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catalytic wet peroxidation of phenolic aqueous solutions
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bstract

In this work, the catalytic wet peroxide oxidation of phenolic aqueous solutions over a novel Fe2O3/SBA-15 nanocomposite material was deeply
tudied. The catalytic performance was monitored in terms of aromatics and total organic carbon (TOC) removals. In order to reduce the major
peration cost, significant operating reactions parameters that affect remarkably the overall catalytic performance of these processes, such as
emperature and hydrogen peroxide concentration, were studied by means of a design of experiments. High temperature is necessary to obtain a fast
nd complete degradation of aromatic compounds. At 100 ◦C, moderate catalyst loading and hydrogen peroxide concentration (0.6 g/L and 75%
f stoichiometric amount for phenol mineralization, respectively) were enough to achieve a total removal of aromatic compounds and remarkable
OC mineralization under non-controlled pH conditions. Resistance of iron species to be leached out into the aqueous solution has been also

arefully examined with the purpose of elucidating the influence of different reaction parameters (temperature, oxidant concentration and pH).

schematic view of the heterogeneous catalytic peroxidation of phenol over this novel catalyst has been proposed. Finally, the stability of the
atalyst has been established by recycling studies.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The degradation of aromatic pollutants present in wastew-
ter streams generated by industrial processes has emerged as
n important concern during last decade. The effective removal
f these pollutants becomes a challenging task due to environ-
ental laws and regulations are more restringing with time.
henol and phenol-like compounds occupy a prominent position
n the US EPA priority pollutants list due to the high toxi-
ity for microorganisms, high chemical oxygen demand and
oor biodegradability. By these reasons, advanced oxidation
rocesses (AOPs) have emerged as interesting alternatives for
he destruction of organic pollutants in industrial wastewater
1,2]. These processes involve the generation of non-selective
nd highly reactive hydroxyl radical (OH•), which is one of the

ost powerful oxidation agents, higher than others chemical

xidants commonly used in water treatments [3].
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The reaction of H2O2 with ferrous salts (Fenton’s reagent)
r other low-valency transition metals (Fenton-like reactions) at
oom temperature is a well known source of hydroxyl radicals
4,5]. The oxidation of organic compounds by means of Fenton-
ike reactions has been studied in numerous works during last
5 years [6–8], in fact, this technology is used commercially
o treat industrial wastewater [9–11]. However, this process
resents two main drawbacks. Firstly, efficient hydroxyl radi-
al generation mediated by Fenton-like reactions only occurs
n a limited range of pH (2.5–3.5) and secondly, a final sepa-
ation of soluble iron species from the treated water is needed.
eutralization or even flocculation units are usually necessary
rior to recovery of the active iron species in form of iron sludge.
hese drawbacks have promoted the development of Fenton pro-
esses based on heterogeneous catalytic systems. In some cases,
emperature of the process has been increased up to 80–120 ◦C
eading to so-called catalytic wet hydrogen peroxide oxidation
CWHPO) processes. The use of this technology allows an easy

eparation and recovery of catalyst from the treated wastewater.

oreover, some researchers have reported that the presence of
solid catalyst may enhance the degradation rate due to mech-

nisms based on the reactivity of adsorbed organic compounds

mailto:juan.melero@urjc.es
dx.doi.org/10.1016/j.cej.2006.12.007
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ig. 1. (a) Model for the location of iron oxide particles and (b) TEM micropho
y EDX microanalysis.

ith active oxygenated species coming from hydrogen perox-
de decomposition over the catalyst surface [12]. An important
ssue in the design of heterogeneous Fenton-like catalysts is
he stability of metallic species and their resistance to leaching,
hich is often related to the nature and environment of supported

ron species [13–15]. The use of solid catalysts for CWHPO of
henolic aqueous solutions has been widely described in litera-
ures [12–14,16–18]. However, the development of highly stable
ctive materials which can work in a wide pH range is still a
hallenge for the oxidation of organic compounds in presence
f hydrogen peroxide.

In this work, a nanocomposite solid catalyst consisted of a
ixed of crystalline iron oxides supported over a silica SBA-15
atrix has been deeply studied for the peroxidation of phenolic

olutions. This novel Fe–SBA-15 mesostructured material has
een successfully used as an effective heterogeneous catalyst
ith a high catalytic activity and moderate iron leaching for

he CWHPO and photo-assisted Fenton degradation of phenolic
olutions [19,20]. Herein, a multivariate analysis, using factorial
esign of experiments, has been employed to assess the influence
f main operating conditions (temperature and hydrogen perox-
de concentration) on the activity and stability of the catalytic
ystem. The effect of the aqueous solution pH has been also
valuated in order to make a more comprehensive understand-
ng of the oxidation of the organic pollutants and its relationship
ith the iron leached-off from the catalyst. As result of this

tudy, a reaction scheme for the catalytic wet peroxide oxida-
ion of phenol over this novel heterogeneous catalyst has been
roposed. Finally, the regeneration and reusability of the catalyst
fter reaction were also addressed.

