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A B S T R A C T

SBA-15 nanocomposites were synthesized using different sources of iron by direct hydrothermal synthesis.
Various characterization techniques including X Ray Diffraction (XRD) at low and high angle, UV–vis diffuse
reflectance spectra (UV–vis DRs) and Temperature Programmed Reduction (TPR) were conducted. The metal
speciation in the solids was different depending on the used source of iron.

The synthesized materials were evaluated in a heterogeneous Fenton process applied to the degradation of
aqueous solutions of a commercial drug, acetaminophen (ACE). The catalyst synthesized with ferric sulphate
showed the best activity which can be attributed to the presence of more isolated Fe3+ ions stabilized and
accessible to reactant molecules.

Using the best catalyst, the influence of pH, catalyst initial concentration and temperature on the pollutant
degradation process was studied. A maximum degradation (90.8% in a reaction time of 120min) was achieved
with an initial catalyst concentration of 1000mg L−1 at pH=4.5 and 30 °C. In addition, under these conditions
iron species leaching from the catalyst was very low, ensuring the heterogeneity of reaction, stability and
possibility of catalyst reuse. Finally, this method may be very effective for pharmaceutical effluent treatment and
be used in the acetaminophen industry.

1. Introduction

The pharmaceutical Industry is an area of continuous growth in
Argentina. Its turnover grew 250% in the last decade and its partici-
pation in the GDP (Gross Domestic Product) is around 1%. Thus,
Argentina is among the leading countries in the world, with a large
percentage of medicines (50%) produced by National Capital compa-
nies. In addition, this industry, which is one of the most value-added in
the market, represents 5% of the total exports of country [1].

The pollution of the environment by drug residues is a constant
phenomenon. Excretion, along with uncontrolled discharging during
the manufacturing, inadequate disposition of effluents or waste and
disposal of surplus medicines from homes and veterinary applications,
are the main ways by which pharmaceutical products are carried to the
water bodies [2]. The medicines are pharmacologically active sub-
stances designed for a specific action. When they reach the bodies of
water, by different ways, the conventional treatment that the pur-
ification plants generally apply, are not efficient enough to remove it in
their totality and as a result, these substances reach the drinking water

causing long-term adverse effects [3–5].
Acetaminophen (ACE, N-(4-hydroxiphenyl)acetamide)) is one of the

best-selling drugs in Argentina, because it is widely used as an an-
algesic, anti-inflammatory and antipyretic. Although, it has been found
in European wastewater treatment plants in concentration of 6 μg L−1,
high concentrations (between 0.08 and 13.8mg L−1) have been de-
scribed in the literature for different effluents [6]. In addition, its
transformation into toxic compounds during chlorination in wastewater
treatment plants has been well described by Bedner and Maccrehan [7].
Considering the potential impacts of this pharmaceutical product, their
removal from wastewater before discharge is highly recommended.

In this context, alternative treatment technologies should be con-
sidered. In recent years, considerable interest has been directed toward
the application of advanced oxidation processes (AOPs) for the removal
of this type of pharmaceutical contaminants from water [8,9]. The
AOPs, involve the generation of highly reactive chemical species (•OH)
capable of oxidizing a wide variety of organic compounds.

Within AOPs, the Fenton process generates these radical species
through the use of iron and hydrogen peroxide (H2O2) as an oxidizing
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agent. This process is well known as an environmentally compatible
alternative to improve the biodegradability of a recalcitrant wastewater
[10–12], generating H2O and O2 on by products [13].

On the other hand, having objective the development of new sus-
tainable processes, researchers from around the world have been
making efforts for a long time to change the catalytic systems con-
ventionally in homogenous phase by its peers in heterogeneous phase.
Because it well knows, the homogeneous Fenton oxidation suffers from
a few drawbacks [14–16]. To overcome these drawbacks an adequate
solution seems to be the use of heterogeneous catalysts in the so-called
heterogeneous Fenton-like oxidation, which also might avoid the initial
acidification.

The mesoporous silicates with long-range structural arrangements,
such us molecular sieves SBA-15, are emerging as interesting alter-
natives for the development of these heterogeneous catalysts. The most
interesting of these sieves is the versatility they present for the func-
tionalization according to the activity for which they are designed.
There are lots of reports where modified silicates are synthesized for
their application in the fields of absorption, catalysis and separation
among others [17,18]. Particularly, the synthesis of mesoporous ma-
terials modified with the (Fe) iron is interesting because this metal can
give the material a series of unique properties. Therefore, with the aim
of developing materials with high catalytic performance, it’s very in-
teresting to incorporate highly stable iron species on the surface of SBA-
15 type sieves.

The Fenton process has several advantages compared with others
AOPs such as the hydrogen peroxide is readily available, simple to
store, safe to handle, and non-aggressive to the environment. Moreover,
the heterogeneous Fenton process provides an easy separation and re-
covery of the catalyst from the treated wastewater. Because of this,
these immobilized Fenton systems provide the possibility of working in
a wider pH range. Thus, obvious technological and environmental
benefits [19,20] for this AOP include a net cost reduction of the
treatment process and furthermore, it is not necessary to employ an
energy source in the process, a fact that can further reduce the opera-
tional cost of the treatment.

