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Abstract

This work proposes a spectrophotometric method for the determination of hydrogen peroxide during photodegradation reactions. The
method is based on the reaction of H2O2 with amonium metavanadate in acidic medium, which results in the formation of a red-orange
color peroxovanadium cation, with maximum absorbance at 450 nm. The method was optimized using the multivariate analysis providing
the minimum concentration of vanadate (6.2 mmol L−1) for the maximum absorbance signal. Under these conditions, the detection limit is
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43�mol L . The reaction product showed to be very stable for samples of peroxide concentrations up to 3 mmol Lat room temperatur
uring 180 h. For higher concentrations however, samples must be kept refrigerated (4◦C) or diluted. The method showed no interfere
f Cl− (0.2–1.3 mmol L−1), NO3

− (0.3–1.0 mmol L−1), Fe3+ (0.2–1.2 mmol L−1) and 2,4-dichlorophenol (DCP) (0.2–1.0 mmol L−1). When
ompared to iodometric titration, the vanadate method showed a good agreament. The method was applied for the evaluation
onsumption during photo-Fenton degradation of 2,4-dichlorophenol using blacklight irradiation.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen peroxide is a versatile chemical and strong ox-
dant, with a standard electrode potential of 1.763 V at pH 0
Eq. 1)[1].

2O2 + 2H+ + 2e– → 2H2O, E◦ = 1.763 V (1)

While main industrial applications of H2O2 are bleaching
f textiles and paper, important environmental applications
re the removal of inorganic and organic pollutants from
astewater. The use of H2O2 as •OH generating agent

n advanced oxidation processes (AOPs) such as ozona-
ion (O3/H2O2/UV) [2], hydrogen peroxide photolysis
UV/H2O2) [3] and Fenton processes (Fe2+/H2O2) [4]
mproves its effectiveness, due to the higher oxidizing power
f •OH species (E◦ = 2.730 V for•OH, H+/H2O) [5].

∗ Corresponding author. Tel.: +55 16 3301 6606; fax: +55 16 3322 7932.
E-mail address:nogueira@iq.unesp.br (R.F.P. Nogueira).

In the last decades, the AOPs have been intensively st
for the application in the treatment of water and wastewa
and remediation of contaminated soils. They are consid
good alternatives to conventional treatment processes d
its ability to degrade a great variety of organic polluta
[6–8].

Among AOPs, the Fenton and photo enhanced Fento
action (photo-Fenton process), have attracted great inte
the last years. Based on the decomposition of H2O2 catalyzed
by Fe2+ (Eq. 2), they are attractive for industrial applicat
due to its high oxidation power, simplicity of operation a
low costs especially when solar light is applied for rege
ation of Fe2+. In the established cycle additional hydro
radicals are generated (Eq. 3)[9,10]:

Fe2+ + H2O2 → Fe3+ + •OH + OH– (2)

FeOH2+ + h� → Fe2+ + •OH (3)

The destruction of organic contaminants using ferrioxa
as source of iron in photo-Fenton processes has been su
039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2004.10.001
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fully applied also under solar irradiation since it can absorb
radiation up to 550 nm, employing considerable portion of
the solar spectrum[11–14].

The residual peroxide concentration during degradation
of organic compounds in AOPs is a very important parame-
ter to evaluate. In Fenton and photo-Fenton processes, when
H2O2 is completely consumed, which can happen in a very
short time depending on the organic matter concentration, the
degradation reaction practically stops making new additions
of the oxidant necessary[12]. On the other hand, it can also
act as•OH scavenger when high concentrations are present,
hindering the photodegradation reaction due to the lower ox-
idation power of the formed radical HO2•:

H2O2 + •OH → HO2
• + H2O (4)

Different methods have been used to measure H2O2 in
AOPs during degradation of organic compounds. Among
them, the most commonly used in photo-Fenton processes
is the iodometric titration[15–17]. Spectrophotometric
methods employing titanium sulfate or oxalate andN,N-
diethyl-p-phenylenediamine (DPD) are also often reported
in recent studies dealing with photo-Fenton degradation of
organic contaminants[18,19]. While some methods such
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termination[22]:

VO3
– + 4H+ + H2O2 → VO2

3+ + 3H2O (5)

However, the use of this reaction for the determination
of peroxide in photo-Fenton degradation process was first re-
ported by Oliveira and co-workers[23], using a flow injection
spectrophotometric system.

