pH with 1 mM H2O2.

quilibrium reactions with hydroquinone, HQ:

Q + 2e− + 2H+ � HQ E◦ = +0.6992 V (2)

he shift towards the right is consistent with the pH drop
bserved at the end of the run: 4.5 < pHfinal < 5.0. At higher [H2O2]0,
BQ] rapidly starts to decrease before [H2O2] reaches zero. The
2O2/PhOH molar ratio for the complete degradation of phenol at
H 7 is about 55. If complete degradation of BQ is sought too, the
atio becomes 75.

The H2O2/PhOH ratio and the reaction kinetics are pH depen-
ent. Higher rates are observed at low pH and thus lower
2O2/PhOH ratios are required (Fig. 4). The ratio for full degradation

s ≤20 at pH 2, while it rises to about 55 at pH 7. The accumulation of
Q in all runs with significant PhOH degradation shows that 1 mM
2O2 is not sufficient to completely degrade both PhOH and BQ
ven at pH 2 (data not shown). The use of H2O2 as electron scav-
nger for TiO2 photocatalysis, along with its decomposition kinetics
as studied in the early 1990s [30,31] and later reviewed by Ilisz et

l. [32]. The photocatalytic decomposition of H2O2 on TiO2 surface
an proceed either by reduction

2O2 + e−
cb + H+ → •OHs + H2O (3)

OHs + e−
cb + H+ → H2O (4)

r by oxidation

2O2 + h+
vb → HOO• + H+ (5)

OO• + h+
vb → O2 + H+ (6)

n two-electron transfer processes. The combination of Eqs. (3)–(6)
ields:

H2O2
2h�,TiO2−→ 2H2O + O2 (7)

hich is nothing else than a photocatalyzed disproportionation of
2O2 [33]. The amount of H2O2 can thus affect both the forma-

ion of HOO•/•O2
− and •OH [34], which are usually formed through

eactions summarized by:

−
cb + O2 + H+ → HOO• (8)

+
vb + H2O → •OHs + H+ (9)

ote that the radicals produced in reactions (8) and (9) are identical
o those from (5) and (3), respectively. However, reactions (3) and
8) are reductions while (5) and (9) are oxidations, i.e. opposite
ypes of electron transfer are expected to yield the same species.
f we assume that reactions (8) and (9) occur upon irradiation of

iVO4 under certain pH conditions (Figs. 1 and 2), it is difficult to
stablish whether •OHs comes from hole (9) or electron (3) transfer
hen H2O2 has been added.

As reviewed by Dionysiou et al. high concentrations of H2O2 can
lso be detrimental because it may compete with trace pollutants
otobiology A: Chemistry 216 (2010) 221–227

for •OH in a chain reaction both on the surface and in the solution
bulk [35]:

H2O2 + •OH → H2O + HOO• (10)

HOO• + •OH → H2O + O2 (11)

Note that one H2O2 molecule scavenges two •OH. Not only is H2O2
consumed in this scheme but •OH are lost to yield the same reac-
tion products as in reaction (7). One last option is the reaction of
H2O2 with HOO•, which can produce both surface-adsorbed and
free hydroxyl radicals [5]:

H2O2 + HOO• → •OH + H2O + O2 (12)

From the above considerations, the fate of •OHs from the one-
electron reduction of H2O2 (reaction (3)) is either: (a) further
reduction to H2O (reaction (4)), (b) decomposition of H2O2 (reac-
tions (10) and (11)), or (c) the electrophilic attack of a pollutant
(e.g. reaction (1)). A competition between these four reactions is
thus expected. Similarly, the fate of HOO• from the one-electron
oxidation of H2O2 (reaction (5)) is either further oxidation to O2
(reaction (6)) or other deactivation pathways (e.g.: reaction (11)).

The competition between those reactions will depend on the
availability of the pollutants, their nature, pH, and on the surface
properties of the photocatalyst such as degree of hydroxylation and
the nature of the active sites. The high values of the H2O2/PhOH
ratio and its different values under different pH conditions are
ascribed to the complexity of the system. Assuming pseudo-first
order kinetics for phenol degradation, the reaction rates with H2O2
are around two orders of magnitude higher than in absence of elec-
tron acceptor at pH < IEP. The decomposition of H2O2 is faster for
pH values closer to the IEP with a maximum decomposition rate
at pH 2 which could not be measured because H2O2 was entirely
decomposed within 3 min (Fig. 4).