Therefore, contemplating that this process does not require light, it
could be feasible to support these materials in monolithic structures
[21], in order to implement a continuous process with the industrial
advantages that this entails. This contribute to optimize production
processes and achieving an economic and environmental sustainability

Thus, in this work we propose to synthesize molecular sieves of type
SBA-15 and modify those using different sources of Fe in order to study
their catalytic activity in heterogeneous Fenton oxidation processes. In
this way, we analysed the distribution of the metallic species generated
on the solids as a function of the different sources of Fe and correlated it
with their catalytic behaviour. Then, taking the most active material,
the optimization of the main variables of the Fenton reaction system on
heterogeneous phase (catalyst amount, pH and temperature) was car-
ried out. For this, the degradation of a complex organic molecule dif-
ficult to biodegrade and usually found in industrial and domestic ef-
fluents, such as acetaminophen, was considered.

2. Materials and methods

2.1. Synthesis

Fe modified SBA-15 molecular sieves were synthesized by direct
incorporation of metal precursor in the synthesis gel. Pluronic P123 was
used as the structure-directing agent, which was dissolved in a 2M HCl
solution under stirring at 40 °C. Then, the iron precursor, FeCl3.6H2O or
Fe2(SO4)3.xH2O was added to the solution following the Si/Fe molar
ratio of 20 and the stirring was maintained for 30min. Then silicon
source, tetraethoxysilane (TEOS), was added dropwise to this solution
and kept under stirring at 40 °C for 4 h. The pH of this mixture was
adjusted to 3.5 with an aqueous ammonia solution (30 wt. %). After the

pH stabilization the stirring was maintained 30min and then the gel
was aged without stirring at 40 °C for 20 h and at 80 °C for 48 h. The
obtained solid was recovered, washed and dried at 60 °C. Finally, the
organic template was removed submitting the solid to a calcination
process (heating rate 1 °C/min until 500 °C, maintaining this tempera-
ture for 8 h). The materials were named: Fe-SBA-15(20)x, where 20 is
the Si/Fe molar ratio and “x” indicates the incorporated metal pre-
cursor. For comparative purposes the pure SBA-15 was synthetized
following the same procedure, but without incorporation of metal
source and without the step of pH adjustment.

2.2. Chemicals

Acetaminophen (C8H9NO2,≥99%, Sigma-Aldrich) was employed as
the model pollutant. The experiments were performed employing re-
agent-grade hydrogen peroxide (H2O2, 30% w/v, Ciccarelli p.a.) and
concentrated sulphuric acid (95–98% Pro-analysis, Ciccarelli p.a.) for
pH adjustment. The treated solutions were neutralized by NaOH (re-
agent grade, Ciccarelli p.a.) and methanol purchased from Carlo Erba
(RPE) was employed as a quenching solution. Analytical standards for
chromatography analyses were purchased from Sigma-Aldrich.

2.3. Experimental setup and procedure

ACE degradation was performed in an isothermal cylindrical batch
reactor. A scheme of the experimental device is shown in Fig. 1. The
system included a magnetic stirring to provide good mixing conditions
and to ensure the adequate suspension of the catalyst in the reaction
medium. Also, the experimental setup had a thermostatic bath con-
nected to a temperature controller to keep the temperature constant
during the reaction, a liquid sampling device, a thermometer and a pH
control. Finally, the entire system was covered to obtain the darkness
required in the Fenton reaction.

Experimental runs began when the suspended catalyst in ACE
aqueous solution was stirred, for 60min in order to reach the adsorp-
tion/desorption equilibrium. Previously, sulphuric acid is added to
adjust the pH of the medium to the desired value. After this adsorption
period, the required amount of H2O2 solution as oxidizing agent was
added and the first sample was withdrawn (reaction time equal to zero)
to start the Fenton reaction. It should be noted that, in all the cases,
adsorption less than 10% of ACE was observed on the solid catalyst.

The suspension volume employed in all of the experiments was
0.25 L. Runs lasted 240min, and liquid samples were taken at equal
time intervals. The measured pH of the suspension was evaluated ex-
perimentally so that this value remains almost constant throughout the
runs. The experimental runs were performed at different temperatures
(20 °C and 30 °C). The initial concentration of the pollutant was
20mg L−1, which is the value expected in wastewater to be treated. The
stoichiometric amount of H2O2 required for the total oxidation of
acetaminophen was calculated based on the following equation:

C8H9NO2 + 21H2O2→8CO2 + HNO3 + 25H2O

Fig. 1. Diagram of reaction system.
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The degradation percentage, as the criteria of process efficiency,
was calculated by Eq. (1).

=
−

×Degradation
C C

C
(%) 100ACE

t
ACE
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Where CACE
t0 and CACE

tf are the ACE concentration at initial (t0, after
adsorption desorption equilibrium) and final time (tf), respectively, (mg
L−1). Then, with the purpose of considering the mineralization of the
commercial drug, the conversion of the total organic carbon (TOC)
should be evaluated (Eq. (2)).
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Here TOC represents the concentration of the total organic carbon as a
function of time.

The goal is to achieve a total degradation of acetaminophen and the
higher possible mineralization.

