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A B S T R A C T   

Two Fe-based/SiO2 catalysts have been prepared by a sol–gel method, with or without co-gelation with a 
modified silicon alkoxide, 3-(2-aminoethylamino)propyltrimethoxysilane (EDAS). The aim was to compare these 
two materials and to study the influence of EDAS on the catalyst texture and photo-Fenton activity. Physico- 
chemical characterization showed that when EDAS was used, the iron was located inside the silica nano
particles and was partially arranged in iron oxide clusters. As EDAS is a nucleating agent for silica, the reaction 
time was shorter in its presence, leading to larger silica nanoparticles. Studies of their behavior in aqueous media 
showed that the catalyst without EDAS released iron, whereas the catalyst with EDAS did not. This iron release 
influenced the photo-Fenton activities of the catalysts. p-Nitrophenol was degraded more rapidly with the 
catalyst without EDAS due to the greater availability of iron. Finally, both Fe/SiO2 catalysts displayed stable 
catalytic activity for 72 h of operation.   

1. Introduction 

Controlling the pollutant concentrations in our rivers and lakes is a 
topic of steadily increasing importance. Severe pollution can have fatal 
consequences for human health (e.g., breathing or cardiovascular 
problems, cancer, and neurobehavioral disorders) and the environment 
(e.g., serious damage to fauna and flora) [1]. Wastewater treatment 
plants are able to remove the majority of pollutants from our waste
waters. However, some substances that are present in small quantities 
cannot be degraded by these conventional plants and accumulate in the 
environment. These so-called micropollutants mostly result from do
mestic and industrial uses of pharmaceutical preparations, cosmetic and 
hygiene products, and pesticides. Therefore, it is important to direct our 
research efforts towards the development of a ternary treatment step for 
water exiting the clarifier, whereby these micropollutants can be 
degraded. Among the technologies that could be applied to degrade such 
compounds, advanced oxidative processes (AOPs) represent promising 
candidates. These techniques involve redox reactions for the degrada
tion of organic substrates, such as chemical pollutants or even micro
organisms [2,3]. They are effective at atmospheric pressure and ambient 
temperatures. Examples of AOPs are ozonolysis, titania-based photo
catalysis, and the (photo-)Fenton process [2,3]. 

The photo-Fenton process involves the use of H2O2, Fe(III), and light 
irradiation to induce the production of hydroxyl radicals (HO�) [4,5]. 
This process is driven by the Fenton reaction, which is the catalyzed 
production of HO� from H2O2 using iron ions (Equation (1)) [4,5].  

Fe2þ þ H2O2 → Fe3þ þ OH� þ HO� (1) 

In this case, Fe(II) is required to induce the Fenton reaction [4]. In a 
photo-Fenton process, Fe(III) can be used by virtue of its partial reduc
tion to Fe(II) under light irradiation (Equation (2)) [4]. 

Fe3þðLÞn þ hν → Fe2þðLÞn� 1 þ L�ox (2)  

where L is a ligand, L�ox is an oxidized ligand, h is the Planck constant 
(6.63 � 10� 34 J s), and ν is the light frequency (Hz). The ligand is re
generated after reaction of the oxidized ligand with organic molecules. 

Various photo-Fenton systems have been developed [4,6–9]. Usu
ally, the Fe(III) catalyst is an iron salt that is dissolved in the reaction 
medium [6–9]. Heterogenization of the iron catalyst on a support in
troduces the advantage of its easy recovery for reuse. In this case, the 
support needs to allow a high dispersion of the iron species and to have a 
high specific surface area to increase the water–catalyst contact. There 
have been several reports of the use of zeolites, titania, alumina, or silica 
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as supports for Fe(III) species [10–13]. Among these supports, silica 
seems to be a good candidate as it is inexpensive, porous, non-toxic, and 
easily produced by different synthesis methods [14]. Among these 
methods, sol–gel chemistry allows the production of highly porous silica 
materials under mild synthesis conditions [15]. In recent years, an 
innovative co-gelation method has been developed for producing mono- 
or bimetallic supported catalysts in a single step [16–21]. This 
co-gelation method permits synthesis of the support (SiO2) as well as 
dispersion of the metallic precursor of the active species at the same 
time, owing to the use of a modified silicon alkoxide that disperses the 
metallic species [20,22]. This modified silicon alkoxide is also a nucle
ating agent for silica particles [23]. Hence, the catalysts obtained exhibit 
a very specific structure [20,22,24,25]. 