In the present work, the spectrophotometric determina-
tion of hydrogen peroxide by the reaction with metavanadate
in acidic medium (vanadate method) was studied. The op-
timum concentrations of vanadate and sulfuric acid for the
application in determination of H2O2 in photo-Fenton pro-
cesses were determined using the surface response multivari-
ate analysis. The multivariate analysis has been extensively
applied for determination of the best conditions of analytical
methods using mostly the central composite design, gener-
ally a quadratic model in which the synergistic and antagonist
effects between the variables are taken into account[24–26].
The interference of species such as chloride, nitrate, iron and
a chlorophenol on the absorbance signal was evaluated. Af-
ter optimization, the method was applied for H2O2 deter-
mination during the photodegradation of 2,4-dichlorophenol
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s DPD use high cost reagents, the iodometric titra
s subjected to errors due to volatilization and hydrol
f I2, and air oxidation of I−, besides of demandin

onger time than a spectrophotometric determination.
ermanganate titration is considered a reliable me

or determination of H2O2. However, it is not possib
o use the method in photo-Fenton reactions bec
e2+ reacts with permanganate interfering in the pero
etermination. The spectrophotometric determination

3
− generated in the reaction of I− and H2O2 has been als

eported[20]. However, the absorption maximum of I3
− at

= 351 nm limits its application in samples showing h
bsorbance in this region, frequently observed in the ca
astewaters.
Kosaka and co-workers[21] have compared differe

ethods of H2O2 determination for the evaluation of AO
nd found that the fluorimetric method is the most sens
lthough various methods can reach very low detec

imits, in the range of 0.77�mol L−1 (DPD method) to
9�mol L−1 (titanium colorimetric method), what is impo

ant for determination of peroxide in natural waters, the
ection limit should not be decisive for the choice of a met
or H2O2 measurement in AOP, since the concentrations
n these processes are usually in the range of milimol per

fast, simple and low cost method can be very advantag
or the rapid determination of H2O2 during photodegra
ation reactions, allowing the evaluation and optimiza
f AOPs.

The formation of a red-orange color peroxovanad
ation in the reaction of H2O2 with metavanadate has be
reviously described in the application for the vanadium
DCP).

. Experimental

.1. Reagents and solutions

All the solutions were prepared with ultra pure (Millipo
illi-Q) water. H2O2 30% (w/w) from Merck was dilute

o the required concentration. The concentration of the
hased solution was determined by titration with KMn4
Merck) after appropriate dilution[27]. Potassium iodide an
hiosulfate used in iodometric titration were purchased f
erck. 2,4-Dichlorophenol from Merck was used as mo

ompound in photo-Fenton process. For the preparati
anadate solution, 9 mol L−1 sulfuric acid (Mallinckrodt
as added slowly to ammonium metavanadate (NH4VO3

rom Vetec) under magnetic stirring and at 50◦C until com-
lete dissolution. After complete dissolution, the red c
olution was cooled down and then diluted with deion
ater to the desired concentration, resulting in a yellow c
otassium ferrioxalate (K3Fe(C2O4)3)·3H2O) was prepare
y mixing one volume of a 1.5 mol L−1 Fe(NO3)3·9H2O so-

ution (Mallinckrodt) with three volumes of a 1.5 mol L−1

otassium oxalate (Merck). The green complex was recr
zed three times for purification. All other reagents used w
nalytical grade.

All the waste solutions containing vanadium were sto
or precipitation of vanadium by the addition of caustic s
NaOH/Na2CO3) and proper disposal of the solid.
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2.2. Chemical analysis

The iodometric titration was applied in order to compare
with the vanadate method for H2O2 determination[27]. Spec-
trophotometric determinations were performed using a UV
Mini 1240 spectrophotometer from SHIMADZU and 1 cm
cells. Appropriate volume of a 0.060 mol L−1 vanadate stock
solution and of sample were diluted in a 10 mL volumetric
flask. The blank solution was prepared in the same way but
in absence of H2O2. Total organic carbon (TOC) concen-
tration was determined using a TOC analyzer (TOC-5000A
SHIMADZU) for the evaluation of the photodegradation pro-
cess. The TOC concentration includes the carbon content of
the target compound, and the intermediates generated during
the experiment. All TOC determinations were performed im-
mediately after samples withdrawal to avoid further reaction.

