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Abstract

Crystalline Fe2O3 and CuO particles  have been incorporated into surfactant-templated 

SBA-15  materials  by  direct  synthesis.  Activity  and  stability  of  this  material were 

evaluated on the wet peroxide oxidation of phenol under mild reaction conditions. Its 

catalytic  performance  was  monitored  in  terms  of  total  organic  carbon  (TOC) 

conversion.  The stability was determined by careful measurements of metal leaching 

into the aqueous solution. The presence of copper prevents the leaching of iron species 

and  increases  TOC  degradation  as  compared  with  those  materials  containing  only 

crystalline Fe2O3  particles. Moreover, the treatment of iron-copper composite materials 

under controlled acidic conditions in the presence of hydrogen peroxide leads to the 

stabilization of metallic species, maintaining TOC degradation rates similar to the fresh 

catalyst.  Thus,  this  work  introduces  a  new  material  with  interesting  properties  as 

Fenton-like  catalysts  in  advanced  oxidation  processes  for  pollutant  abatement  in 

wastewaters.
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1. INTRODUCTION

Since  the  discovery  of  mesostructured  materials  [1]  these  well-controlled 

nanostructures have been subject of great interest  due to their potential applications as 

adsorbents  and  catalysts. The  deposition  of  catalytically  active  nanoparticles  on 

supported materials with high dispersion is an important and effective strategy for the 

design of novel catalysts [2]. Ordered mesoporous materials with their intrinsically high 

surface areas are particularly well suited for this purpose.

Catalytic homogenous systems based on the Fenton reagent are widely applied for 

the treatment of wastewater [3-7]. But the major drawback of such systems is the strict  

pH in which  the iron species are active,  as well as the difficulty in catalyst  recovery 

from the final effluent, which requires additional separation operations that increase the 

cost of the process. In this context, development of supported Fenton-type catalysts is 

recently gaining much more importance in these oxidation technologies. A wide number 

of studies  have been reported in the literature describing the immobilization of iron 

species  over  different  inorganic supports,  such as  zeolites  [8-12],  clays  [13-14]  and 

mesostructured materials [15-16]. 

Highly active photocatalysts have been already described in literature based on the 

incorporation of titania over the mesoporous material surface [17-18]. Herein, we report 

novel type of composite materials consisting of crystalline particles of Fe2O3 and CuO 

supported over organo-templated mesoporous SBA-15 silica. These materials exhibit an 

outstanding activity and stability  in the wet peroxide oxidation of phenol in aqueous 

solutions as Fenton catalyst using a judicious amount of hydrogen peroxide. 
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2. EXPERIMENTAL SECTION

2.1 Samples preparation 

Iron-containing SBA-15 mesostructured material (denoted as S-1) was prepared by 

co-condensation of iron (FeCl3•6H2O; Aldrich) and silica (tetraethoxysilicate,  TEOS; 

Aldrich) sources under acidic conditions (HCl, 1.9M) and templated with Pluronic 123, 

as described elsewhere [19]. The procedure was slightly modified changing the ageing 

pH to 3.5 by addition of appropriate amount of ammonia aqueous solutions, with the 

purpose  of increasing the incorporation of iron species  by partial  formation of non-

soluble iron  oxy-hydroxides. Thereafter, the mixture was aged at 110ºC for 24 hours 

under static conditions. The resultant solid was recovered by filtration and air dried at 

room  temperature  overnight.  The  crystallization  and  template  removal  was 

accomplished by a thermal  treatment  in air  at 550ºC for 5 hours. Copper-containing 

SBA-15  material  was  prepared  following  the  same  synthesis  route,  but using 

CuCl2·2H2O as copper precursor, and it was denoted as S-2. Finally, a composite of iron 

and copper oxides supported over mesostructured SBA-15 material (denoted as S-3) 

was prepared following the above-mentioned procedure using a Cu/Fe molar ratio of 2.8 

in  the  starting  synthesis medium  and  the  same iron  content  than  that  used  in  the 

preparation of S-1 sample. For blank reactions, pure silica SBA-15 material (denoted as 

S-0) was synthesized following a procedure described elsewhere [20]. 
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2.2 Characterization of the samples

Characterisation of the samples was performed by different conventional techniques. 