This work focuses on the development of Fe(III)/SiO2 materials and 
understanding the influence of co-gelation synthesis parameters on their 
textural properties and photo-Fenton activities in order to degrade 
environmentally harmful substances in water. To this end, two iron 
catalysts supported on silica were produced by a sol–gel process, with 
and without a modified silicon alkoxide, 3-(2-aminoethylamino)pro
pyltrimethoxysilane (EDAS), as a nucleating agent. The main advan
tages of this preparation method are the low reaction temperature 
(<100 �C), the very good dispersion of metallic species achieved in one 
step, and the high resistance to sintering of the metallic or oxide nano
particles located in the silica matrix [26]. The corresponding pure silica 
materials were also synthesized. The photo-Fenton efficacies of the 
materials were tested under UV/visible light for the degradation of 
p-nitrophenol (PNP), an archetypal pollutant derived from pesticides. 
The catalytic stabilities of the materials were also assessed over 72 h of 
operation. 

2. Materials and methods 

2.1. Catalyst synthesis 

The starting reagents and solvents for the synthesis were 3-(2-ami
noethylamino)propyltrimethoxysilane (EDAS, Merck, 97%), absolute 
ethanol (EtOH, Merck, >99%), tetraethoxysilane (TEOS, Sigma-Aldrich, 
98%), Fe(III) acetylacetonate (Fe(acac)3, Sigma-Aldrich, 97%), ammo
nium hydroxide solution (28% NH3 in H2O, Sigma-Aldrich, �99.99%), 
and distilled water. 

The amounts of reagents used to prepare all of the samples are given 
in Table 1. Two iron xerogel catalyst samples (with the same iron con
tent) and two pure SiO2 samples were prepared with and without the 
modified alkoxide (EDAS). The samples prepared with EDAS are deno
ted with “–E”, those with iron with “Fe”, and those with only silica with 
“SiO2”. The synthesis protocol was similar to previously published 
methods [27,28]. The samples were prepared in EtOH, with Fe(acac)3 
(or without for pure silica), TEOS, EDAS (or without), and 0.54 M NH3 
aqueous solution. The hydrolysis ratio and the dilution ratio were set at 
5 and 10, respectively [27,28]. 

For gelation and aging, the sample vessel was sealed and heated to 
80 �C for 72 h [27,28]. The gel time of each sample was determined 
visually: if the sample no longer flowed when the glass bottle was tilted 
to 45�, it was considered gelled [27,28]. Thereafter, the gels were dried 
under vacuum at 80 �C. The pressure was slowly decreased to 100 Pa 

after 120 h. The samples were then heated to 150 �C for 72 h at 100 Pa 
[27,28]. 

The samples were calcined at 450 �C, attained at a rate of 120 �C h� 1, 
under flowing air for 8 h [27,28]. They were then heated to 550 �C at a 
rate of 120 �C h� 1 under flowing air for 4 h [27,28]. These two calci
nation steps ensured maximum removal of the solvent and unreacted 
molecules [29]. 

2.2. Characterization of the materials 

Nitrogen adsorption–desorption isotherms were measured with a 
Micromeritics ASAP 2420 analyzer. Mercury porosimetry measurements 
were performed between 0.01 and 200 MPa using two Thermo Scientific 
Pascal 140 and 240 devices. The nitrogen adsorption–desorption iso
therms were used to calculate the specific surface area by the Bru
nauer–Emmett–Teller (BET) method, SBET; the specific mesopore surface 
area determined by the Broekhoff–de Boer theory, SBdB; the specific 
mesopore volume determined by the Broekhoff–de Boer theory, 
Vcum<7.5nm; the specific micropore volume calculated by the Dubi
nin–Radushkevich theory, VDR; and the specific liquid volume adsorbed 
at the saturation pressure of nitrogen, VP [27,28,30]. The specific 
macropore volume, VHg, was estimated through mercury porosimetry 
measurements [31]. A combination of nitrogen adsorption–desorption 
isotherms and mercury porosimetry was used to calculate the pore size 
distribution [23,27,28]. 