2.4. Analysis of aqueous solution samples

Samples were taken at equidistant time intervals and pre-filtered
through 0.22 μm syringe filters (25mm, Millipore). The concentration
of ACE was determined using an HPLC (Perkin Elmer) with a UV–vis
detector (Series 200) at detection wavelength of 242 nmA reverse
phase column (Waters, C-18) was used with an isocratic mixture of
acetonitrile (60%) and water (40%) as the mobile phase (flow rate 1mL
min−1) at a temperature of 30 °C. The limit of detection (LoD) for ACE
was determined to be 1.05mg L−1. The hydrogen peroxide concentra-
tion was analysed with a modified iodimetric technique [22] using a
UV–VIS Jasco V-650 at 350 nm. To evaluate Fe leaching, the con-
centration of dissolved iron was measured in the final solution after
filtration, by a standard spectrophotometric technique (absorbance
measurements of the Fe2+-phenanthroline complex at 510 nm [23]).
Samples for total iron determination were first treated with ascorbic
acid. The mineralization of the pollutant was monitored by measuring
the total organic carbon (TOC) by direct injection of filtered samples
into a SHIMADZU TOC-5050 analyser). The limit of detection (LoD) for
TOC was determined to be 2.01mg L−1

2.5. Characterization of the iron oxide catalysts

The mesoporous silicates were characterized by X-Ray Diffraction
(XRD) at low and high angle using a PANalytical X’Pert Pro dif-
fractometer with Cu Kα radiation (λ=1.5418 Å) in the range of 0.5-3°
and 20-80°. The specific surface at one point was determined from N2

adsorption measurement using a Micromeritics Pulse Chemisorb 2700,
applying the Brunauer-Emmett-Teller (BET). UV–vis diffuse reflectance
spectra (UV–vis DRs) were recorded using a Jasco 650 spectrometer
with an integrating sphere in the wavelength range of 200–900 nm. The
iron content was determined by applying the o-phenanthroline colori-
metric method (3500-Fe) by spectrophotometry at 510 nm [(3500-Fe D)
[24]. The method consists of the sensitivity of o-phenathroline to form a
complex with the Fe2+ ions present in solution. Thus, the absorption at
510 nm is proportional to the concentration of solubilized Fe2+ ions.
Previous to this analysis the solids were digested with acids, and the
solutions of each sample were measured to determine the iron con-
centration. The reducibility of metal species developed in the solids was
analysed by Temperature Programmed Reduction (TPR) experiments in
the Micromeritic ChemiSorb 2720 Instruments. In these experiments,
the samples were heated from 25 to 800 °C at a rate of 10 °C min−1 in
the presence of 5% H2/N2 gas mixture (25mL min−1 STP), and the
reduction reaction was monitored by the H2 consumption with a built-
in thermal conductivity detector (TCD).

XPS (X-ray photoelectron spectroscopy) analyzes were performed
on a computer equipped with a Multitechnique Specs Dual X-ray source

Mg/Al model XR50 and hemispherical analyzer 150 PHOIBOS Fixed
transmission mode analyzer (FAT). Spectra were obtained with a power
passage of 30 eV and Al anode operated at 100 and 150W when con-
ditions in the main chamber were adequate. The pressure during the
measurement was less than 2.10–8mbar.

3. Results and discussion

3.1. Characterization of iron catalysts

Table 1 shows the Fe content and the specific surface for the syn-
thetized samples. It can be observed a higher metal incorporation for
the sample modified with ferric chloride as the metal precursor. This
sample also shows the higher decrease in the surface with respect to the
pure SBA-15, probably attributed to the presence of metal species
which could be blocking some pore mouths.

Low angle XRD patterns are shown in Fig. 2A. Peaks corresponding
to diffraction planes usually assigned to hexagonal pore arrangement
are observed, evidencing the good structural order present in all sam-
ples. For its part, the lack of peaks assignable to an iron crystalline
phase in the high angle XRD patterns (Fig. 2B) indicates that the de-
veloped metal species would be amorphous or have a size under the
detection limit of the XRD technique.

In order to analyse the influence of the used metal precursor on the
metal species developed in the SBA-15 mesoporous structures, UV–vis
DR spectroscopy was applied (Fig. 3). As it was previously reported
[25,26] the obtained spectra correspond to the absorption of three
different metal species. The absorption at around 270 nm can be as-
signed to the O(2p) to Fe(3d) charge transfer of highly dispersed iron
Fe3+ ions in high coordination degree with the oxygen atoms of the
silicate structure. The absorption at around 360 nm also corresponds to
the O to Fe transitions, but in this case, the metal ions are in lower
coordination with the mesoporous structures, probably in small iron
oxide nanoclusters (FeO)n formed from an oligomerization of the iso-
lated species. Finally, the absorption at wavelengths higher than
450 nm corresponds to d-d electron pair transition of Fe ions present in
iron oxide species such as nanoparticles. Nonetheless, it is important to
clarify that these bigger iron oxide species (nanoparticles) have a size
below the limit detection of the XRD technique and are probably pre-
sent inside the mesoporous channels.

It can be observed in the spectra presented in Fig. 3 that both
samples show absorption corresponding to the presence of the three
mentioned species. Nonetheless, with respect to the Fe-SBA-
15(20)Fe2(SO4)3 sample, the silicate synthetized with ferric chloride, Fe-
SBA-15(20)FeCl3, show an increased absorption at wavelengths higher
than 300 nm. This fact is giving account for the formation of a higher
proportion of nanoclusters and bigger size iron oxide species when
chloride is used as the metal precursor. Likewise, the main presence of
highly dispersed Fe3+ ions is evidenced for Fe-SBA-15(20)Fe2(SO4)3
sample.