H2O2 can considerably speed up the degradation of phenol,
which was achieved by only BiVO4 at pH < IEP. Above the IEP, the
function of H2O2 is to activate BiVO4 and extend its activity to more
neutral pH values by working as sacrificial electron acceptor.

3.2.2. Methylene blue
The decolorization of methylene blue (MB) is widely used to

test the activity of novel photocatalysts, including our flame-made
BiVO4 [21] (Table 1). MB is stable in acidic media, where both its
oxidation and reduction are reversible. The presence of MB (5.7 �M)
accelerates the degradation of a 53.1 �M phenol solution at pH 2.
The rate is not as fast as with H2O2 but MB is not consumed since
it is regenerated within �s [36]. The proposed reaction mechanism
between the conduction-band electron and MB is as follows:

2e−
cb + 2MB → 2•MB− (13)

2•MB− + 2H+ → MB + LMB (14)

LMB + O2 → MB + H2O (15)

The combination of Eqs. (13)–(15) yields:

2e− + 2H+ + O2
2h�,MB,BiVO4−→ H2O (16)

MB is neither consumed nor produced in this reaction, as opposed
to H2O2 in reaction (7). Therefore it should not be regarded as a
sacrificial electron acceptor (SEA) and is better described as a redox
mediator or as a co-catalyst. Unlike H2O2, MB does not enable the
degradation of phenol at pH > IEP of BiVO4. This issue is addressed
elsewhere in detail [36].
3.3. Dichloroacetic acid degradation

Dichloroacetate anion (DCA) could not be degraded at pH 4.5 in
absence of electron acceptor (Fig. 5). The kinetics of the complete
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ig. 5. Degradation of a 1.06 mM DCA solution in a 1.0 g L−1 BiVO4 suspension with
arying initial [H2O2] at pH 4.5. The run with stepwise additions included 10 loads
f H2O2 at 30 min intervals.

echanism of DCA degradation by TiO2 photocatalysis was studied
y Zalazar et al. [37]. Only one hole is sufficient to mineralize one
CA molecule by direct hole transfer, although adsorption on the
hotocatalyst surface is a prerequisite [38]:

iO2 + CHCl2COO− � CHCl2COO−
ads (17)

HCl2COO−
ads + h+

vb → CHCl2COO• (18)

HCl2COO• → HCl2C• + CO2 (19)

2ads + HCl2C• → CHCl2O2
• (20)

CHCl2O2
• → 2COCl2 + H2O2 (21)

OCl2 + H2O → CO2 + 2HCl (22)

ote that reaction (21) is a bimolecular step that requires the vicin-
ty of two CHCl2O2

• radicals to yield two short-lived phosgene
olecules and one H2O2. In the present work, it seems that pho-

ogenerated holes from BiVO4, h+
vb, were not powerful enough to

xidize DCA (reaction (18)) or that DCA did not adsorb on BiVO4 (Eq.
17)). The latter is a realistic scenario from an electrostatic point of
iew because both DCA and BiVO4 surface are negatively charged
t pH 4.5.

Based on the results found for phenol, DCA degradation was
ttempted with the best electron acceptor, i.e. sacrificial H2O2 (see
ubsection 3.2). With an initial H2O2 concentration of 2.33 mM,
CA was degraded to 82% of its initial concentration within 30 min

Fig. 5). Accordingly, with [H2O2]0 = 10.6 mM, DCA was degraded
o 67% of its initial concentration within 60 min, until H2O2 was
otally consumed, as it was the case for PhOH. The role of H2O2
an be manifold. Reaction (3) can prevent charge recombination
nd extend the lifetime of holes, and favor reaction (18). In the
ean time, H2O2 can contribute to the formation of •OHs through

eaction (3) and/or reaction (9). DCA is known to be oxidized by free
OH in a homogeneous H2O2-UV system [39], but surface-bound
ydroxyl radicals are reportedly unreactive towards DCA [38]. It

s concluded that DCA is either oxidized by valence-band holes,
hose lifetime is extended by the addition of H2O2, or by free •OH

esulting from the acid-catalyzed hydrolysis of surface �-peroxo
pecies, as suggested by Nakamura & Nakato [40]:

Ti − O − O − Ti]s + H2O → [Ti − O − OH HO − Ti]s (23)

hen the O–O bond in TiO–OH breaks, a free hydroxyl radical is
eleased [5]:

Ti − O − OH HO − Ti] → [Ti − O• HO − Ti] + •OH (24)
s s

his issue is still under debate but it is becoming clear that the
eneration of free •OH from metal oxide surfaces requires the pres-
nce of surface peroxo groups. The geometry of these groups seems
ritical for the process [40,41].
otobiology A: Chemistry 216 (2010) 221–227 225

With [H2O2]0 = 23.3 and 37.2 mM, an induction period was
observed before the degradation started (Fig. 5). Besides, final
[DCA] was around 60% of [DCA]0, i.e. very close to the run with
[H2O2]0 = 10.6 mM. This indicates that high concentrations of H2O2
inhibit the degradation of DCA. It can be argued that surface sites
are not available to DCA adsorption until a large fraction of H2O2
is decomposed [35] by reaction (7), but also mainly by reactions
(10) and (11) – which are favored by excess H2O2 – combined to
•OHs generation through reactions (3), (9) and/or (12). Indeed, the
induction time reaches 60 min for [H2O2]0 = 37.2 mM. This tran-
sient poisoning of the photocatalyst is in agreement with the claims
of Bahnemann et al., who found that DCA adsorption on colloidal
TiO2 (Eq. (17)) is a prerequisite for its oxidation [38]. Hirakawa
& Nosaka also found that high amounts of adsorbed H2O2 would
inhibit reaction (8) on adsorbed O2 [34].

The continuous availability of a reactant in low amounts can
be provided by a fed-batch or by dropwise addition. Fig. 5 shows
the effect of several additions of concentrated H2O2 to renew
[H2O2] = 2.33 mM after each addition and try to supply the reactor
with fresh H2O2 as soon as it is totally consumed. Total degradation
of a 1 mM DCAA solution is thus achieved after 6 h of irradiation. It
is worth to note that the total amount of added H2O2 is equivalent
to the run with [H2O2]0 = 23.3 mM, which was largely inefficient,
with <40% of the initial concentration of DCA being degraded. This
is an important observation. It shows that most H2O2 is wasted
if not added at a proper time and in an adequate amount. [H2O2]
should hence be carefully controlled and kept at a constant level
either by continuous addition or in situ generation. The formation
of H2O2 as a byproduct in reaction (21) may even lower the demand
of added H2O2. Dionysiou et al. found that the optimal H2O2 to con-
taminant molar ratio for the degradation of 4-chlorobenzoic acid
(C7H5ClO2) in a continuous-mode configuration was equal to 5.33,
above which inhibitory effects were observed [35]. In the present
work, total degradation was achieved with a 21.7 molar ratio by
repeated H2O2 additions. This value is much higher and DCA is min-
eralized after one single hole transfer [37] while 4-chlorobenzoic
acid is a larger molecule. This observation emphasizes the ease of
decomposition of H2O2 and the potential improvements to be made
by adjusting some reaction engineering parameters.

3.4. Choice of the electron acceptor on the basis of band edges

In an ideal photocatalytic system, only the photocatalyst needs
to be supplied. All other agents are expected to be “naturally”
present: sunlight, water/organic pollutants as hole scavenger, and
dissolved atmospheric oxygen as electron scavenger. The alter-
native electron acceptors studied in this work present different
features: hydrogen peroxide is consumed in reaction (3) but it
is efficient and “green” (reaction products are only H2O and O2,
reaction (7)). One problem related to larger scale application is
the liquid state and facile thermal decomposition of H2O2, which
require special handling. Methylene blue is a cheap organic dye,
readily available as an easy-to-handle powder. Its role as electron
acceptor is not sacrificial because it is regenerated to its initial
state (reactions (13)–(15)), so it can be used in catalytic amounts:
MB/PhOH molar ratio is 0.1 in the present study. Once the target
pollutant is totally degraded, the degradation of the dye itself could
become an issue, as in dye-sensitized solar cells (DSSC) [42]. Aque-
ous Cu2+ had no effect on the degradation reaction under any of our
experimental conditions (1 �M ≤c0(Cu2+) ≤1 mM, pH 7; data not
shown). Its redox potential is not pH dependent, although oxides

and/or hydroxides may precipitate in basic conditions. Its reduction
is expected to yield metallic copper that might deposit on the pho-
tocatalyst unless some parallel Fenton-like redox process allows
its regeneration [30,43]. Peroxydisulfate anion can be used for pol-
lutant oxidation but its actual role is not clear. This compound is
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Fig. 6. Redox potential – pH diagram of selected couples used as electron scavenger.
Band edge energies of TiO2 and BiVO4 are also displayed. The one-electron reduction
potential of S2O8