2.3. Experimental design

The central composite design was applied to investigate
the effect of vanadate and sulfuric acid concentrations in the
absorbance signal, aiming the highest sensitivity with low-
est possible concentrations. For this design, it was necessary
to realize twelve experiments, in which the two variables
were codified in five levels including four central points for
statistical validity within the range−1.41 to +1.41, which
c tween
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Fig. 1. Absorbance spectra of peroxide, vanadate and peroxide in the pres-
ence of vanadate solution.

the wavelength of maximum absorption, UV–vis absorption
spectra in the range of 200–800 nm were obtained for the
mixture of H2O2/vanadate and compared to H2O2 and vana-
date solutions. The vanadate solution, of light yellow color,
turns to red-orange in the presence of peroxide and a strong
absorption band at 450 nm is observed, indicating the forma-
tion of the peroxovanadium cation (Fig. 1). All the subsequent
absorption measurements were realized at 450 nm.

3.1. Optimization of metavanadate and sulfuric acid
concentration using multivariate analysis

Results obtained in previous work showed that the con-
centration of vanadate is an important parameter to consider
for the best absorbance signal. The sulfuric acid is neces-
sary once the reaction of vanadate and H2O2 occurs in acidic
medium. However, it can influence the absorbance signal,
besides of being advantageous to minimize its concentration.
An optimum concentration in this context is considered to
be the minimum concentration of the reagents that results in
the highest response. For the optimization of vanadate and
sulfuric acid concentration, the multivariate analysis, in the
form of surface methodology response was used. It permits
to determine the importance of each variable and the opti-
mum concentration range of the involved reagents. The ab-
s e the
s een
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a

Z

ding
t axi-
m
v . The
c mul-
t each
v sitive
orresponds to the concentration range of vanadate be
.6 and 9.6 mmol L−1 and sulfuric acid between 0.058 a
.080 mol L−1 for the determination of a 6.0 mmol L−1 H2O2
ample. These ranges were chosen based on previous
btained in flow system[23] and on other preliminary tes

n batch system. The equation used to quantitatively des
he method and draw the response surface was built bas
he absorbance data obtained using STATISTICA soft
SW7127999218G51).

.4. Photodegradation experiments

The experiments of DCP photodegradation were rea
sing a 15 W blacklight lamp and an up flow photorea
s described previously[12]. The photoreactor was opera

n a recirculation mode using a peristaltic pump (Mas
ex L/S-7524-45) at a flow rate of 40 mL min−1. The aver
ge irradiance of the lamp of 25 W m−2 was measured u

ng a radiometer (Cole Parmer 9811-50, 365 nm). The
f DCP solution (500 mL) was adjusted to 2.8 by additio
2SO4 3 mol L−1 before starting the experiments, i.e. the

imum pH value according to previous work[12]. While DCP
olution was magnetically stirred, the adequate volume
e(NO3)3 and H2O2 stock solutions were added immediat
efore start of irradiation.

. Results and discussion

In order to evidence the formation of the peroxovanad
ation in the reaction of vanadate with H2O2 and to determin
orbance data were first analyzed in order to determin
econd-order equation including term of interaction betw
he two variables. Eq.(6)was obtained based on the statist
nalysis of the absorbance data (not shown).

= 98.76+ 6.61x1 + 0.13x2 + 0.49x1x2

− 5.92x2
1 + 1.61x22 (6)

In Eq.(6),Z represents the response factor correspon
o the absorbance percentage, variation relative to the m
um absorbance measured. The variablesx1 andx2 are the

anadate and sulfuric acid concentrations, respectively
oefficients of the quadratic model were calculated by
iple regression analysis and indicate the importance of
ariable, which depends on their signs and values. Po
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coefficients indicate that the absorbance signal is increased in
the presence of high concentrations of the respective variable
within the range studied, while negative coefficients indicate
that the absorbance signal is favored in the presence of low
concentrations. Positive quadratic coefficients ofx1x2 vari-
ables indicate a synergistic effect, while negative coefficients,
an antagonistic effect between the variables.