. Experimental

.1. Catalyst preparation

Iron oxide supported into SBA-15 mesostructured mate-

ial was prepared by co-condensation of iron (FeCl3·6H2O;
ldrich) and silica (tetraethoxysilicate, TEOS; Aldrich) sources
nder acidic conditions and templated with Pluronic 123 as
escribed elsewhere [21]. The procedure described in literature

a
(
i
t

hs, XRD of crystalline Fe2O3 particles and local iron content (wt.%) measured

as slightly modified changing the pH of the reaction medium by
ddition of an appropriate amount of ammonia aqueous solution.
he precipitation of non-soluble iron oxy-hydroxide particles
as promoted during the ageing step of the resultant solution

t 110 ◦C for 24 h under static conditions at a pH of 3.5 [15].
fter this ageing step, the solid product was recovered by filtra-

ion and air dried at room temperature overnight. Transformation
f hydrated iron species to oxidized particles and the template
emoval was accomplished by calcination in air at 550 ◦C for
h.

The resultant material is described as a composite material
hat contains different iron oxides particles (mainly crystalline
ematite ) embedded into a mesostructured SBA-15 support,
lthough a little amount of ionic Fe3+ species isomorphously
ubstituted within the silica framework has been also detected
15,19]. Iron oxide particles are present in a wide distribution
f sizes (30–300 nm). The material exhibits a BET surface area
f ca. 470 m2/g lower than that usually found for pure SBA-15
ilica (ca. 750 m2/g), with a narrow pore diameter distribution
entred at 72 Å and a total pore volume of 0.65 cm3/g. The bulk
ron content was around 16 wt.%. TEM images shown in Fig. 1
ogether with local XRD diffraction and EDX elemental micro-
nalysis confirm areas with a good mesoscopic order and the
resence of clusters of crystalline iron oxides particles. Fig. 1
lso illustrates a schematic view of how the metal oxide particles
ay be located within the channels and/or on the external surface

f SBA-15 support. The proposed model justifies the decreasing
f surface area by the incorporation of iron oxide particles and it
ould be in agreement with observations reported by Vradman

t al. for TiO2/SBA-15 [22].

.2. Oxidation reactions and analytical techniques

Catalytic wet peroxide oxidation experiments of phenol aque-
us solution were carried out in a 100 mL glass autoclave reactor
nder continuous mechanical stirring (350 rpm) in contact with

ir. The appropriate amount of catalyst, suspended in water
0.6 g/L), is placed into the glass reactor. Afterwards, the system
s pressurised up to 0.7 MPa with air and heated up to the selected
emperature. Once the temperature was achieved, the required
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Table 1
Experimental results of the factorial design for the CWHPO of phenolic aqueous solutions

Run T (◦C) (X) [H2O2] (g/L) (Y) X10 min
TOC (%) (Z1) X20 min

TOC (%) (Z2) X40 min
TOC (%) (Z3) X90 min

TOC (%) (Z4)

Exp.a Calc.b Exp.a Calc.b Exp.a Calc.b Exp.a Calc.b

1 −1 (60) −1 (2.55) 18.0 20.5 20.0 24.7 30.8 33.0 46.3 48.1
2 −1 (60) +1 (5.10) 37.3 36.0 39.4 40.2 46.6 50.3 54.4 56.1
3 +1 (100) −1 (2.55) 43.4 42.1 45.4 46.2 45.4 49.1 46.0 47.8
4 +1 (100) +1 (5.10) 55.1 57.7 57.0 61.7 64.3 66.4 73.6 75.3
5 0 (80) −1 (2.55) 37.5 36.0 46.7 43.2 52.9 49.7 57.3 52.9
6 0 (80) +1 (5.10) 43.7 42.2 50.9 43.2 56.9 49.7 64.3 60.7
7 −1 (60) 0 (3.82) 17.7 14.7 31.2 29.3 31.2 29.3 40.6 38.7
8 +1 (100) 0 (3.82) 66.4 63.4 67.8 66.0 72.0 70.1 77.0 75.0
9 0 (80) 0 (3.82) 32.6 39.1 44.0 47.6 47.4 49.7 52.0 56.8

10 0 (80) 0 (3.82) 32.9 39.1 38.7 47.6 44.2 49.7 51.6 56.8
11 0 (80) 0 (3.82) 27.4 39.1 44.0 47.6 48.7 49.7 53.7 56.8
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Phenol]0 = 1000 ppm; pH0 5.5; total air pressure = 0.7 MPa.
a Experimental values.
b Calculated values according to Eqs. (2)–(5).