X-ray powder diffraction (XRD) data were acquired on a Philips X-Pert diffractometer 

using Cu Kα radiation. The data were collected from 2θ ranging from 0.5 to 90º with a 

resolution  of  0.02º.  Nitrogen  adsorption  and  desorption  isotherms  at  77  K  were 

measured  using  a  Micromeritics  Tristar  3000  System.  Transmission  electron 

microscopy  (TEM)  microphotographs  and  energy-dispersive  X-ray  (EDX) 

microanalysis were carried out on a Philips Tecnai-20 electron microscope operating at 

200 kV. Iron and copper content of the synthesised samples was measured by means of 

Atomic  Emission  Spectroscopy  with  Induced  Coupled  Plasma  (ICP-AES)  analysis 

collected in a Varian Vista AX system. 

2.3 Catalytic experiments

Catalytic wet peroxide oxidation of phenol was conducted in a pressurized 100 mL 

glass autoclave reactor under continuous mechanical stirring (350 rpm). The appropriate 

amount of catalyst was initially suspended in water (0.6 g/L) and placed into the glass 

reactor. The experimental set-up was pressurised with air up to 1MPa with the purpose 

of keeping the reaction mixture in liquid phase. Thereafter, the water containing catalyst 

was heated up to 100ºC, then adding the required amount of H2O2 and phenol (5.1 and 

1.0 g/L, respectively). The pH of the reaction mixture was not buffered starting from an 

initial value of 5.5 which decreases gradually with the course of the reaction. Aliquots 

were withdrawn during the reaction course at selected reaction times, filtered by means 

of 0.22  µm nylon membrane at  reaction temperature and cooled down before being 

analysed. Residual total organic carbon (TOC) content of the solutions after reaction 
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was analysed using a combustion/non dispersive infrared gas analyser model TOC-V 

Shimadzu. Iron content in the filtered solution after reaction was measured by ICP-AES 

analysis collected in a Varian Vista AX system.

3. RESULTS AND DISCUSSION

3.1 Catalysts properties

Table  1  summarizes  the  main  physicochemical  properties  of  the  synthesized 

composite materials. 

Table 1. Physicochemical properties of synthesized materials after calcination

Samples Textural properties Bulk composition (weight %)
SBET (m2 g-1) Vp (cm3 g-1)a Fe (%) Cu (%)

S-0

S-1

S-2

S-3

700

468

540

495

0.92

0.65

1.10

0.65

-

16.0

-

12.2

-

-

20.0

7.5
a Total pore volume measured at P/Po: 0.99

X-ray diffraction patterns of different samples are shown in Figure 1 a. In the small 

angle range (2θ=0.5-5 º), the XRD patter of pure SBA-15 shows three well-resolved 

peaks that can be indexed as (1 0 0), (1 1 0) and (2 0 0) diffractions associated with 

p6mm hexagonal symmetry [20]. A decrease of peak intensities is noticeably observed 

as a result of the incorporation of iron and copper species, although all three reflections 

are still detectable. At higher angles (2θ=20-90 º) the presence of crystalline entities is 

clearly observed.  Typical diffractions associated to iron crystalline phases as hematite 

are shown by S-1 sample as well as two clear peaks attributed to CuO crystalline phases 
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are exhibited by S-2 sample. S-3 sample displays both types of crystalline oxides as 

inferred from its high angle XRD pattern. 
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Figure 1. (a) XRD patterns and (b) nitrogen adsorption isotherms of calcined 
samples

The high mesoscopic ordering of the composite materials is confirmed by nitrogen 

adsorption experiments depicted in Figure 1 b. The calcined materials have a sharp step 

at P/Po 0.6-0.8 demonstrating that they have uniform mesopores. Nevertheless, data in 

Table  1  clearly  indicates  that  the  presence  of  crystalline  entities  affect  textural 
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properties of the SBA-15 material  (specific surface area and pore volume).  Figure 1 

shows  that  the  addition  of  crystalline  entities  to  mesostructured  materials  does  not 

interfere the formation of mesoporous silica, but it disturbs the hexagonal ordering in 

some extent.

In  order  to  obtain  more  information  about the  structure  of  the  sample,  TEM 

microphotographs of the three samples were carried out. The images depicted in Figure 

2 clearly show the presence of  darker areas which are associated to crystalline oxides 

embedded within the well-ordered mesostructure.  Local EDX analysis  of these areas 

reflects metal contents higher than those determined for the bulk composition by ICP. 

