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ABSTRACT
Tribromophenol (TBP) is a halogenated phenol mainly used as an intermediate of flame retardants in the electronics manufacturing industry as well as a
fungicide in the wood industry to prevent fungal wood stain and decay. As a result of this massive use, its bio-availability, toxicity, and environmental fate are of
increasing concern worldwide.
TBP degradation by a catechol (CAT)-driven Fenton reaction was studied. In order to achieve the best yield in TBP degradation, an experimental design was
applied for multivariate optimization of the experimental degrading system variables. At optimized concentrations, the CAT- driven Fenton reaction yielded 75%
TBP degradation in 2 h at room temperature. The multivariate optimization showed that the highest TBP degradation (1 mol base) was obtained at a ratio of CAT:
FeCl3: H2O2 = 0.150 : 0.211: 5.100 at pH = 3.4.
A time course degradation of TBP comparing the CAT-driven Fenton reaction with the classical Fenton reaction is also presented. During the first hours of
reaction (up to 8h), increased degradation efficiencies were observed in the CAT-driven Fenton reaction in comparison with the conventional Fenton reaction.
Possible causes for the observed behavior are also discussed.
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INTRODUCTION
2,4,6-tribromophenol (TBP) is the most widely produced brominated
phenol. The production volume of TBP has been estimated at approximately
2500 tons/year in Japan and 9500 tons/year worldwide in 20011. This molecule
is mainly used as a reactive flame retardant intermediate, being applied in
the production line of electronic devices such as TVs, computers and other
household items. It is also used as a wood preservative biocide to prevent
wood fungal deterioration.
In recent years in Chile, its sodium salt (TBPNa) has been used to prevent
wood stain and decay, substituting sodium pentachlorophenate (PCPNa) 2.
As a result of this massive application, TBP can be now found in soils,
waters and sawdust. In sawmills, high concentrations of the compound have
been found 3,4.
In 1998, the Environmental Protection Agency (EPA, USA) incorporated
TBP into the list of hazardous wastes5 . Since then, there has been increasing
concern worldwide about its potential toxicity6, and endocrine disrupting
potency7.
In recent years, there has been great interest in the use of advanced oxidation
processes (AOPs) for the degradation and mineralization of hazardous and
recalcitrant compounds8. These technologies include Fenton treatment (Fe+2/
H2O2, O3/ H2O2, H2O2/UV, photocatalysis, photo-assisted Fenton and sonolysis.
Other Fenton-type reactions used as AOPs include small amounts of iron
reducing phenolic compounds9 . These Fenton-type reactions are promoted by
dihydroxybenzenes (DHBs), such as catechol (CAT), which can chelate and
reduce Fe(III) enhancing OH• production10.
Diverse compounds have been degraded by this system as Aguiar et al
2007 have extensively reviewed9. Benzylic compounds, such as benzene,
anisole, nitro- and chloro-benzene11, veratryl alcohol12, malachite green Chen et
al., 200213, PAHs14, and chlorophenols as well a paper mill bleaching effluent
have also been degraded15,16. Degradation on an aliphatic compound such as
EDTA has also been reported17.
In this study, the effectiveness of the CAT-driven Fenton reaction on
TBP degradation was assessed. A factorial experimental design, which is a
multivariate optimization strategy, was utilized to obtain optimal values for the
main parameters for TBP degradation by the CAT-driven Fenton reaction. A
time-course comparison of TBP degradation by this system versus a classical
Fenton reaction is also presented.
EXPERIMENTAL
Reagents
All the experiments and analyses used nanopure water (NPW). All the
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reagents were p.a. grade unless otherwise stated. Catalase (bovine liver) was
obtained from Sigma. 1,2 dihydroxybenzene (CAT) was purchased from
Aldrich. Hydrogen peroxide (H2O2) 30%(w/w) was purchased from Fluka.
TBP, ferric chloride, ferrous sulfate, disodium hydrogen phosphate, sodium
dihydrogen phosphate, acetic acid (HPLC grade) were obtained from Merck.
Methanol (HPLC grade) was purchased from J.T. Baker.
Fe(II) (prepared immediately before each experiment) and Fe(III) were
dissolved in HCl 0.01M. The H2O2 concentrations were standarized by titration
with a KMnO4 solution just before each treatment.
Analyses
HPLC- analyses: The degradation of TBP was monitored by HPLC using
a Lichrocart 125-4/Lichrospher 100 RP-18 (5 µm particle diameter) column,
with a 100 µL loop. Triplicate injection of each sample was performed. A
HPLC pump (Knauer) with constant flow of 0.6 mL min-1. Mobile phase:
0.7% acetic acid, 69.3% methanol, 30% nanopure water, pH : 3. Detection was
performed with a UV -VIS detector (Knauer, Variable Wavelength Monitor)
at a wavelength of 290 nm. Total organic carbon (TOC) was determined using
a total carbon analyzer (TOC-5000; Shimadzu Co.; Ltd. Japan). AOX was
determined in Euroglas ESC 1000 system.
Residual H2O2 measurements
Buffer solution: Phosphate buffer 150mM pH:7 was prepared in nanopure
water (which was degassed by boiling for 10 minutes; cooled to 25 °C,
and finally passed through a N2 current for 20 minutes). Residual H2O2 was
determined as follows: in a sealed reactor, 18 mL of each sample was added to
11 mL of phosphate buffer in the dark. The mixture was then passed through
a N2 current. Then, 1 mL of catalase (1.48 x 10-2 IU) was added, the released
oxygen was measured by a dissolved oxygen electrode (Extech Instruments).
Procedures
Experimental design: Response surface methodology (RSM) was used.
The model used was the central composite design consisting in a factorial
design. The variable values were coded and normalized in unitary values: -1 is
defined as the lowest value of a variable and +1 as its highest value. From these
extreme values of variables, the central point (coded 0) was set and assayed in
triplicate. The star points were distributed at a distance of n1/2 from the central
point, where n is the number of variables18. The influence of the four following
variables was studied: CAT concentration, Fe(III) concentration (X1), and
H2O2 concentration (X2). The response was TBP degradation (Y), expressed
as a percentage of the initial amount. The experimental design is shown in
table 1.
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Tabla 1.- Experimental and calculated degradation on of TBP by the CATdriven Fenton reaction in the factorial design.