The amount of iron in the samples was determined by inductively 
coupled plasma–atomic emission spectroscopy (ICP–AES), using an 
ICAP 6500 Thermo Scientific device. Solutions for analysis were pre
pared as follows [27]: (i) Na2O2 (2 g), NaOH (1 g), and sample (0.1 g) 
were mixed in a vitreous carbon crucible; (ii) the mixture was heated 
beyond the melting point (up to 950 �C); (iii) after cooling and solidi
fication, the mixture was digested in 65% HNO3 (30 mL); (iv) the so
lution was then transferred to a calibrated flask and diluted to 500 mL 
with deionized water [27]. 

The size of the silica nanoparticles was measured by transmission 
electron microscopy (TEM) using a Phillips CM 100 microscope (accel
erating voltage 200 kV). 

X-ray diffraction (XRD) patterns were recorded with a Bruker D8 
Twin-Twin powder diffractometer employing Cu-Kα radiation. 

X-ray photoelectron spectroscopy measurements were carried out on 
an SSI X probe spectrometer (model SSI 100, Surface Science Labora
tories) equipped with a monochromated Al-Kα radiation source (1486 
eV). 

M€ossbauer spectra were obtained on a constant acceleration spec
trometer at 295 K with a cobalt-57 source calibrated with α-iron foil. 

The amounts of iron released into aqueous media over 35 days were 
also measured for the two iron-doped samples. A weighed amount of 
calcined xerogel (0.55 g/L, 10� 4 M in iron) was immersed in ultrapure 
water under stirring, and then the iron contents of withdrawn aliquots 
were measured by ICP-AES after removing the xerogel by filtration. The 
first sampling (day 0) was taken after 10 min of stirring, then samples 
were taken each day for the first seven days (days 1–7) and thereafter 
once every seven days (days 14, 21, 28, and 35). 

Table 1 
Synthesis operating variables.  

Sample Ethanol 
(mmol) 

TEOS 
(mmol) 

EDAS 
(mmol) 

Water 
(mmol) 

Fe 
(acac)3 

(mmol) 

EDAS/ 
TEOS 

Gel time 
(min) 

Theoretical iron loading 
(wt%) 

Actual iron loadinga (wt 
%) 

SiO2-E 2570 249 8.37 1274 0 0.033 30 0 0 
Fe1-E 2570 249 8.37 1274 2.79 0.033 20 1.0 1.0 
SiO2 2570 257 0 1284 0 – 170 0 0 
Fe1 2570 257 0 1284 2.79 – 50 1.0 0.98  

a Measured by ICP-AES. 
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2.3. Photo-Fenton experiments 

The photo-Fenton activities of the samples were evaluated by 
following the degradation of p-nitrophenol (PNP) for 24 h under 
different conditions, in triplicate, as detailed in a previous report [27]. 
The experimental set-up is shown in Ref. [27]. The residual concentra
tion of PNP was measured by UV/Vis spectrophotometry (GENESYS 10S 
UV–Vis, Thermo Scientific) at 318 nm. Four different conditions were 
tested: with or without light, and with or without H2O2. In each flask, 
the initial concentrations of iron, PNP, and H2O2 (if present) were 10� 4 

M (0.55 g/L), 10� 4 M, and 10� 3 M, respectively. For the pure silica 
sample, the same mass of xerogel was used as for the iron-doped samples 
(0.55 g/L). The illumination source was a halogen lamp with a contin
uous spectrum between 300 and 800 nm (300 W, 220 V). The temper
ature was maintained at 20 �C. 

To evaluate the stability of the iron-doped catalysts for the photo- 
Fenton reaction, the xerogels were recovered by centrifugation 
(10000 rpm for 1 h) and then dried at 100 �C for 24 h. A new photo
catalytic experiment as described above was then performed with each 
used catalyst. This recovery procedure was performed twice for a total of 
72 h of operation for each catalyst. Nitrogen adsorption–desorption 
isotherms of the used catalysts were also measured to assess whether the 
porous structure had changed after several catalytic experiments. 