Temperature Programmed Reduction (TPR) measurements were
applied in order to study the reducibility of Fe species developed on the
SBA-15 structures as a function of the used metal precursor. Thus, the
stabilization of the Fe3+ ions in metal species, different interacting with
the support, would result in different reduction behaviours. It is im-
portant to remark that smaller and highly dispersed metal species
strongly interact with the structure, hindering their reducibility. In this

Table 1
Chemical composition and specific Surface of synthetized materials.

Catalyst Surface (m2/g) Fe content (wt. %)

SBA-15 839 –
Fe-SBA-15(20)Fe2(SO4)3 801 3.49
Fe-SBA-15(20)FeCl3 705 4.28
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sense, the influence of the metal precursors in the reductive behaviours
of the nanostructured silicates is evident in the TPR profiles showed in
Fig. 4. The peak at low temperature (around 387 °C) observed for both
samples, can be assigned to the reduction of Fe3+ ions present in iron
oxide species. Although this H2 consumption is due to the reduction of
Fe3+ to Fe3+/2+ in Fe-SBA-15(20)Fe2(SO4)3, its broadening for the Fe-
SBA-15(20)FeCl3 sample is evidencing the further reduction of Fe3+/2+

to Fe2+ and Fe2+ to Fe°. This easier reducibility could be due to the
presence of higher size iron oxide species (nanoclusters and nano-
particles) which are formed when ferric chloride is used. It is important
to note that this H2 consumption did not corresponds to the TPR profile
of bulk Fe2O3 evidencing that, although the oxide species formed on the
silicate structure could be reduced at low temperatures, they are
strongly interacting with the support and therefore only a little pro-
portion of the Fe ions can reduce to the zero oxidation state [27]. Then,
the narrower reduction peak at low temperature for Fe-SBA-
15(20)Fe2(SO4)3 sample evidences the presence of smaller size oxide
species more stabilized on the structure resulting highly resistant to the
reduction (Fe3+ ions can only be reduced to Fe2+).

For this last sample, an additional H2 consumption at around 790 °C
could be observed. This peak could be associated to the presence of
isolated Fe3+ ions bearing multiple surface oxygen bridged bonds [28].
According to Arenas et al. the reducibility of these species depends
upon the number of “Fe-O-Si” linkages with the support in their first
coordinative shell [28]. Thus, when the sulphate source is used, the
observed peak at high temperature suggests a high degree of co-
ordinative saturation of the isolated Fe3+ ions with the support, re-
sulting them hardly reducible (790 °C). In the case of Fe-SBA-
15(20)FeCl3, the lack of this peak evidences the higher accessibility and
predominance of bigger oxide species such as nanoparticles and na-
noclusters. This fact does not mean the absence of the isolated species in
this sample, but larger species could be hindering the access to them.

In order to complement the analysis about the metal species de-
veloped on the surface of the mesoporous silicates synthetized in this
work, XPS spectra were measured. The spectra were analyzed with the
CasaXPS (Casa Software Ltd, UK) software [29] and were calibrated

Fig. 2. XRD patterns of the synthetized solids: A) low angle and B) high angle.

Fig. 3. UV–vis spectra of the iron modified solids.

Fig. 4. TPR profiles of synthesized solids.
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using the C1 s peak correction. The peak areas were determined using
Shirley background integration and were considered as a mixed of
Gaussian and Lorenztian functions. The spectra in the Fe 2p region were
fitted with four peaks assigned to the Fe3+ chemical state (Fig. 5). As it
can be observed, due to the relative low concentration of Fe in the
samples, the XPS signals in this region are relatively low. Thus, it is
frequently that, with respect to the bulk oxides, the XPS spectra of the
mesoporous solids show wider peaks. This is taken as an evidence of the
dispersion of the metal species developed on the mesoporous structures.
Table 2 presents the data obtained from the spectra fitting. For both
samples, two peaks emerge at around 710 eV and 724 eV corresponding
to the binding energies of the Fe 2p3/2 and Fe 2p1/2, respectively. For
the bulk hematite oxide, the Fe 2p3/2 peak is usually accompanied for a
satellite signal at around 718 eV. In the Fe modified mesoporous sam-
ples synthetized in this work, this satellite emerge at a lower binding
energy (around 715 eV). This shift would be indicating that, although
the Fe3+ are in an oxide environment [26], the developed species not
correspond to the bulk oxide. In this sense, some reports indicate that
the difference in energy separation between the main peak Fe 2p3/2 and
its satellite decreases when the electronegativity of the ligands de-
creases [30]. Then, when the metal center is lower coordinated to other
Fe ions, the electron density surrounding it increases and lower energy
is needed for the 3d electron promotion. In addition, these authors also