mounts of phenol (1.0 g/L) and hydrogen peroxide were added
nto the reactor and this moment is set as zero-reaction time.
liquots were withdrawn during the reaction course after 10,
0, 40 and 90 min and filtered by means of 0.22 �m nylon
embranes before being analyzed.
Total organic carbon (TOC) content of the samples was ana-

yzed using a combustion/non-dispersive infrared gas analyzer
odel TOC-V Shimadzu. Phenol and other by-products coming

rom the incomplete mineralization of phenol were measured
y means of an HPLC chromatograph model Varian Prostar
quipped with a Waters Spherisorb column and an UV detec-
or at 215 nm. A buffer solution of NaHPO3/H3PO4 at pH 2.6
as used as mobile phase. The contribution of different degra-
ation products in the residual TOC in percentage of carbon was
alculated as follows:

romatics (CA) = ppm of C coming from aromatic compounds

Residual TOC (ppm of C

arboxylic acids (CCA) = ppm of C coming from carboxylic a

Residual TOC (ppm

ther by-products (CBP) = 100 − CA − CCA

Hydrogen peroxide concentration was measured by iodo-
etric titration. Finally, iron content in the filtered solution

fter reaction was measured by ICP-AES analysis collected in
Varian Vista AX spectrometer in order to determinate the iron

eaching degree from the catalyst within the aqueous solution.

. Results and discussion

.1. Design of experiments

Previous works have showed the outstanding activity and

tability of the catalyst under study for the degradation of phe-
olic aqueous solutions through Fenton-like processes [19,20].
n this research, we have further assessed the influence of
wo significant variables (temperature and hydrogen peroxide

r
i

s

sured by HPLC × 100

measured by HPLC

C)
× 100

oncentration) on the activity and stability of this novel cat-
lyst by means of an experimental design methodology. A
omplete 32 design of experiments [23] was carried out with
emperature (X) and hydrogen peroxide concentration (Y) as
ndependent variables. Low and high levels are denoted by −1
nd +1, respectively, whereas the central point as 0. The tem-
erature was ranged from 60 ◦C (−1) to 100 ◦C (+1), which
re standard values reported in literature for CWHPO processes
13,14,16–18,20]. The hydrogen peroxide concentration was
anged from 5.1 g/L (+1) to 2.55 g/L (−1). Note that 5.1 g/L
orresponds to the stoichiometric amount of oxidant that is nec-
ssary for the complete mineralization of 1 g/L phenol solution
hrough reaction (1).

6H6O + 14H2O2 → 6CO2 + 17H2O (1)

TOC conversion after 10 min (Z1), 20 min (Z2), 40 min (Z3)
nd 90 min (Z4) of reaction and iron lost from the catalyst at the
nd of the reaction (Z5) were selected as response factors. Table 1
ummarizes the factorial design of experiments, including exper-
mental conditions of each run, the codified and real values of the
ndependent variables, the experimental results for the response
actors after performing the experiments and the predicted val-
es calculated with the factorial design model. The catalytic run
orresponding to the central point (80 ◦C and 3.82 g/L oxidant
oncentration) was repeated three times in order to check the

eproducibility and the experimental error of the results obtained
n the design of experiments.

The Levenberg–Marquardt algorithm for non-linear regres-
ion was used to obtain a polynomial expression that fits the
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ig. 2. 3D response surfaces for TOC conversions after 10 min (a), 20 min
ressure = 0.7 MPa.

xperimental results. In this way, second-order polynomial
xpressions allow to predict the values of the response fac-
ors (Eqs. (2)–(5)). In the equations mentioned, terms of X and

represent the temperature and hydrogen peroxide concentra-
ion, respectively, and parameters Z1 to Z4 correspond to TOC
onversions after 10, 20, 40 and 90 min of reaction. Values in
arenthesis describe the error associated to each coefficient of
he equation. In those cases where the error was larger than the
orresponding coefficient, the parameter was not considered in
he polynomial model:

1 = 39.1(±1.2) + 24.4(±1.5)X + 3.1(±1.5)Y

+4.7(±3.8)YX2 − 13.5(±3.8)XY2 (2)

2 = 47.6(±3.3) + 18.3(±4.1)X − 4.4(±3.9)Y2

+7.8(±2.9)YX2 − 7.6(±4.9)XY2 (3)

3 = 49.7(±1.6) + 20.4(±3.3)X + 8.7(±2.3)YX2

−12.4(±4.1)XY2 (4)
4 = 56.8(±1.5) + 18.2(±3.1)X + 3.9(±3.4)Y

+4.9(±2.1)XY + 5.0(±2.2)YX2 − 13.4(±3.7)XY2 (5)

a
r
a
w

40 min (c) and 90 min (d) of reaction. [Phenol]0 = 1 g/L; pH0 5.5; total air

Analysis of Eqs. (2)–(5) evidences relevant first-order effect
ssociated with the temperature (X) in the TOC degradation for
ll the reaction times. In contrast, the hydrogen peroxide con-
entration exhibits an almost negligible contribution during the
eaction. However, it is particularly remarkable the different sign
f terms involving both oxidant concentration and temperature.
hereas there is a clear synergistic effect of the hydrogen per-

xide concentration (Y) and high temperature (X2), a negative
ffect is evidenced in the combination of temperature (X) and
igh initial amounts of hydrogen peroxide (Y2), being this latter
ontribution more dominant. In this sense, an excess in the ini-
ial amount of oxidant, could have a negative effect in the TOC
egradation. Nevertheless, coefficients of first-order tempera-
ure (X) show the critical influence of this reaction parameter on
he phenol mineralization.