To confirm complete mineralization of the pollutant during the 
photo-Fenton experiments, total organic carbon (TOC) measurements 
were performed using a Hach DRB200 reactor and a Total Organic 
Carbon Direct Method Test N Tube™ Reagent Set [28,32]. The TOC was 
determined by first sparging the sample under slightly acidic conditions 
to remove the inorganic carbon [28,32]. In an external vial, the organic 
carbon contained in the sample was digested by persulfate and acid to 
form carbon dioxide. During digestion, the carbon dioxide diffuses into a 
pH indicator reagent in an inner ampoule [28,32]. The adsorption of 
carbon dioxide onto the indicator forms carbonic acid, which influences 
the pH of the indicator solution, thus changing its color. The degree of 
color change is related to the original amount of carbon present in the 
sample and can be evaluated by measuring the absorbance at 430 nm, 
for which we used a Hach DR 2800 spectrophotometer [28,32]. 

3. Results 

3.1. Macroscopic aspects and composition 

The iron contents measured in the samples are listed in Table 2. For 
both doped samples, the theoretical and actual iron percentages are 
similar (i.e., ca. 1 wt%). 

The pure silica samples are white powders, characteristic of silica 
materials. In contrast, the iron-doped samples are yellow. The Fe1 
sample (Fig. 1a) has a more intense color than Fe1-E (Fig. 1b), which is 
pale-yellow. This yellow color is associated with the Fe(III) oxidation 

state [33] and its intensity is related to the location of iron in the sam
ples. If the iron were located at the surface, the color would be more 
intense than for a sample with the iron located within the silica matrix. 

The presence of iron was studied by XRD (see the Supplementary 
Materials, Fig. S1); no peak associated with iron species was observed 
due to the very low iron content. X-ray photoelectron spectroscopy 
(XPS) was also performed, and again no peak associated with iron spe
cies could be detected (see Supplementary Materials, Fig. S2). This is due 
to the sol–gel method, which leads to localization but high dispersion of 
the small amount of iron within the bulk of the material rather than on 
its surface. 

The iron species were further studied by M€ossbauer measurements, 
as presented in Fig. 2. For Fe1, only one signal is observed, in the form of 
an asymmetrical broad doublet. For Fe1-E, a similar doublet is observed 
(red contribution), along with an additional broad singlet (blue 
contribution). 

3.2. Catalyst morphology 

Fig. 3 shows TEM images of the iron-doped samples. Nanoparticle 
sizes are given in Table 2. For Fe1-E, two types of nanoparticles can be 
observed (Fig. 3a): small nanoparticles (around 1 nm diameter) inside 
larger nanoparticles (i.e., ca. 20–25 nm). The small nanoparticles 
correspond to iron species, which are dispersed in larger silica particles. 
For Fe1 (Fig. 3b), only silica nanoparticles are observed, of size around 
17 nm. For the two pure silica samples, the silica particles are seen to be 
smaller than those of SiO2-E (8 vs. 35 nm). 

Fig. 4 shows the nitrogen adsorption–desorption isotherms for the 
four samples. Two different isotherm shapes can be observed. For SiO2, 

Table 2 
Textural properties of xerogel catalyst samples.  

Sample dTEM 

(nm) 
SBET (m2 

g� 1) 
�5 

SBdB (m2 

g� 1) 
�5 

VP (cm3 

g� 1) 
�0.1 

VDR (cm3 

g� 1) 
�0.01 

Vcum<7.5nm (cm3 

g� 1) 
�0.01 

VHg (cm3 

g� 1) 
�0.1 

Pt 

(MPa) 
k (nm 
MPa0.25) 

VT (cm3 

g� 1) 
�0.1 

SCYC (m2 

g� 1) 
�5 

SiO2-E 35 � 6 215 80 0.8 0.09 0.05 2.8 21 158 2.9 -a 

Fe1-E 23 � 5 230 145 0.4 0.09 0.04 3.2 32 111 3.4 225 
SiO2 8.4 � 1 615 120 1.6 0.26 0.45 2.6 -b -b 3.3 -a 

Fe1 17 � 3 315 240 1.3 0.14 0.14 1.6 98 48 1.9 295  

a Not measured. 
b Not applicable; dTEM: mean diameter of silica particles measured by TEM; SBET: specific surface area determined by the BET method; SBdB: specific mesopore surface 

area determined by the Broekhoff–de Boer theory; Vp: specific liquid volume adsorbed at the saturation pressure of nitrogen; VDR: specific micropore volume 
determined by the Dubinin–Raduskevitch theory; Vcum<7.5nm: cumulative volume pores of diameter between 2 and 7.5 nm determined by Broekhoff-de-Boer theory; 
VHg: specific pore volume measured by mercury porosimetry; Pt: pressure of change of mechanism during mercury porosimetry (change from collapse to intrusion); k: 
buckling model constant; VT: pore volume obtained by addition of VDR, Vcum<7.5nm, and VHg; SCYC: specific surface area determined by the BET method after 72 h of 
photocatalytic experiments. 