assigned the mentioned binding energy (715 eV) to the presence of
lower coordinated Fe3+ ions present in the surface. Therefore, the
peaks observed in the spectra of both samples are according to the
presence of isolated Fe3+ cations linked to surface O atoms or present in
small clusters. Nonetheless, the shift to a higher binding energy for the
satellite peak in the XPS spectrum of Fe-SBA-15(20)FeCl3 (716.8 eV)
gives account for an increased polymerization of the mentioned Fe
species when ferric chloride was the metal precursor. On the other
hand, for both samples the oxygen signal corresponding to the O1 s
binding energy, could be fitted with two contributions at around 529
and 532 eV which belong to the oxygen atoms from iron species and
SiO2, respectively. In Table 2 it can be observed, the higher area per-
centage of the O1 s contribution corresponding to SiO2 and only a slight
contribution from the iron species. Then, although it could be possible
to infer the presence of Fe3+ in oxide environment, a notable pre-
ponderance of oxygen from the silica matrix is seen. Nevertheless, a
slight higher contribution of O from the iron species was observed for
sample modified with ferric chloride, evidencing the major presence of
the iron species on the surface of this sample. In this sense, Table 2
reports the surface Fe/Si atomic ratios from XPS for both samples ob-
tained from the original spectra fitted. As the Fe/Si ratio could be
considered as an indicative of the metal dispersion on the support [31],
the notable lower Fe/Si atomic surface ratio with respect to the bulk

Fig. 5. XPS spectra of Fe 2p core level and O 1 s for the synthetized samples.

Table 2
XPS binding energy (BE) values and surface atomic iron concentrations for Fe-SBA-15(20)x samples.

Samples Fe 2p3/2
(eV)

Satellite Fe 2p3/2 (eV) Fe 2p1/2
(eV)

Satellite Fe 2p1/2 (eV) O 1 s (eV)a at.% Fe (XPS) Surface Fe/Si
(XPS)

Bulk Fe/Sib

(AA)
O-Fe O-Si

Fe-SBA-15(20)Fe2(SO4)3 710.8 715.0 724.3 732.1 529.1(0.92) 532.5 (99.08) 0.4 0.006 0.039
Fe-SBA-15(20) FeCl3 710.9 716.8 724.4 729.8 529.0(0.96) 532.4 (99.04) 0.5 0.007 0.048

a Between brackets figure the corresponding species percentage.
b Determined by colorimetry.
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Fe/Si ratio can be considered as a further evidence of the iron species
incorporation inside the mesopores.

Considering the solids characterization results exposed it could be
inferred the presence of different iron species as a function of the used
iron precursor. Although, under the synthesis conditions, both metal
sources provoke the formation of small size species that are not evi-
denced by XRD, these have different interaction with the support re-
sulting in different reduction behaviour. In order to explain this beha-
viour, it should be considered that the nature of the counterions can
strongly control the mechanism of nucleation and growth of oligomers
during hydrolysis. In the first steps of the Fe-SBA-15(20)x synthesis, the
Fe ions are in aqueous solution as hexa-aquo complexes (Fe(H2O)6)3+

which have a strong tendency to hydrolyse. Then, the different nature
of the anions presents in the metal precursors (size and charge) can
affect the polymerization process of Fe3+ ions, influencing notably on
the type of metal species developed on the silicate structure [32]. It is
known that the use of ferric chloride, due to the small size of Cl−, fa-
vours the polymerization in the stage of the precursor hydrolysis by the
coordination of the counterions with the Fe3+ centres [33–37]. Thus,
the formation of an intermediate polycation of 24 iron atoms has been
reported during the hydrolysis when ferric chloride was used
[32,37,38]. In contrast, due to their increased size, anions such as
(SO4)2- have a low coordination ability. Then, although each Fe atom
that is surrounded by six oxygens (from the H2O molecules) has all the
potential binding sites available, in presence of such anion, this
monomer only has the possibility to bind one or two Fe through cor-
ners. Therefore, the resulting structures include single-corner bonds. In
fact, it has been reported a more chaotic nature for the polymerization
when bigger anions are present, provoking the formation of a variety of
different subunits that finally would result in the formation of smaller
size iron species [32]. Therefore, the nature of the counterion would be
the responsible for the presence of smaller size iron species in the sili-
cate modified with the ferric sulphate, and bigger size species devel-
oped for the solid synthetized from ferric chloride.

Finally, the applied direct synthesis method allows the development
of iron species finely dispersed on SBA-15 structure and the different
metal precursors strongly affected on the nature of these species. The
ferric chloride favours the polymerization of Fe3+ ions and the for-
mation of bigger iron species whose presence can hinder the accessi-
bility to the isolated species as it was inferred by TPR and XPS.
Meanwhile, when ferric sulphate is used, isolated Fe3+ species, evi-
denced by UV–vis DR and TPR, would be more accessible and available
on the silica structure. The presence of the bigger size anions in the
synthesis gel, permits the formation of Fe3+ ions coordinated with the
silica framework through a higher number of Fe-O-Si bonds in their first
coordination sphere. These ions would be strongly linked to silica by
multiple oxygen bridge bonds increasing its stability (as inferred by
TPR).

3.2. Catalytic evaluation of materials

3.2.1. Preliminary assays
Before testing the catalytic activity, a set of preliminary assays was

performed. These consisted of runs using only the different catalysts
(without H2O2) and using only H2O2 (without catalyst). In the blank
experiments without catalyst ACE was not significantly oxidized by
H2O2 (less than 5% conversion after 300min). From experiments using
only catalyst, ACE degradations below 10% after 300min of treatment,
were obtained.