Fig. 2 shows the 3D response surfaces generated by Eqs.
2)–(5). Real numerical values for temperature and hydrogen
eroxide concentration are used in the axis of the graphics. As
t can be seen, there is a significant influence of the temperature,
llowing a relevant increase of the TOC degradation regard-
ess of the initial oxidant concentration. This enhancement is
bserved for all the reaction times although is probably more

ccentuated for initial times. Although the highest degradation
ates and final TOC conversions are achieved at 100 ◦C, temper-
tures of operation higher than this were not considered in this
ork due to the non-efficient decomposition of hydrogen perox-
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Table 2
Experimental results of the factorial design for the stability of the catalyst

Run T (◦C) (X) [H2O2] (g/L) (Y) �Fe90 min (%) (Z5)

Exp.a Calc.b

1 −1 (60) −1 (2.55) 3.23 3.22
2 −1 (60) +1 (5.10) 3.78 3.77
3 +1 (100) −1 (2.55) 6.15 6.14
4 +1 (100) +1 (5.10) 5.15 5.14
5 0 (80) −1 (2.55) 5.37 5.39
6 0 (80) +1 (5.10) 4.88 4.90
7 −1 (60) 0 (3.82) 3.56 3.58
8 +1 (100) 0 (3.82) 4.66 4.68
9 0 (80) 0 (3.82) 4.76 4.71

10 0 (80) 0 (3.82) 3.94 4.71
11 0 (80) 0 (3.82) 4.61 4.71
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Phenol]0 = 1000 ppm; pH0 5.5; total air pressure = 0.7 MPa.
a Experimental values.
b Calculated values according to Eq. (7).

de towards water and oxygen. In fact, thermal decomposition
xperiments carried out under different reaction temperatures
ith an initial hydrogen peroxide concentration of 5.1 g/L and

bsence of phenol have yielded oxidant conversions of 60% after
0 min at 120 ◦C as compared with values around 30% for 100
nd 80 ◦C. These results clearly demonstrate that temperatures
ver 100 ◦C lead to the predominant peroxide decomposition
o water and oxygen limiting the production of OH• radicals
vailable for oxidation. On the other hand, at 100 ◦C oxidant
oncentrations higher than 3.82 g/L leads to similar values of
OC conversion or even lower. The detrimental effect of more
owerful oxidant conditions is explained due to the competition
f oxidant and organic matter for the OH• radicals through par-
llel reactions (6) [24]. Thus, an increase of hydrogen peroxide
oncentration will result in an increase in the rate of the radical
cavenging which is favoured at high temperatures:

2O2 + HO• → H2O + HO2
• (6)
Although up to now, we have focused on the assessment of
he process using the TOC conversion as main response factor;
t is of great interest in this kind of processes to analyze the

t
t
T
h

ig. 3. (a) Accuracy of the predicted leaching values and (b) 3D response surface fo
otal air pressure = 0.7 MPa.
ing Journal 131 (2007) 245–256 249

nfluence of operating conditions such as temperature and oxi-
ant concentration on the stability of the catalyst. The effect of
oth variables was also studied following the same experimental
actorial design used to evaluate the activity of the catalyst in
erms of TOC conversion. In this case, the percentage of iron
eached from the catalyst after 90 min of reaction (�Fe) was
elected as response variable (Z5, Eq. (7)). Table 2 summarizes
he real and codified values, the experimental results obtained
n each experiment and the calculated values obtained from the
olynomial fitted equation (Eq. (7)):

5 = 4.71(±0.05) + 0.55(±0.05)X − 0.25(±0.05)Y

−0.39(±0.03)XY − 0.58(±0.05)X2 + 0.43(±0.05)Y2

+0.13(±0.06)YX2 + 0.52(±0.06)XY2 (7)

It can be seen in Fig. 3(a) that the values predicted by the
econd-order model agree perfectly with the experimental data.
ig. 3(b) depicts the 3D response surface obtained with Eq. (7).
ron leaching degree is shown mainly sensitive to the tempera-
ure. In contrast, the initial oxidant concentration displays a less
mportant role. It is remarkable that results of leaching degree
or all the catalytic runs used in this study are below 6.5% of the
nitial content within the catalyst, that evidences a remarkable
tability of the iron-containing catalyst. Likewise, Mössbauer
pectroscopic results of the catalyst after reaction have clearly
hown that the leaching of iron species is mainly attributed to
he ionic Fe3+ species rather than iron oxide particles [15].