Fig. 1. Visual appearance of (a) Fe1 and (b) Fe1-E samples.  
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SiO2-E, and Fe1, the isotherms correspond to a mixture of types I and II 
according to the Brunauer–Deming–Deming–Teller (BDDT) classifica
tion [30], characterized by a sharp increase at low relative pressure 
followed by a plateau (type I, microporous solid), and at high pressure 
the adsorbed volume increases rapidly as for type II isotherms (macro
porous solid). Only Fe1-E displays hysteresis at high pressures, corre
sponding to mesopores. For the Fe1-E sample, the isotherm is a mixture 
of types I and IV according to the BDDT classification [30], character
ized by a sharp increase at low relative pressure followed by a plateau 
(type I, microporous solid) and a broad hysteresis (type IV, mesoporous 
solid). The specific surface areas, SBET, range from 215 to 615 m2/g for 
the four samples (Table 2). 

Mercury porosimetry curves are presented in Fig. 5. Under increasing 
mercury pressure, samples SiO2-E, Fe1-E, and Fe1 display two successive 
behaviors [27,34]: (i) at low pressure, the samples collapse under the 
isostatic pressure; (ii) above the transition pressure (Pt), mercury enters 
their pores. Pt can be discerned in the pressurization curve by a change 
of slope [27]. Two models are used to describe these two phenomena 
and to calculate the pore size distribution [27]. The collapse of larger 
pores below Pt is described by Pirard’s model [31], and mercury intru
sion above Pt is described by Washburn’s equation [31]. The SiO2 
sample (Fig. 5, empty circles) displays only one behavior, corresponding 
to a collapse under the isostatic pressure; no change of slope is observed. 

The combination of nitrogen adsorption–desorption isotherm and 
mercury porosimetry allows the pore size distribution of the samples to 

be calculated [23], which is represented in Fig. 6 for Fe1 as an example 
(the other results are presented in the Supplementary Materials, 
Figs. S3–S5). These distributions were calculated by different methods 
applied in their respective validity domains: (i) Brunauer’s method 
(micropores); (ii) Broekhoff-de Boer’s method (mesopores smaller than 
7.5 nm); and (iii) Pirard’s and Washburn’s models (pores larger than 7.5 
nm) [23,27]. The associated volumes are given in Table 2 for all of the 
samples. All samples are characterized by a steep volume increase at 
around 0.7–0.8 nm due to the micropores, followed by a broad distri
bution in the meso- and macropore range. Therefore, they contained the 
three types of pores (micro-, meso-, and macropores). 

3.3. Behavior in water 

The two Fe/SiO2 xerogels were stirred in water for 35 days, and the 
amounts of iron released into the aqueous medium were measured. The 
results are presented in Table 3. The amount of iron leached was lower 
than the detection limit for Fe1-E. For Fe1, iron was detected immedi
ately when the sample was placed in the water (day 0). Thereafter, the 
leached amount increased in the first 2 days, and then remained con
stant. Iron is therefore more available in the Fe1 sample. 

3.4. Photo-Fenton activity 

All of the catalysts were tested with or without light and with or 
without H2O2 for the production of HO� radicals to degrade the model 
organic molecule. Only in those experiments in which a combination of 
light and H2O2 was deployed was PNP degraded, as presented in Fig. 7. 
Without any catalyst, 64% of PNP was degraded after 24 h. When pure 
silica was used, the degradations were slightly lower at 55% and 61% 
with the SiO2-E and SiO2 samples, respectively. As regards the iron 
catalysts, degradations were enhanced to 76% and 99% for the Fe1-E 
and Fe1 samples, respectively. Table 4 provides a comparison of the 
PNP degradation percentages after 24 h of illumination as determined 
by UV/Vis spectrophotometry and TOC measurements. Both measure
ments are similar, so the observed degradation of PNP observed by UV/ 
Vis spectrophotometry corresponds to its mineralization during the 
photocatalytic experiments. UV/Vis spectrophotometry was then used 
for the majority of the experiments as it is easier and quicker to apply. 