3.2.2. Selection of iron catalyst for Fenton oxidation
The catalytic performance for two different iron modified SBA-15

solids was tested for the heterogeneous Fenton process applied in the
ACE degradation. For this, certain reaction conditions were established,
which were kept constant in the different tests (pH=3.5, 4.5 and 5.5;
C°CAT=1000mg L−1 and C°H2O2=95mg L−1, at 30 °C) in order to
compare the synthesized materials. Table 3 summarizes the results of
degradation of ACE for the synthesized materials, as well as the con-
sumption of H2O2 and the leaching of Fe obtained at 120min of run.

As can be seen, the metal source in the synthesis of the solids had a
marked influence on the activity of the materials. The best activity was
found for the silicate synthetized with ferric sulphate as the iron pre-
cursor for all pH evaluated. Besides, an appreciable consumption of
peroxide and a notable mineralization of the contaminant were
reached. Conversely, using Fe-SBA-15(20)FeCl3, the percentage of de-
gradation of the drug was kept at values lower than 15% for the three
pH evaluated, and consequently the mineralization and the consump-
tion of hydrogen peroxide reported in these cases were negligible.

The materials activity would be highly related to the metallic spe-
cies present in them. For the samples synthetized with ferric chloride
source, the Fe3+ ions would be present in less efficient species for the
generation of hydroxyl radicals, with lower degree of coordination to
the structure as more segregated iron oxide species (oligomers, na-
noclusters and nanoparticles). Meanwhile, the most active solid (syn-
thetized with ferric sulphate), was the one provided with stabilized and
isolated Fe3+ ions in higher degree of coordinative with the silica fra-
mework, which besides would be more available to the reactants mo-
lecules. Thus, it could be inferred that the more isolated Fe3+ ions,
strongly linked to the structure through multiple oxygen bonds and
more accessible to the oxidant molecules were the active sites [20].

Hence, the agglomeration of large size iron oxide species could be
avoided with the presence of Fe2(SO4)3 on the synthesis gel. This fact
favours the availability, on the structure of the synthesized solid, of
more isolated Fe3+, which would act as active sites for the generation
of hydroxyl radicals, with the consequent benefits that this produces on
the performance of this catalytic system. In this way, it has been re-
ported [39] that finely dispersed Fe3+ ions linked on the SBA-15 sur-
face could react with the oxidant molecules H2O2, giving rise to the next
reaction:

Fe3+ + H2O2→Fe2+ + HO%
2 + H+ (3)

Then, the Fe2+ ions can react with the oxidant and regenerate the
Fe3+, according to:

Fe2++ H2O2→Fe3+ + HO% + HO− (4)

The mentioned reactions involve the formation of free radicals re-
sponsible for the organic molecules degradation. Thus, the proposed
reactions indicate that the isolated Fe3+ available on the surface, pro-
moted in major proportion by the use of ferric sulphate, plays a sig-
nificant role in producing active radical species (HO% and (HO%

2)) from
the decomposition of H2O2.

The TOC removal of ACE solution was also determined. The results
(presented in Table 3) indicated that the ACE was almost completely
graded at 120min and pH=3.5 and 4.5 and good TOC removals were

Table 3
Catalytic activity of materials synthesized from two Fe sources at different pHa.

Catalysts pH ACE
degradation
(%)(*)

ACE
mineralization
(%)(**)

H2O2

consumption
(%)(*)

Fe-SBA-15(20)FeCl3 3.5 12.9 < 2 15.7
Fe-SBA-15(20)Fe2(SO4)3 95.3 89.3 38.7
Fe-SBA-15(20)FeCl3 4.5 10.5 < 2 9.4
Fe-SBA-15(20)Fe2(SO4)3 90.8 64.0 19.2
Fe-SBA-15(20)FeCl3 5.5 < 1 < 2 5.7
Fe-SBA-15(20)Fe2(SO4)3 17.2 < 2 10.1

a C°CAT= 1000mg L−1 and C°H2O2= 95mg L−1, at 30 °C. (*) Reaction time
120min. (**) Reaction time 240min.
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obtained after 240min of reaction with the catalyst synthesized with
Fe2(SO4)3. This indicates that very few of the intermediate by-products
remained in the solution after treatment.

3.2.3. Optimization of reaction conditions
Important factors in the optimization of Fenton’s conditions include

pH, temperature, and concentration of hydrogen peroxide, iron and
pollutant [40]. The Fenton oxidation process was optimized in terms to
achieve the complete removal of ACE using the minimum concentra-
tions of reactants. For this propose and according to previous results, a
set of experimental runs for Fenton reactions was performed, using the
catalyst synthesized with ferric sulphate Fe-SBA-15(20)FeCl3 was not
selected for further investigation of reaction parameters due to its in-
significant contribution to the reaction.