An analysis of Eq.(6) shows that linear coefficient of
x1 has a high positive value (6.61) suggesting a strong ab-
sorbance signal for high vanadate concentrations. On the
other hand, the negative coefficient ofx1

2 (−5.92), indicates
that very high values of vanadate concentration result in a de-
crease of absorbance signal. The net effect can be observed
in Fig. 2, which shows the surface response with a maximum
relative absorbance percentage in positive codified range be-
tween 0.2 and 0.9. This corresponds to concentrations of
vanadate between 6.2 and 8.3 mmol L−1, decreasing above
8.3 mmol L−1. Considering the low values of the coefficents
ofx2 andx2

2, it can be concluded that the concentration of sul-
furic acid plays a minor role on the absorbance signal. Based
on these results, the concentrations chosen for the determi-
nation of H2O2 were 6.2 mmol L−1 vanadate, which is the
lowest concentration within the optimum range determined,
and 0.058 mol L−1 H2SO4, which is the lowest concentration
of the tested range. The possibility to minimize reagents for
m s re-
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concentration (mol L−1). The slope of the curve, giving the
molar absorptiviyε is 283± 2 mol L−1 cm−1. The calculated
detection limit (3×standard deviation of the curve/slope)
is 143�mol L−1. The peroxide concentrations can be then
calculated by the following relation:

�A450 = 283[H2O2]
V1

V2
(7)

whereV1 is the volume of aliquot taken for analysis (mL)
andV2 is the final volume to which the aliquotV1 is diluted
(mL) before absorbance measurement.

It is important to note that although the linear range of the
calibration curve was up to 5.00 mmol L−1, higher peroxide
concentrations can be determined after appropriate dilution
of the sample, avoiding absorbance values above 1.5.

3.2. Comparison between vanadate and iodometric
method

Considering that the iodometric titration is one of the
most used methods for the determination of H2O2 in AOP
[16,17], it was used for the comparison with the proposed
method. Both methods were applied for the determination
of H2O2 in samples taken from DCP photo-Fenton degra-
dation. A solution containing initially 1.0 mmol L−1 DCP,
1
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aximum spectral response using multivariate analysi
ults in lower costs and reduced generation of sulfuric
nd vanadate residues.

In a next step, an analytical curve for peroxide in the ra
.0250–6.00 mmol L−1 (concentrations in 10 mL volumetr
ask) was obtained using the optimized concentration
anadate and sulfuric acid (not shown). The obtained c
howed good linearity (R= 0.9997) up to the concentrati
f 5.00 mmol L−1 (absorbance = 1.46), with a slight deviat

or 5.50 and 6.00 mmol L−1 concentration. The linear data
n= 8) resulted in the equation�A450= 283 [H2O2], where
A450 represents the difference of absorption between

ample and blank solution at 450 nm and [H2O2], the H2O2

ig. 2. Response surface of quadratic model for vandate absorptio
unction of sulfuric acid and vanadate concentration.
.5 mmol L−1 ferrioxalate and 15 mmol L−1 H2O2 was ir-
adiated and 20.0 mL samples were taken at 0, 5, 10
0 min reaction, and used for H2O2 determination by iodo
etric titration and by spectrophotometric vanadate me
he average result (n= 3) obtained for each sample by b
ehtods is shown inTable 1. Although the results obtained

he vanadate method are something lower than that obt
y iodometric titration, there is a good agreement betw

he two methods. This fact shows clearly the applicabilit
he vanadate method in photo-Fenton reactions.

.3. Optical stability of the reaction products and
ossible interferences

The optical stability of the VO23+ formed in the reactio
f peroxide and vanadate was evaluated using 4.0
eroxide samples of concentrations between 1.00
2.0 mmol L−1, which were diluted to 10.0 mL after add
ion of 1.6 mL of 60 mmol L−1 vanadate solution. It can

able 1
oncentration of hydrogen peroxide determined by iodometric titration
anadate method in samples taken from 1.0 mmol L−1 DCP photodegrada
ion in the presence of 1.5 mmol L−1 FeOx and 15 mmol L−1 H2O2 (initial
oncentrations)

ample Reaction
time (min)

Iodometrica

(mmol L−1)
Vanadatea

(mmol L−1)

0 15.3± 0.02 14.4± 0.05
5 10.1± 0.02 9.63± 0.06

15 3.63± 0.01 3.78± 0.04
25 0.500± 0.01 <0.143

a n= 3.
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Fig. 3. Optical stability of vanadate/peroxide solution as a function of stor-
age time at ambient temperature (solid symbols) and at 4◦C (open symbols).