The stability of the activity was also assessed by three successive 
photocatalytic experiments with the iron-doped samples. The mean PNP 
degradation rates for Fe1-E and Fe1 were evaluated as 74 � 2% and 96 
� 3%, respectively, showing stability of the catalyst activity (Fig. 7a). 

The UV/Vis spectra of PNP after 24 h of illumination for the different 
samples are shown in Fig. 7b, along with the initial PNP spectrum. The 
PNP degradation percentages (Fig. 7a) were calculated according to the 
decrease of the peak at 318 nm. 

Fig. 2. Transmission iron-57 M€ossbauer spectra of Fe1 and Fe1-E samples.  

Fig. 3. TEM images of (a) Fe1-E and (b) Fe1 samples.  
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4. Discussion 

4.1. Iron species 

ICP measurements confirmed the presence of iron in the samples, but 
not the oxidation state. 

The yellow color of the iron-doped powders is characteristic of the 
Fe3þ state [33]. The difference in color intensity of the two iron/SiO2 
catalysts can be ascribed to the use of the modified silicon alkoxide 
(EDAS), which can complex iron ions during synthesis and encapsulate 
the iron in the silica matrix during the co-gelation process. The Fe1-E 
sample was paler than Fe1 (Fig. 1). For Fe1, Fe3þ species are present 
randomly in or at the surface of the silica. 

M€ossbauer spectra (Fig. 2) give more information about the iron 
species present. For Fe1-E, the spectrum is composed of two contribu
tions that correspond to (i) iron oxide nanoparticles (blue curve), also 
visualized as the small nanoparticles observed by TEM (Fig. 3), and (ii) 
Fe3þ ions (red curve) dispersed in the silica matrix [27]. For Fe1, only 
the contribution of Fe3þ ions (red curve) dispersed in the silica matrix is 
obtained, consistent with the TEM images, as no small iron-based 
nanoparticles were observed in the silica matrix in this case. The dif
ference in the nature of the iron species types arises from the use of 
EDAS, which bears an ethylenediamine group (Fig. 8) that is able to 
complex the Fe3þ ions. When EDAS is used, the Fe3þ ions can regroup 
inside the silica matrix due to their complexation, producing iron oxide 
clusters [20,35]. When no EDAS is used in the synthesis, the iron content 
is distributed throughout the silica, both at the surface and in the matrix. 

The complexing effect of EDAS was evident from iron release ex
periments (Table 3). When the two iron-doped samples were stirred in 
water, Fe1 presumably released the iron located on its surface, whereas 

Fe1-E retained the iron that was anchored inside its silica matrix. The 
iron release in turn influences the photo-Fenton activities of the catalysts 
(Fig. 7, see Section 4.3). 

4.2. Catalyst textures 

From the N2 isotherms and Hg porosimetry results (Figs. 4 and 5), 
two main factors affecting the texture of the xerogels can be identified: 
the use of EDAS and the iron content. 

It has been shown previously [23] that the modified alkoxide EDAS is 

Fig. 4. Nitrogen adsorption–desorption isotherms for (▴) SiO2-E, (○) SiO2, (■) 
Fe1-E, and (◊) Fe1 samples. 

Fig. 5. Mercury porosimetry curves for (▴) SiO2-E, (○) SiO2, (■) Fe1-E, and (◊) 
Fe1 samples. 

Fig. 6. Pore size distribution for the Fe1 sample.  
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a nucleating agent for silica particles. When the amount of EDAS is 
increased in a TEOS/EDAS mixture, the number of silica particles and 
the gel time decrease. Indeed, in this study, the gel time (Table 1) 
decreased when EDAS was used. For example, the gel times were 30 and 
170 min for the SiO2-E and SiO2 samples, respectively. When no EDAS 
was used (i.e., pure SiO2), the reaction time was very long; the reactants 
slowly reacted homogeneously in the solution and the particles were 
very small (Table 2) as there was no preferential nucleation point. The 
specific surface area was quite large for the SiO2 sample (Table 2) as the 
particles were very small. In Hg porosimetry curves, the position of the 
inflection point (the transition pressure, Pt) is also related to the silica 
particle size [23]. An inflection point displaced to higher pressure cor
responds to smaller silica particles. The size measured by TEM (Table 2) 
is consistent with the Hg porosimetry results. The SiO2-E sample had the 
largest silica nanoparticle size and the lowest transition pressure Pt 
during mercury porosimetry. The pure SiO2 sample was composed of 
small nanoparticles, which resulted in no inflection point. 