Nowadays, two main hypotheses are commonly used to
xplain the instability of the iron species supported over Fenton-
ike catalysts. One of them is the acidic and oxidizing conditions
n which the reaction takes place and the other one is related to
he reactions occurring on the catalyst surface between the iron
ctive sites and oxidizable organic compounds. Both of them are
ssociated with extraction of iron ions from the catalyst to the
queous solution [25,26].

In order to elucidate if there is any relationship between

he iron leaching and the pH of the aqueous solution along
he reaction, both variables were simultaneously monitorized.
he results taken from the catalytic run carried out with initial
ydrogen peroxide concentration of 3.82 g/L and temperature of

r the iron leaching degree after 90 min of reaction. [Phenol]0 = 1 g/L; pH0 5.5;
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Fig. 5. TOC profiles of pre-treated and fresh catalyst in the CWHPO of phenolic
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ig. 4. pH and iron leaching degree profiles with reaction time. Reaction con-
itions: [Phenol]0 = 1 g/L; [H2O2]0 = 3.82 g/L; T = 100 ◦C; pH0 5.5; total air
ressure = 0.7 MPa.

00 ◦C (the most active conditions in this study) are depicted in
ig. 4. A marked decrease of the solution pH is observed for the
rst minutes of reaction. This fact is associated with the global
eneration of H+ due to the production of hydroxyl radicals in the
ypical of Fenton-like reactions scheme (reactions (8)–(11)), and
he formation of organic carboxylic acids as main by-products
f the partial oxidation of phenolic compounds (12):

e3+ + H2O2 ⇔ Fe(OOH)2+ + H+ (8)

e(OOH)2+ → Fe2+ + HO2
• (9)

e2+ + H2O2 → Fe3+ + HO− + HO• (10)

e3+ + HO2
• → Fe2+ + H+ + O2 (11)

H + HO• → H2O+R• → · · · → oxygenated compounds

+nH2O + mCO2 (12)

On the other hand, the initial decrease of the pH is accom-
anied with a noteworthy increase of the iron leaching degree,
hich keeps increasing along the reaction time. It should be

emarked that the striking decrease of pH observed for the first
0 min of reaction is going together with a remarkable TOC
emoval and H2O2 conversion just in this period of time. Simi-
ar trends were observed in all the reaction conditions. For high
eaction times, the pH almost reaches an asymptotic value as
ell as the leaching degree. The decrease of the iron leaching
egree and the catalytic activity could be attributed to the forma-
ion of carbonaceous deposits over the catalyst surface as well
s the dominant presence of refractory compounds under mild
xidizing conditions.

As it has been mentioned previously, another important
spect to be considered in the leaching of iron species is the
xidation–reduction reactions taking place on the catalyst sur-

ace by the adsorbed organic compounds [12]. The following
xperimental work was performed to determine this issue. The
atalyst was hydrothermally treated under the same reaction con-
itions used in the CWHPO (0.7 MPa of air pressure, 100 ◦C,

l
s
t
c

queous solution. Reaction conditions: [Phenol]0 = 1 g/L; [H2O2]0 = 3.82 g/L;
= 100 ◦C; pH0 5.5; total air pressure = 0.7 MPa.

.6 g/L of catalyst, 3.82 g/L of hydrogen peroxide) but in absence
f phenol and adding H2SO4 0.1N to reproduce an acid solu-
ion pH (ca. 2.9). Surprisingly, the iron leaching degree hardly
eaches 1.1% after 90 min of treatment. After that, the cata-
yst was recovered by filtration and used in a new catalytic run,
ut this time in presence of phenol. Fig. 5 shows TOC profiles
f catalytic runs carried out with pre-treated and fresh cata-
yst under reaction condition mentioned above. Similar TOC
rofiles were achieved and the iron leaching into the aque-
us solution increases significantly up to the level detected by
he fresh catalyst (ca. 4.5–4.7%). Therefore, there is no doubt
hat the presence of the organic substrate, or in other words,
he reactivity of phenol or other intermediates on the cata-
yst surface, plays an important role on the leaching of the
atalyst-supported iron. Nevertheless, the acidic and oxidizing
onditions seem also to affect to the iron stability, even thought
hey are not the predominant responsible of the iron dissolu-
ion.

As the active species leached from the catalyst can contribute
o the TOC removal by homogeneous Fenton reactions, two
istinct experiments were carried out as follows. The first one
onsisted of an indirect test of the activity of the iron ions leached
ut into the aqueous solution. In this sense, a heterogeneous
atalytic run was performed under given reaction conditions
100 ◦C and initial hydrogen peroxide concentration of 3.82 g/L)
or 90 min. The resultant solution was filtered in hot condi-
ions to remove the catalyst (note that ca. 5 ppm of iron species
as detected in the aqueous solution). Thereafter, phenol and
ydrogen peroxide were further added to set again initial con-
entrations of both of them in the filtered solution for running
new reaction. The second homogenous catalytic experiment
as carried out using directly an iron(III) chloride salt as metal-

ic source. The iron concentration dissolved into the aqueous

olution was ca. 6 ppm, a little bit more of the typical concentra-
ion found in the heterogeneous experiment. The rest of reaction
onditions were kept constant for this study.
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Fig. 6. Homogeneous catalytic tests for the degradation of phenolic aqueous
solutions, blank experiments in absence of catalyst and reactions in nitro-
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en atmosphere. Reaction conditions: [Phenol]0 = 1 g/L; [H2O2]0 = 3.82 g/L;
= 100 ◦C; pH0 5.5; total air pressure = 0.7 MPa (except experiments in nitrogen

tmosphere).