This fact makes evident the agglomeration of iron and copper oxy-hydroxides to form 

large metallic clusters.  Unlike S-1 sample (iron containing SBA-15 material), particle 

size of metallic oxides for S-3 are quite small. The presence of copper species could 

prevent a massive agglomeration of iron oxy-hydroxides which would lead to large iron 

oxide particles after calcination. Concerning S-2 sample, copper oxides seem to be more 

uniformly deposited over mesostructured SBA-15 silica material, although broad dark 

zones can be also observed. 
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Figure 2.  TEM images of different composite materials

Figure 3 a. shows the activity of the nanocomposite materials in  the wet peroxide 

oxidation of phenolic aqueous solutions in terms of TOC removal. A pure silica SBA-

15  material  was  also  tested  as  blank  reaction.  As  illustrated  in  Figure  3  a.  the 

nanocomposite  materials  showed  faster  degradation  rates  than  the  silica  SBA-15 

material. In other words, the presence of crystalline iron and copper species within the 

mesoporous silica enhanced the mineralization of organic molecules such as the phenol 

or the by-products coming from the partial oxidation of phenol. Nevertheless, the rate of 

TOC degradation is strongly dependent on the kind of crystalline species, being copper-

containing materials more active. This fact is consistent with the high activity reported 

in the literature for copper oxides among other oxides for the catalytic  oxidation of 

organic  water  pollutants  (phenol,  formic  acid,  acetic  acid,  chloro-phenols,  nitro-

phenols,..) [21-22]. 

An important point in the design of heterogeneous catalytic systems for advanced 

oxidation processes is the resistance of metal species to be leached into the aqueous 

solution  under  the  oxidant  and  acidic  conditions  in  which  these reactions  usually 
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proceeds. Figure 4 a. shows the percentage of metal leached from the catalysts after 90 

minutes of reaction as well as the metallic concentration in the aqueous solution. Data 

indicate that iron species are more resistant to be leached out than copper. Interestingly,  

the presence of copper seems to stabilize iron species as concluded from the leaching 

results obtained for S-3 sample. 
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Figure 3. TOC degradation (a) fresh and (b) reused catalysts

As  mentioned  previously,  some  metallic  leaching  was  experienced  for  the  three 

samples.  To  ascertain  the  stability  of  the  catalysts,  additional  experiments  were 

performed  recovering  the  catalysts  after  reaction  and  using  it  again  under  similar 

operation conditions. Prior to be used in a second run, catalysts  were dried in air at 

110ºC, and calcined in air at 550ºC during 5 hours. The catalytic performance depicted 

in Figure 3.b shows that reused S-1 and S_2 samples present lower initial reaction rates 

than those corresponding to the fresh catalysts. However, after 90 minutes of reaction, 

similar TOC values were achieved. The differences between fresh and reused catalysts, 

in  particular  for the early stages of phenol  oxidation might  be related with changes 
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occurring in the metallic environments during the first run. Interestingly, reutilisation of 

S-3 sample leads to a significant improvement of catalyst activity.  For instance, after 20 

minutes  of  reaction  the  TOC degradation  was  ca.  80  %  as  compared  to the  65  % 

achieved with the fresh catalyst for the same period  of time.  This increase of activity 

suggests that the acidic and oxidative conditions in which the reaction takes place, could 

alter in some way the structure of the catalyst  providing a better accessibility of the 

reactants to the metallic active sites. On the other hand, data in Figure 4 b. evidence an 

enhancement of stability for the reused catalysts,  being more accentuated for copper 

species. In the particular case of reused S-3 sample, the improvement of stability (hardly 

4 ppm of both iron plus copper after 90 minutes of reaction) is produced in parallel with 

an outstanding increase in catalytic  performance (TOC removal  over 90 % after  90 

minutes of reaction).
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Figure 4. Stability of (a) fresh and (b) reused catalysts. Percentage of metal leached 
from the catalyst after 90 minutes of reaction and resultant metal concentration in 

aqueous solution (ppm).

Previous catalytic results with fresh and reused S-3 samples seem to demonstrate the 

effective role of acidic and oxidizing conditions of reaction for the removal of labile 

metallic species as pre-treatment with the purpose of increasing stability. In this way, an 
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additional experiment was carried out using a pre-treated S-3 catalyst.  Prior to be used 

for the wet peroxide oxidation of phenol, catalyst was  hydrothermally treated with an 

aqueous solution  of  sulphuric  acid  (pH ca.  2.5)  and hydrogen  peroxide  (5.1 g/L of 

oxidant per 0.6 g/L of catalyst) at 100 ºC for 90 minutes. Thereafter, the S-3 catalyst 

was recovered by filtration, dried, and calcined  as it was above-mentioned. The mass 

composition of the catalyst after treatment was 12.1 wt. % Fe and 6.0 wt. % Cu that 

means a negligible leaching of iron species and a loss of copper of ca. 20 %.  This loss 

of metal species is in the same magnitude of those obtained for the fresh catalysts in a 

first run under similar reaction conditions, but in the presence of phenol (see Figure 4. 