Concerning the effect of iron content, this parameter is influenced by 
the ligand used in the iron salt, namely acetylacetonate [27]. This ligand 
has basic character, and it catalyzes hydrolysis and condensation re
actions [36] during the sol–gel synthesis. Hence, the gel time decreases 
when iron is added, as can be observed in Table 1. The Fe1-E sample had 
a shorter gel time as it contained both iron salt and EDAS. 

4.3. Catalyst activity 

Catalytic experiments conducted in the dark showed that the cata
lysts did not adsorb the PNP, so the observed decreases in PNP 

concentration were entirely due to a degradation process. 
In Fig. 7a (first blue bar), it can be seen that when PNP was in contact 

with H2O2 under illumination without any catalyst, the degree of 
degradation was 64%. H2O2 undergoes direct photolysis under light of 
wavelength λ < 360 nm [9,37,38] and produces HO� radicals according 
to Equation (3).  

H2O2 þ hν → 2 HO� (3) 

In this case, these radicals degrade the PNP. When pure silica sam
ples are used, the degradation rate decreases slightly to 55% and 61% for 
SiO2-E and SiO2, respectively. It is known that silica has no photo
catalytic activity [27]; no increase in degradation rate is thus logical. 
The decrease of activity seen here may stem from a shadow effect of the 
silica, reducing the efficiency of Equation (3). The putative shadow ef
fect is more pronounced for SiO2-E as its particles are larger than those 

Table 3 
Levels of released iron in aqueous media for the two Fe/SiO2 samples.  

Time (day) Fe1 Fe1-E 

iron concentration (mol/L) iron concentration (mol/L) 

0 7.5 � 10� 7 < detection limit 
1 1.1 � 10� 6 < detection limit 
2 2.8 � 10� 6 < detection limit 
3 1.1 � 10� 6 < detection limit 
4 1.5 � 10� 6 < detection limit 
7 1.6 � 10� 6 < detection limit 
14 1.8 � 10� 6 < detection limit 
21 2.5 � 10� 6 < detection limit 
28 2.3 � 10� 6 < detection limit 
35 2.9 � 10� 6 < detection limit 

Detection limit of ICP-AES ¼ 3.6 � 10� 8 mol/L. 

Figure 7. (a) p-Nitrophenol (PNP) degradation with H2O2 (10� 4 M) under UV/Vis light (300–800 nm) after 24 h of illumination (blue) and after 3 � 24 h for the iron- 
doped samples (red). The catalyst concentration was 1 g/L. (b) Evolution of the UV/Vis spectrum of PNP during the photocatalytic experiment (with H2O2) (x) at 
initial concentration of 10� 4 M, (þ) after 24 h of illumination with only H2O2, (▴) after 24 h of illumination with SiO2-E, (○) after 24 h of illumination with SiO2, (■) 
after 24 h of illumination with Fe1-E, and (◊) after 24 h of illumination with Fe1. (For an interpretation of the references to color in the text, the reader is referred to 
the web version of this article.) 

Table 4 
Total organic carbon (TOC) measurements after photocatalytic experiments (24 
h of illumination).  

Photocatalytic experiments 
after 24 h of illumination 
with H2O2 

Remaining 
organic carbon 
(%) 
�1 

PNP 
degradation 
(%) 
�3 

Remaining 
PNP (%) 
�3 

With H2O2 only 34 64 36 
With SiO2-E 49 55 45 
With Fe1-E 27 76 24 
With SiO2 37 61 39 
With Fe1 0 99 1 

The remaining organic carbon was calculated from the TOC measurement before 

and after the catalytic experiment ¼ .
TOCfinal

TOCinitial
� 100 

Fig. 8. Molecular structure of EDAS, highlighting the ethylenediamine group 
(drawn with ACD/ChemSketch). 
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of SiO2. When the particles are very small with respect to the wavelength 
of light (30 nm vs. 300 nm), the scattering can be described as Rayleigh 
scattering, which scales as R4, where R is the radius of the particles [39]. 
If the concentration remains constant, then the number of particles per 
volume scales by R� 3, that is to say, the smaller the particles, the more 
particles per volume [39]. Therefore, the scattering power per volume 
scales with R: the larger the particles, the greater the light scattering 
[39], which reduces the transmission of light towards H2O2. 