Fig. 6 illustrates the TOC conversion of both types of homo-
eneous experiments together with a blank reaction (without
atalyst) and the heterogeneous catalytic run. The evolution of
OC conversion for filtered solution evidenced a lower activ-

ty in comparison to that shown by the heterogeneous catalytic
ystem, especially at the beginning of the reaction. Thus, after
0 min of reaction, TOC conversion of filtered solution was
a. 30% whereas this value increased up to 69% for the het-
rogeneous catalyst. Moreover, it must be noteworthy that the
mount of iron species dissolved into the aqueous solution at
his initial stage for the heterogeneous system is quite lower
less than 2 ppm) than that existing during the course of the fil-
ered reaction (ca. 5 ppm). The minor activity of the iron species
issolved in the filtering solution may be accounted for the pres-
nce of stable iron organic complex with the residual carboxylic
cids remained after the first reaction [12]. Nevertheless, the
esults obtained by Fe(III) chloride indicate a small increase
f TOC conversion in comparison to the filtered homogeneous
xperiment but far from that of the heterogeneous system.

From these results, it can be demonstrated an important role
f solid catalyst in the overall catalytic performance, in par-
icular for initial reaction times, although the contribution of
omogeneous iron species in the pollutant degradation cannot be
ompletely ruled out. The benefits of homogeneous or heteroge-
eous catalytic systems are clearly evident from the comparison
ith the TOC conversion of the blank reaction.
Finally, in order to check the contribution of dissolved oxy-

en in the organic degradation, two additional experiments
nder nitrogen atmosphere has been performed in presence and
bsence of catalyst (Fig. 6). The additional reactions occurring

n presence of oxygen can be summarized as follows:

• + O2 → ROO• (13)

henol + ROO• → R• + ROOH (14)

a
p
9
3
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OOH → RO• + HO• (15)

he oxygen dissolved contributes to the formation of organic
ydroperoxyl radicals (ROO•) from organic radicals (R•) (13),
hich were initially generated in Fenton-like reactions. Subse-
uent reactions of ROO• radicals with phenol as represented
n reaction (14) and other organic intermediates will lead to
henol depletion and consequent TOC reduction and an addi-
ional source of hydroxyl radicals (15). Note that oxygen should
nhance the formation of radicals. However, catalytic results
epicted in Fig. 6 indicate that the influence of air pressure on
he rate of TOC removal is negligible under the reaction condi-
ions studied and evidence the main role of hydrogen peroxide as
xidant and precursor of reactive radicals for phenol degradation
nd organic mineralization.

.2. Influence of pH on the catalytic performance

It is well known that the optimum pH range for homoge-
eous Fenton processes is around 2.5–3.5. Therefore, this kind
f processes requires acidification of the initial solution. As pre-
ented previously, the design of heterogeneous catalysts capable
f working in a wide range of pH is currently an important
hallenge. Moreover, the effect of pH on the stability of the
ron-containing catalyst has been previously discussed. In order
o demonstrate the suitability of this heterogeneous catalytic sys-
em in a wide pH range, a new set of experiments were carried
ut at a different initial pH with and without any pH control dur-
ng the reaction. The initial pH of the phenolic aqueous solution
as modified up to values of 2.5 and 7.0 by additions of H2SO4

1.0N) and NH3 (2 wt.%) solutions, respectively. Fig. 7(a) shows
OC conversion profiles for these experiments, including the
xperiment carried out under the original pH of 1 g/L phenol
queous solution (pH0 5.5), whereas Fig. 7(b) collects the iron
eaching degree and the solution pH after 90 min of reaction.

Interestingly, the catalyst shows similar profiles of TOC
onversion regardless of the initial pH. Therefore, this novel
omposite material can be considered a pH tolerant catalyst.
he final pH values are below 3.0 in all the cases, and a lower
nal pH seems to be associated with a higher iron leaching.
ith initial pH of 2.5, the final pH is about 2.4, and the leaching

egree reaches up to 6.5%, whereas in the other cases, the final
H is about 2.9, with an iron leaching degree below 5.0%. These
esults suggest that a control of the pH of the media could prevent
he leaching of the iron species. With the purpose of proving this
heory, different KH2PO4/K2HPO4 buffer solutions were used
o adjust and control the pH during the reaction. Phenolic aque-
us solutions buffered at pH 3.9, 4.5 and 5.3 were studied. Fig. 8
llustrates the profiles of TOC conversion, pH and iron leach-
ng degree as well as distribution of degradation products after
0 min of reaction.