The parameters to be optimized were: (i) The pH. Fenton’s reaction
is affected remarkably by pH values. It is well known that the optimum
pH for the homogeneous Fenton process is in the range between 2.8 and
3 since the generation of the hydroxyl radicals is most effective at acidic
conditions [41]. Therefore, at high pH values, oxidation rate decreases
[42]. The stability of the catalyst toward iron leaching is also strongly
dependent of the pH of the medium. At acidic conditions the loss of
metal from solid catalysts is greater. Further, neutral pH conditions are
usually found in contaminated wastewater. Therefore, it is important to
investigate the feasibility of applying the Fenton process for pH con-
ditions close to neutrality. Hence, a compromise between these con-
siderations should be held to get the maximum efficiency of the process.
(ii) The initial concentration of catalyst (C°CAT). With an increase in the
catalyst concentration, in most cases, the rate of reaction is enhanced.
This type of behaviour is expected as far as mass transfer limitations are
negligible and any increase in the catalyst concentration will pro-
portionally enhance the concentration of the active catalytic species
and hence the degradation rate. (iii) The reaction temperature. This is a
key factor in the efficiency of the Fenton process. Limited studies are
available depicting the effect of temperature on the degradation rate.
Fenton’s reactions operate at room temperature but, in some cases,
elevated temperature is considered one of the factors that enhanced the
removal of organic compounds [43]. Moreover, some pharmaceutical
production facilities produce wastewater with temperatures that can
fluctuate depending on the season of the year, which may affect the
efficiency of these treatments. Thus, in arid and semiarid areas, the
diurnal temperature during summer can range between 25 and 40 °C
(with an average close to 30 °C), and during the winter it can oscillate
between 12 and 25 °C (with an average close to 20 °C). This will con-
sequently result in variable temperatures in wastewaters compared to
both winter and summer conditions.

The catalytic heterogeneous reactions with Fe-SBA-15(20)Fe2(SO4)3
for ACE oxidation were planned, according to a three-level factorial
experimental design (3k), within the following experimental domain: (i)
pH, pH=[3.5–5.5]; (ii) initial concentration of catalyst, C°CAT (mg L−1)
=[500–1500]; and (iii) two reaction temperatures, T (°C)= [20–30],
average summer and winter temperatures, respectively. These working
variables were called X1, X2, and X3, respectively. Table 4 presents a
summary of the operating conditions and coded variables for the ex-
perimental runs.

Fig. 6 shows the degradation of ACE as a function of time with Fe-
SBA-15(20)Fe2(SO4)3 at 20 °C, for the three pH values studied with C°CAT
=500mg L−1, 1000mg L−1 and 1500mg L−1 (Fig. 6A), B) and C),
respectively), keeping the rest of the reaction variables constant. In a
similar way, Fig. 7 shows the degradation of ACE as a function of time
with Fe-SBA-15(20)Fe2(SO4)3 at 30 °C.

Figures show that, for almost all conditions, a complete degradation
of ACE was achieved after 240min of oxidation. Afterward, an analysis
of each parameter studied on the degradation of ACE is presented.

3.2.4. Effect of initial concentration of catalyst
The influence of the catalyst amount was investigated on ACE

degradation efficiency. The results followed well known trend in Fenton
process, ACE degradation to increase with the increase in catalyst
concentration from 500 to 1000mg L−1 because more catalyst active
sites were available for hydroxylation of the •OH. Conversely, ACE
degradation did not present significant differences when the initial
catalyst concentration was increased to 1500mg L−1. Then, according
literature [44–46] it is expected that the degradation slightly decreases
upon further addition of the catalyst due to the scavenging of hydroxyl
radicals or other radicals when the presence of metal species is ex-
cessive [47–49]. This behaviour was reproduced for both temperatures
evaluated.

3.2.5. Effect of solution pH
The effect of the initial solution pH on ACE degradation was studied.

Fenton’s reaction was affected remarkably by pH values. As shown in
Figs. 6 and 7, high removal efficiencies of ACE were observed at pH 3.5
and 4.5, for the different initial catalyst concentrations studied. How-
ever, in all cases the removal efficiency significantly declined when the
initial solution pH was 5.5. This behaviour does not change due to the
variation in the temperature studied.

It should be noted that the results obtained at pH=4.5 were very
similar to those obtained at pH=3.5 but with less iron leaching from
the material (see Table 5). Accordingly, the degradation results ob-
tained with this pH are highly encouraging. As can be seen in Table 5,
at 30 °C and pH=4.5, for C°CAT=1.000mg L−1, a pollutant de-
gradation close to 90% at 120min was obtained, and the iron leaching
into reaction medium was less than 0.85mg L−1. A similar behaviour
was obtained for a temperature of 20 °C with C°CAT=1000mg L−1,
where an ACE degradation of 80.8% after 120min of operation was
reached, with a Fe leaching lower than 0.7mg L−1. Under the same
conditions at pH=3.5, very similar percentages of pollutant degrada-
tion were obtained but with a higher concentration of leached iron,
promoting homogeneous Fenton reaction.

3.2.6. Effect of operating temperature
Ambient conditions can safely be used with good efficiency [50].

However, a higher temperature increases the rate of hydroxyl radicals
formation as per Arrhenius law, although it also decreases the efficient
utilization of hydrogen peroxide due to its accelerated decomposition
into water and oxygen [51]. Thus, it is sought to verify if the de-
gradation efficiency is affected when the temperature is increased from
20 to 30 °C.

Table 4
Experimental design and experimental matrix for the degradation of the ACE.