To assess the shadow effect of silica, similar photocatalytic experi
ments were performed with different amounts of SiO2-E (0.55, 1, 2, and 
5 g/L). The degrees of PNP degradation after 24 h of illumination were 
55, 34, 21, and 16%, respectively. This confirms that silica decreases 
light diffusion in the solution, reducing the production of radicals from 
H2O2. 

When iron-based catalysts are used, the PNP degradation is 
improved. Fe3þ ions can produce Fe2þ and radicals according to Equa
tion (2) [4]. 

The radicals produced increase the degradation of organic pollutants 
and the Fe2þ ions produced catalyze the decomposition of H2O2 into 
HO� according to the Fenton reaction [4], leading to an increase in the 
number of radical species. The equations involved in radical production 
are as follows [8,40–42]:  

Fe2þ þ H2O2 → Fe3þ þ OH� þ HO� (4)  

Fe3þ þ H2O2 → Fe2þ þ HO2
� þ Hþ (5)  

HO� þ H2O2 → HO2
� þ H2O                                                             (6)  

HO� þ Fe2þ → Fe3þ þ OH� (7)  

Fe3þ þ HO2
� → Fe2þ þ O2 þ Hþ (8)  

Fe2þ þ HO2
� þ Hþ → Fe3þ þ H2O2                                                   (9)  

HO2
� þ HO2

� → H2O2 þ O2                                                             (10)  

HO2
� þ H2O2 → HO� þ H2O þ O2                                                   (11) 

The radicals produced can attack and degrade the organic pollutant 
(PNP), converting it into CO2 and H2O [8,40–42] as follows.  

HO�/HO2
�/O2 þ PNP → CO2 þ H2O                                                 (12) 

The mineralization was demonstrated by TOC measurements 
(Table 4), and proved to be complete for the Fe1 sample. 

The activity of Fe1-E is lower than that of the Fe1 sample, which can 
only be attributed to the EDAS introduced in the synthesis of Fe1-E. As 
described above, the iron in Fe1-E is encapsulated within the silica 
matrix and is less available when the sample is in contact with water 
(Table 3). Moreover, a part of the iron forms iron oxide clusters and is 
probably less available for photo-Fenton reactions. In contrast, the Fe1 
sample shows iron release in water (Table 3), making it directly avail
able for photo-Fenton reactions. 

Recycled batches of both iron catalysts displayed stable activity after 
three experiments (72 h), showing that silica acts as a reservoir of iron, 
releasing the ions over time. 

5. Conclusions 

Two Fe (1 wt%)/SiO2 catalysts have been prepared by a sol–gel 
process with or without the use of the modified silicon alkoxide 3-(2- 
aminoethylamino)propyltrimethoxysilane (EDAS). The goals of this 
work were to study the influence of EDAS on the texture and photo
catalytic properties of the catalysts. The two corresponding pure silica 
materials were also synthesized as references. 

EDAS is a nucleating agent for silica particles and complexes iron 
ions during the sol–gel synthesis. These two properties impart different 
textural and morphological characteristics. With EDAS, larger silica 
particles were obtained, with iron encapsulated within the silica matrix. 

Moreover, two iron species were observed: dispersed Fe3þ ions and iron 
oxide clusters. Without EDAS, smaller silica nanoparticles were pro
duced after a longer gelation time. In this case, only Fe3þ ions dispersed 
in silica were observed. 

The iron-doped sample without EDAS showed immediate iron 
release when placed in contact with water, whereas the sample with 
EDAS showed no detectable leaching. 

The photo-Fenton activities of the two iron-doped samples can be 
directly linked to their specific morphologies. The iron-doped sample 
without EDAS displayed the best PNP degradation rate due to the direct 
availability of iron. Nevertheless, the sample with EDAS showed an in
crease of PNP degradation compared to a blank experiment without 
catalyst, while limiting the iron leaching in water. Both samples main
tained their photoefficiency after three consecutive experiments, that is 
to say, 72 h of operation. 
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