The buffer solution limits the evolution of the pH in the reac-
ion media, and it has an outstanding influence on the activity

nd stability of the catalyst. A high TOC conversion and com-
lete degradation of aromatic compounds were achieved after
0 min of reaction when the solution pH was buffered between
.9 and 3.4. Note that quite similar results were obtained by
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ig. 7. Influence of the initial pH on (a) the TOC conversion and (b) the stability o
otal air pressure = 0.7 MPa.

on-buffered catalytic experiment. In contrast, it is remarkable
lower degradation rate of TOC, with the presence of resid-

al aromatic compounds in the aqueous medium after 90 min
f reaction, when the pH was maintained around 4.4–4.2 or

.3–5 (Fig. 8d). Looking at the stability of the catalyst, a strong
eduction of the iron leaching for the experiments buffered at
H ranges higher than 4 is evidenced. The control of the pH

h
t
w

ig. 8. Influence of the addition of different buffered solutions on: (a) and (d) the activ
atalyst. Reaction conditions: [Phenol]0 = 1 g/L; [H2O2]0 = 3.82 g/L; T = 100 ◦C; total
arboxylic acids include oxalic, acetic and formic acids.
atalyst. Reaction conditions: [Phenol]0 = 1 g/L; [H2O2]0 = 3.82 g/L; T = 100 ◦C;

bove 4 is a good method for preventing the leaching of the iron
pecies, but at the expense of a decrease of activity. All these
esults evidence a clear relationship between pH, TOC degra-
ation and catalyst stability for CWHPO processes. A plausible

ypothesis of the interaction of these terms could be explained
aking into account that a high TOC degradation rate is achieved
hen the pH decrease up to values lower than 4.0. Likewise, as

ity of the catalyst (b) evolution of the pH and (c) stability of the heterogeneous
air pressure = 0.7 MPa. Aromatics include phenol, cathecol and hydroquinone;
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ig. 9. General reaction scheme proposed for CWHPO of phenolic aqueous solu
urface and (b) reactions in the bulk liquid phase.

esult of a higher extension of the oxidation reactions of soluble
rganic molecules over the catalyst surface, an increase of the
etal leaching could be expected.

.3. Reaction scheme for the catalytic wet peroxidation of
henolic aqueous solutions over an heterogeneous
e2O3/SBA-15 Fenton-like catalyst

From the results shown in this work, a reaction scheme for
he heterogeneous Fenton-like oxidation process of a phenolic
queous solution can be proposed. This reaction scheme involves
everal parallel processes (Fig. 9).

In a first step, reduction–oxidation reactions between
e(III)/Fe(II) take place in presence of hydrogen peroxide,
romoting the formation of reactive hydroxyl (HO•) and
ydroperoxyl (HO2

•) radicals. In parallel, organic compounds
uch as phenol will be adsorbed over the catalyst surface, much
ore probably in the vicinity of iron active ions, although

dsorption over other sites should not be ruled out. The hydroxyl
adicals (HO•) generated by decomposition of hydrogen perox-
de can oxidize either organic compounds adsorbed over the
ilica SBA-15 support or additionally soluble organic com-
ounds in the surroundings of catalyst surface or even in the
ulk liquid phase. It has been reported that other oxygenated
pecies such as HO2

•, O2
• or organic peroxyl radicals can be

lso involved in the degradation of organic compounds over the

atalyst surface [12]. The degree of mineralization and chemical
omposition of by-products coming from the partial oxidation
f phenol will depend on the reaction conditions. Finally, oxy-
enated intermediates can be desorbed into the aqueous solution.

(
a
o
l

over the nanocomposite Fe2O3/SBA-15 catalyst. (a) Reactions over the catalyst

Santos et al. have demonstrated that the composition of the
eaction medium has a critical influence in the leaching of the
etallic species supported over heterogeneous catalysts in wet

ir oxidation processes [26]. This is attributed to the formation
f stable metallic organic complexes with the supported iron
pecies. Some of them undergo their own extraction from the
atalyst surface when oxidation by-products are desorbed. In
his sense, in CWHPO processes, this mechanism is supposed
o be responsible of the partial iron dissolution which can acts as
omogeneous source of iron ions to enhance the overall catalytic
erformance.

In addition to the general proposed reaction scheme, parallel
eduction–oxidation reactions of immobilized iron species can
e responsible of part of the activity and stability of the hetero-
eneous catalyst, even in absence of hydrogen peroxide as it is
epicted in Fig. 10. In fact, iron(III) ions have been reported
o be effective oxidants for the direct degradation of phenol or
ntermediates of reaction [27]. These secondary reactions have
een confirmed from the results obtained in a catalytic experi-
ent carried out in absence of hydrogen peroxide at 100 ◦C (ca.