a).  A  comparative  study  between  fresh,  reused  and  pre-treated  S-3  sample in  the 

degradation  of  phenolic  aqueous  solution  is depicted  in  Figure  5  a.  Likewise,  the 

reaction  with  the  pre-treated  S-3  sample  was  repeated  twice  with  the  purpose  of 

checking the repeatability of the results obtained with our reaction system. Figure 5 

shows the excellent reproducibility in terms of TOC conversion evidencing the accuracy 

of results shown in this contribution.

The curves of TOC degradation show a similar catalytic behaviour for the fresh S-3 

catalyst and the pre-treated sample, even though a marked enhancement of stability is 

observed for the latter  one.  However,  the relevant  differences observed between the 

catalyst  used after a fist  run and the catalyst  pre-treated under strong oxidizing and 

acidic conditions reveal an important role of the phenol in the catalyst properties. It is 

well known that the remarkable activity of Fenton reagent is attributed to the formation 

hydroxyl  radicals  which  enable  the  oxidation  of  organic  molecules.  Recent  studies 

carried  out  for  the  quantification  of  oxygenated  radicals  HO• and  HO2
• by  ESR 

spectroscopy using a iron containing pillared clay in wet peroxide oxidation processes 
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[23]  have  evidenced that  the  potential  activity  of  heterogeneous  catalysts  should be 

related not only to the formation of these oxygenated radicals but also to the ability to 

adsorb on its surface phenol and other intermediate reaction products, favouring then 

their  reaction  with oxygen species  formed by activation of hydrogen peroxide.  This 

hypothesis  supports  the  idea  that  the  presence  of  organic  molecules  may affect  the 

properties of catalyst surface and of course, that the particular structure of the catalyst 

will play an important role on the overall catalytic performance. In this sense, further 

research  must  be  addressed  to  understand  the  chemical  reactions  that  occur  in  the 

presence  of  organic  molecules  in  the  enhancement  of  catalytic  properties  for  S-3 

sample,  optimizing  the  hydrothermal  treatment  needed  to  manage activities  even 

superior to the fresh catalyst.

0 20 40 60 80 100

0

20

40

60

80

100

0

1

2

3

4

5
(b)(a)

 

 

X TO
C (

%
)

tr (min)

 Fresh 
 Reused
 Pre-Treated 1st

 Pre-Treated 2nd

 Filtered solution

90´ 90´ 10´ 
FilteredReusedPre-treatedPre-treated

 p
pm

 Iron
 Copper

 

 

 

Figure 5. (a) Catalytic performance of S-3 sample after different treatments and 
contribution of dissolved metal species in the WPO process (b) Concentration of 
metallic species after different reaction times and in the filtered aqueous solution

As the leaching of active species  could play an important  role  on the CWPO of 

phenol further catalytic studies were carried out as follows. The resultant solution after 

90  minutes  of  reaction  using  pre-treated  S-3  sample  as  catalyst  was  filtered  in  hot 

conditions  to  remove  the  catalyst.  Thereafter,  phenol  and  hydrogen  peroxide  were 
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further added to return then to the initial  concentrations for running a new reaction. 

Figure 5 shows the TOC conversion of the filtered solution compared with that of S-3 

sample after different treatments. The evolution of TOC conversion for filtered solution 

evidenced a lower initial  activity in comparison to that shown by the heterogeneous 

systems in special with the reused catalyst.  Moreover, it is noteworthy that the level of 

metallic species dissolved into the aqueous solution at this initial stage for heterogenous 

systems (see Figure 5 b) is lower than that existing during the course of the reaction 

using the filtered solution.  The positive effect of the heterogeneous catalyst could be 

related, as above-mentioned, with the ability of the solid catalyst to adsorb on its surface 

the phenol and organic intermediates favouring the reaction with oxygen species formed 

by hydrogen peroxide activation. 

In conclusion, conveniently treated nanocomposite of mixed Fe2O3 and CuO particles 

and  mesostructured  SBA-15  materials  are  promising  catalysts  for  the  treatment  of 

phenolic  aqueous  solutions  by  wet  peroxide  oxidation  processes.  Optimization  of 

treatment conditions of the catalyst are currently under investigation with the purpose of 

increasing the stability of Cu and Fe species maintaining a high organic degradation 

rate.
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