2− – is equal to that of H2O2. Data from [5,27,47,48]. Values for the
conduction band of BiVO4 are calculated from the onset potential of dark reduction
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erformed on a thin film electrode at pH 4 and extrapolated by the Nernst equation
E(pH) = EpH 4 − 0.059(pH − 4); unpublished data). The potential of the valence-band
dge is 2.50 V more positive than the potential of the conduction-band edge as
easured by DRS [21].

nown to oxidize phenol into hydroquinone (HQ) in aqueous solu-
ion through the so-called Elbs persulfate oxidation [44], it was
ormerly used as a precursor in the synthesis of H2O2 under very
cidic conditions [45], and its slow thermal homolysis leads to •OH
adicals [46]. Its redox potential is pH independent and the reac-
ion product is sulfate. In this study, DCA was partially degraded
n a peroxydisulfate solution with and without photocatalyst and
ence no further investigations were carried out (data not shown).

The redox potentials of all these electron scavengers are plot-
ed vs. the solution pH in Fig. 6 along with the band edges of
iVO4. The valence-band edge is practically at the same level as

ree hydroxyl radical formation up to pH 12, where •OH genera-
ion becomes thermodynamically unfavored. On the other hand O2
eduction seems viable down to pH 8. The work of Kohtani et al. on
he detection of free •OH and •O2

− carried out at pH 12 with the
ame method as Hirakawa et al. [34] fits well this picture: evidence
or •O2

− generation but not for •OH [29]. The reduction potentials of
he acceptors used in this work are all more positive than EO2/•O−

2
nd than the potential of conduction-band electrons. This means
hat the electron transfer reaction should be thermodynamically
avored. All energies and potentials, with the exception of Cu2+/Cu,
ary linearly between pH 0 and 4.5. Therefore, the energy picture
annot explain the differences in activities found over this range
cross the IEP of the photocatalyst. Indeed, other parameters such
s adsorption energies, steric hindrance and electrostatic interac-
ions do also play a role. The authors believe that reactivity more
trongly depends on surface interactions because phenol degrada-
ion in absence of an electron scavenger and in presence of MB
s only observed below the IEP. On the other hand the photocat-
lytic activity in presence of H2O2 is determined by its consumption
ate, which is a kinetic parameter rather than a thermodynamic
ne.
BiVO4 turns out to be an efficient photocatalyst under visible
rradiation (�max = 450 nm) for the degradation of model pollutants
henol and DCAA at natural pH provided that H2O2 is available on
he photocatalyst surface. Due to the high decomposition rate and
he price of H2O2, the use of this SEA is only viable by continuous
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addition. A steady state formation of H2O2 inside the reactor would
best solve this problem and allow the extended use of BiVO4 as
a powerful, non-selective, visible-light photocatalyst for the com-
plete mineralization of recalcitrant organic pollutants. BiVO4 shows
best activity close by the isoelectric point of 2.3 and below. The
use of MB as a regenerating electron acceptor is promising and
deserves further investigation. Simultaneous reduction of Cu2+ was
not successful at natural pH.

4. Conclusion

Aqueous phenol was degraded by BiVO4 photocatalysis under
visible light below the isoelectric point of BiVO4 (pH 2.3). The degra-
dation rate was enhanced by the addition of MB as a regenerating
redox mediator. A more effective and even highly efficient degra-
dation was achieved in the presence of sacrificial H2O2 up to pH
9. But degradation is then limited by the kinetics of H2O2 con-
sumption. Dichloroacetate was also degraded in presence of low
H2O2 concentrations. Competitive adsorption seems to inhibit DCA
degradation when high H2O2 concentrations are used, so the sys-
tem is more efficient with controlled and consecutive addition of
low H2O2 amounts. The need of hydrogen peroxide as a sacrificial
electron acceptor has been identified as a critical issue for the pho-
tocatalytic degradation of phenol and dichloroacetic acid by pure
BiVO4. H2O2 is required if this material is to be used in realistic
advanced oxidation processes and not limited to applications under
extreme pH conditions.
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