% of TOC conversion).

.4. Regenerability and reusability of the heterogeneous
atalyst

Catalytic run over the used catalyst without any treatment

1 g/L of phenol, 3.82 g/L of H2O2, 100 ◦C, initial pH of 5
nd total air pressure of 0.7 MPa) yielded a TOC conversion
f just 12% after 10 min of reaction evidencing a remarkable
ower degradation rate as compared with the fresh catalyst
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Fig. 10. Parallel reactions in absence of oxidant.
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ig. 11. (a) TOC degradation and (b) stability of iron species after subsequent re
.5; total air pressure = 0.7 MPa.

TOC conversion of ca. 65% after 10 min of reaction, Fig. 11).
hese catalytic results evidence that the presence of residual
rganic compounds adsorbed over the catalyst surface during
he reaction has a negative effect in its reusability in subse-

uent reactions. However, when the catalyst was reused after
n intermediate calcination step in air at 450 ◦C during 3 h
first run) the catalytic activity was almost restored, evidenc-
ng the most significant differences at the initial reaction times

a
i
c
c

ig. 12. Contribution of degradation products over the residual TOC in several recycli
= 100 ◦C; total air pressure = 0.7 MPa. Aromatics include phenol, cathecol and hydr
s. Reaction conditions: [Phenol]0 = 1 g/L; [H2O2]0 = 3.82 g/L; T = 100 ◦C; pH0

Figs. 11(a) and 12). On the other hand, a remarkable decrease of
he ion species leached out to the aqueous solution (Fig. 11(b))
s readily observed. This fact indicates that the most un-stable
ron species (mainly Fe+3 ionic species) have been dissolved

nd lost during the first reaction. Further reuse of the catalyst
n a second regeneration cycle (second run) has led to a lower
atalytic activity as compared with the fresh and the first cycle
atalyst. Note that all the catalysts yielded a similar TOC con-

ngs of the catalyst. Reaction conditions: [Phenol]0 = 1 g/L; [H2O2]0 = 3.82 g/L;
oquinone; carboxylic acids include oxalic, acetic and formic acids.
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ersion and the complete absence of aromatic compounds after
0 min of reaction.

A possible explanation of the loss of activity when the cat-
lyst is reused after thermal regeneration could be attributed to
ifferent reasons. One of them is that physicochemical prop-
rties of mesoporous SBA-15 support could be affected by
he successive regeneration cycles, producing changes in the
dsorption capability for the organic compounds. In fact, tex-
ural properties of the catalyst after the first regeneration cycle
ept similar to those of the fresh catalyst (BET surface area
f 449 m2/g and total pore volume of 0.61 cm3/g), but the sec-
nd regeneration cycle yielded a clear decrease of surface area
nd pore volume of the catalyst after thermal treatment (BET
urface area of 259 m2/g and total pore volume of 0.37 cm3/g).
ther important point is the iron concentration detected into

he aqueous solution for each catalytic run. Although the role
f heterogeneous catalyst has been clearly demonstrated in the
revious part of the work, the contribution of homogeneous reac-
ions was not ruled out. Thus, the decreasing of iron leaching
or second and third run should influence on the overall cat-
lytic performance undoubtedly. Finally, it must be remarked
hat oxidation-regeneration cycles of the catalyst can modify
ot only the textural properties of the mesostructured sup-
ort but also the nature and environment of the iron active
pecies.

. Conclusions

A solid catalyst consisting of a crystalline Fe2O3/SBA-15
anocomposite exhibits a high degradation rate for the min-
ralization of phenolic aqueous solutions in a wide range of
H and using moderate amounts of oxidant. A TOC degra-
ation over ca. 75% has been achieved at 100 ◦C, hydrogen
eroxide concentration of 3.8 g/L (75% of the stoichiometric
mount necessary for the complete mineralization of the ini-
ial phenol concentration) and without any acidification of the
eaction medium. This activity is accompanied with a remark-
ble stability of the iron oxides supported on the silica support.
he reactivity of organic substrates with iron active sites over

he catalyst surface seem to be the most important factor in
he leaching of metal ions to the aqueous solution. The study
f several operating variables in this process (temperature,
nitial hydrogen peroxide concentration and pH of the aque-
us solutions) has allowed proposing a schematic view of the
eactions involved in the CWHPO process. The role of the
eterogeneous catalysts in the adsorption of the organic com-
ounds and subsequent degradation over the solid surface has
een demonstrated, leading to a remarkable enhancement of
he overall catalytic performance as compared with homoge-
eous processes. Nevertheless, the contribution of homogeneous
eactions due to the iron ions dissolved from the catalyst is
lso evidenced. Finally, the thermal regeneration of catalyst
nd successive reutilizations have led to final TOC conversions

lose to that obtained by the fresh catalyst and the complete
emoval of phenol. Further research is currently addressed for
he application of this novel catalyst in a continuous fixed bed
eactor.
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