observed inFig. 3 that the reaction product is very stable
since the measured absorbance of peroxide samples of 1 and
3 mmol L−1 remained unchanged during a period of 180 h at
room temperature. However, as the peroxide concentration
increases, the absorbance decreases gradually with storage
time. While the absorbance of the reaction product of 6
and 9 mmol L−1 peroxide samples was stable up to 35 h, a
decrease of 17% after 180 h was observed for the sample
containing 12 mmol L−1 peroxide kept in the dark at room
temperature. The appearance of yellow colour when excess
peroxide is added was observed previously and attributed
to the formation diperoxoorthovanadate (V) ions[28], what
could explain the decrease of absorbance at 450 nm. On the
other hand, all the solutions were very stable when kept at
4◦C. This stability permits to delay the peroxide determina-
tion in favor of other analysis which, due to the difficulty in
stopping the Fenton reaction, are more sensitive to reaction
time such as TOC and determination of the target compound
concentration.

Some ions such as chloride and nitrate are usually present
in wastewater samples, either from the acid used for pH ad-
justment or as a product of photodegradation of organochlo-
rine and nitro compounds. Fe3+ added in the Fenton reaction
is also present after photodegradation, due to the fast con-
version of Fe2+ to Fe3+. Therefore, the possible interference
o d as
s te the
v were
t
F
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d ained
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Fig. 4. Influence of different species on the absorbance signal of vana-
date/peroxide solution.

(IV) [29]. This small difference, however, causes only a small
interference in the determination of H2O2 in the present ap-
plication, since the ferrioxalate concentration used in photo-
Fenton treatment is usually much higher, above 1 mmol L−1

[12,14].

3.4. Application: evaluation of peroxide consumption
during photo-Fenton degradation of 2,4-dichlorophenol

The influence of DCP initial concentration (0.25 and
2.50 mmol L−1) on the peroxide consumption during pho-
todegradation was evaluated using the proposed method for
peroxide determination using optmized concentrations of
vanadate (6 mmol L−1) and H2SO4 (0.058 mol L−1). The ini-
tial concentrations of H2O2 and Fe3+ used were 11 and

F
T
0

f these ions, including ferrioxalate, which is often use
ource of iron, and DCP, was examined in order to evalua
anadate method. The following concentration ranges
ested: Cl− (0–1.3 mmol L−1), NO3

− (0–1.0 mmol L−1),
e3+ (0–1.2 mmol L−1), DCP (0–1.0 mmol L−1) and ferriox-
late (0–1.2 mmol L−1) in the presence of 6.0 mmol L−1

2O2. The results shown inFig. 4indicate that no significan
ifferences were observed in the absorbance signal obt
y the vanadate method in the presence of these spec

he concentration ranges tested. The only exception is fe
late at low concentrations of 0.2 and 0.4 mmol L−1, where a
ecrease of about 9 and 7% in the absorbance values we
erved, respectively. This decrease of the absorbance c
consequence of the reduction of vanadium (V) to vana
-
ig. 5. Photodegradation of DCP. (A) Consumption of H2O2; (B)
OC removal. Initial concentrations: [H2O2] = 11 mmol L−1 and [Fe3+] =
.88 mmol L−1.
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0.88 mmol L−1, respectively. Comparing the consumption
rates of peroxide for the two different DCP concentrations,
similar rates were observed at the begining of the reaction.
However, as the reaction proceeds, sharper decrease of per-
oxide concentration is observed in the presence of the higher
DCP concentration (Fig. 5A), a consequence of the higher
content of organic matter. In this case, after total consumption
of peroxide in 15 min, a lower mineralization percentage and
stagnation of TOC removal reaction are observed (Fig. 5B).
Similar behaviour was reported by Fallmann and co-workers
(1999)[15] in the treatment of a mixture of herbicides, where
higher consumption of H2O2 occured when TOC started to
decrease. On the other hand, multiple additions of H2O2 dur-
ing photodegradation reaction are reported to increase the
processes efficiency[12].

4. Conclusions

A simple, fast and reliable determination of hydrogen
peroxide using a cheap reagent, amonium metavanadate, is
proposed. The multivariate analysis provided the definition
of the minimum concentration of vanadate for the maxi-
mum absorbance signal, found to be 6.2 mmol L−1. Fur-
thermore, it was also found that sulphuric acid concentra-
t fore
t
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a 80 h.
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