Experimental plan Experimental matrix

N° pH C°CAT
(mg L−1)

Temperature
(°C)

X1 X2 X3

1 3.5 500 20 −1 −1 0
2 3.5 1000 20 −1 0 0
3 3.5 1500 20 −1 1 0
4 4.5 500 20 0 −1 0
5 4.5 100 20 0 0 0
6 4.5 1500 20 0 1 0
7 5.5 500 20 1 −1 0
8 5.5 1000 20 1 0 0
9 5.5 1500 20 1 1 0
10 3.5 500 30 −1 −1 −1
11 3.5 1000 30 −1 0 −1
12 3.5 1500 30 −1 1 −1
13 4.5 500 30 0 −1 −1
14 4.5 1000 30 0 0 −1
15 4.5 1500 30 0 1 −1
16 5.5 500 30 1 −1 −1
17 5.5 1000 30 1 0 −1
18 5.5 1500 30 1 1 −1
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As can be seen comparing Figs. 6 and 7, the increase of temperature
showed only a slightly beneficial effect for the investigated conditions.
Under the more acidic condition (pH=3.5), there was no significant
increase in the ACE degradation when the temperature was increased
from 20 to 30 °C and contaminant removal results kept constant in
around 38%, 95% and 97% for C°CAT =500, 1000 and 1500mg L−1

respectively, at 120min. Meanwhile, when the pH of the medium in-
creased to 4.5 and 5.5, increasing operating temperature had a more
positive effect. The degradation of ACE improved between 10 and 15%
with the increase of temperature. Beyond this temperature no

significant improvement was observed, although more detailed studies
should be carried onto the effect of different temperatures on this
heterogeneous Fenton system.

From these results it is concluded that, for the heterogeneous photo-
Fenton process, the optimal C°CAT, pH and T values were 1000mg L−1,
4.5 and 30 °C, respectively.

Fig. 6. Degradation of ACE as a function of the reaction time using Fe-SBA-
15(20)Fe2(SO4)3 at 20 °C and different pH, for A) C°CAT=500mg L−1, B)
C°CAT=1000mg L-1 and C) C°CAT=1500mg L−1.

Fig. 7. Degradation of ACE as a function of the reaction time using Fe-SBA-
15(20)Fe2(SO4)3 at 30 °C and different pH for A) C°CAT=500mg L−1, B)
C°CAT=1000mg L-1 and C) C°CAT=1500mg L−1.
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3.2.7. Reuse, stability and heterogeneity of the reaction
Under the best degradation conditions obtained, reuse and leaching

tests were performed in order to evaluate the catalytic stability of Fe-
SBA-15(20)Fe2(SO4)3 during successive experiments and thus its capacity
of reutilization.

At the end to each catalytic cycle, the catalyst was filtered, washed,
dried, and then calcined at 500 °C for 9 h, in order to remove the ACE
and intermediates adsorbed. The effect of regeneration on degradation
rate of ACE is shown in Fig. 8. At the end of three cycles, there was a
very slight decrease in the degradation of ACE from 87% to 80%. It was
likely due to the accumulation of organic intermediates on the surface
of the catalyst and very slight leaching of Fe. The results suggest that
even after the third regeneration the catalyst does not exhibit sig-
nificant changes. In general terms, these results prove that the catalyst
could be regenerated for multiple cycles.

Finally, a set of experiments in homogeneous phase were conducted
to assess the efficiency of the heterogeneous process. Thus, homo-
geneous Fenton oxidations were performed using ferric sulphate solu-
tions as catalyst with iron concentrations equal to the values of Fe
leaching showed in Table 5 for pH=4.5 at 20 and 30 °C. The obtained
degradation values were lower than 10% for all the cases. Such feature
allowed us to confirm the heterogeneity of the catalytic reaction stu-
died.

4. Conclusions

SBA-15 molecular sieves were successfully synthetized by direct
incorporation of different Fe precursors in the synthesis gel. The ma-
terials presented good structural order and high specific areas. From the
analysis of UV–vis RD and TPR it can be concluded that different Fe
species were developed (isolated Fe3+ ions, nanoclusters (FeO)n and
bigger iron oxides).

The synthesized materials were evaluated in a heterogeneous

Fenton process applied to the degradation of aqueous solutions of an
acetaminophen. Depending on the dispersion and size of the different
iron species, the nanocomposites showed different catalytic behaviours.
The material synthesized with ferric sulphate, in which more isolated
Fe3+ ions strongly linked andavailable on the surface were found,
reached the highest levels of pollutant degradation.

The influence of pH, initial catalyst concentration and temperature
in the heterogeneous Fenton reaction was studied using Fe-SBA-
15(20)Fe2(SO4)3. It was shown that these reaction parameters strongly
influence the percentage of pollutant degradation.

The degradation value obtained with an initial catalyst concentra-
tion of 1000mg L−1, a pH=4.5 and a temperature of 30 °C, is pre-
sented as highly encouraging given that a pollutant degradation close to
91% was obtained in a reaction time of 120min, with a considerably
low Fe leaching.

Thus, a stable and effective solid was obtained which, at pH close to
neutral consumed low amounts of oxidant and provided an efficient
catalytic process to degrade organic molecules, such as acetaminophen.
Consequently, the heterogeneous Fenton reaction presented in this
work appears as a promising pre-treatment capable to improve the
biodegradability of water contaminated with recalcitrant products from
the pharmaceutical industry.
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