extrapolation of the system’s behavior in a non-assayed region
Although CAT concentration variation is not relevant in this range, its
presence is necessary for an enhanced TBP degradation. TBP degradation
dependence on CAT concentration can be explained considering mechanistic
evidence provided by Pingatello et al19-22 for phenols degradation in Fenton
and PhotoFenton systems. These mechanisms rely in a self-catalyzed Fenton
reaction, produced by the generation of hydroxylated phenol species that
continuously reduce Fe(III) to Fe(II). Hence, in the CAT-assisted Fenton
reaction, CAT would be important at the initial stage, triggering the Fenton
reaction, and afterwards the cyclic reduction of Fe(III) would proceed from the
dihydroxybenzenes (DHBs) generated from TBP oxidation.
Furthermore, CAT maintains the OH• production longer than the classical
Fenton reaction10. This behavior has been associated with the presence of the
[CAT-Fe(III)] complex10,12.
The multivariate optimization strategy provided the best conditions
predicted for the main parameters involved in TBF degradation by the CATdriven Fenton reaction. Table 2 summarizes the optimum concentrations found
for Fe(III) and H2O2 and CAT in 12 h reaction.
Table 2.- Optimized values of the variables obtained from the response
surface methodology.

In Fig. 1, the contour plots of the polynomial response are shown. In the
experiments leading to this graph, the CAT concentration was 27 µM.

The initial concentration of TBP (180 µM), temperature (25°C) and
reaction time (12h) were kept constant. The optimized values of the analyzed
variables were obtained from the maximum values of this function using the
SIMPLEX method. The statistical validation was performed by an ANOVA test
with a 95% of confidence. All the calculations were carried out by the Modde
7.0 software.

RESULTS AND DISCUSSION
Experimental design
Table 1 shows the experimental and calculated results from the factorial
design applied as the multivariate optimization strategy for TBP degradation.
A normalized polynomial response to TBP degradation (Eq. 1) was
obtained from the factorial design experiments.
The polynomial equation reveals the relative importance and interactions
between the different variables.
Y % = 7.43(±0.37) + 0.68 X1 (±0.18) + 0.60X2 (±0.22) + 0.16X3 (±0.17)
– 0.34 X122 (± 0.20 – 0.41 X122 (± 0.24) – 0.43 X132 (± 0.20),
(1)
where Y: is the TBP degradation, X1 the Fe(III) concentration, X2 the
H2O2 concentration.
The positive first-order coefficients of Fe(III) concentration (X1), H2O2 (X2)
concentration and CAT (X3) concentration imply that increasing values of these
three variables result in greater TBP degradation. The main effect (given from
the normalized magnitude of the X1 coefficient) is due to Fe(III) concentration.
The polynomial equation obtained also shows a negative second-order
coefficient of the Fe(III), H2O2 and CAT concentrations, indicating a maximum
region described by a parabolic behavior. The contour plots are predicted by
the polynomial response , where the experimental assay area falls within the
dotted rectangular line. In this area, the model’s validity is guaranteed (95%
confidence); whereas outside this area, the validity is uncertain because it is an
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Figure 1. Response surface for the TBP degradation as a function of
Fe(III) and H2O2 concentration. CAT= 27 µM. The experimental results are
inside the rectangle. The black point indicates the selected optimal value.
Degradation and mineralization of TBP at optimized conditions
Time course degradation of TBP by the CAT-driven Fenton reaction and
classical Fenton reaction was assessed (Fig. 2). An increased degradation
rate was observed in the CAT-driven Fenton system in comparison with the
classical Fenton reaction. This result is most evident at the initial stages of
reaction. Thus, while 2 hours of a CAT-driven Fenton system yields 75% TBP
degradation, the classical Fenton system only yields 45% TBP degradation.
This tendency persists for reaction times under 8 hours; afterwards, both
treatments show similar efficiencies, especially after 13 hours of reaction.
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further TBP degradation even if all the H2O2 has been consumed (suggesting a
non OH• mediated mechanism).
In all, these results provide further evidence of the applicability of the CATdriven Fenton reaction as a pollutant removal approach, yielding at optimized
concentrations a 75% TBP degradation rate in 2 h at room temperature.
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