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Abstract
Mesoporous CeO2-supported iron nanoparticles were prepared by the hard tem-
plate method with different iron loading. The catalysts were characterized by XRD, 
BET, UV–Vis, ICP, SEM–EDX, MET and TPR. The catalysts showed high activity 
and stability in the photo-Fenton oxidation of aqueous phenol solution using near-
ultraviolet irradiation (254 nm) at room temperature and neutral pH. The catalytic 
performance has been monitored in terms of aromatics and total organic carbon 
(TOC), and phenol conversion. Also, a comparative study between the CeO2 activity 
and catalysts was monitored which demonstrates that iron has a synergistic effect in 
the phenol photo-Fenton oxidation. Moreover, the formation of OH· and O2· radi-
cals accelerates the process by reducing Fe3+ to Fe2+ and Ce4+ to Ce3+ which leads 
to a total phenol oxidation at short time process. The total phenol conversion was 
obtained at 15 min with Fe/CeO2(60) and 20 min with Fe/CeO2(20).
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Introduction

The development and application of several advanced oxidation processes (AOPs) to 
water treatment have been significant research in environmental reaction engineer-
ing during the last decades [1]. The Fenton process has been proposed for degrading 
organic pollutants using different catalysts [2]. Fenton oxidation using an hetero-
geneous catalyst is an efficient method for pollutant degradation; moreover, several 
catalytic systems were utilized, such as Fe-based MOF materials which used for the 
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degradation of methylene blue[3], iron oxide nanoparticles has been reported for 
the paracetamol degradation [4] and MIL‑100(Fe) metal–organic framework which 
demonstrated a high performance for total phenol oxidation [5]. These catalysts 
could rapidly generate Fe2+ and hydroxyl radical-based Fenton oxidation.

Phenol and its derivatives are the most dangerous organic pollutants, with high 
concentrations that can damage our life and human, where it is necessary for their 
degradation and elimination [6]. For this purpose, several groups reported phe-
nol degradation by iron catalysts. The Fe/SBA-15 catalyst was used successfully 
in the photo-Fenton degradation of phenol by H2O2 with a total conversion at 
10 min [7]; also, this one was used under near UV–Vis irradiation at room tem-
perature and gave good results [8].

The mesoporous materials are known by the high surface area, large pore 
volume and well defined pore size, making it a potential material in catalysis, 
adsorption, organic synthesis [9] and other fields [10, 11]. CeO2 is a typical rare 
earth oxide which has an oxygen storage capacity, and it is often used as support 
material for catalysts reactions, the excellent catalytic activity is attributed to the 
presence of oxygen vacancies on the oxide surface and the ability of surface Ce3+ 
at such defect sites to preserve its fluorite structure [12]. Moreover, the doping of 
CeO2 by iron leads to the formation of stable redox couple of cerium (Ce4+/Ce3+) 
and iron (Fe3+/Fe2+) cations which demonstrate a high performance during waste 
water treatment against organic dyes [13]. This catalyst has been used in several 
processes such as photocatalytic ozonation [14], methylene blue degradation 
where the redox cycle between Fe3+/Ce4+ and Fe2+/Ce3+ was accelerated by the 
oxygen defects [15], and Tetracycline degradation [16]. Also, mesoporous Co3O4/
CeO2 was reported for the phenol Fenton oxidation using peroxymonosulfate as 
activator with a total phenol degradation for 50 min [17].

The mesoporous CeO2 material was prepared by different methods such 
as sol–gel, precipitation, and hard template. With this one, researchers used 
mesoporous silica KIT-6 [18, 19] and SBA-15 [20] as a template to obtain an 
ordered and structure. The aim of our research is find a key to eliminate dyes and 
water treatment using simple process in mild reaction condition and reduced time 
avoiding contamination. In this paper, the mesoporous Fe/CeO2 was prepared by 
the hard template and impregnation method for iron doping with two different 
molar ratio of Ce/Fe equal to 60 and 20. The catalysts activity was performed in 
phenol degradation in an aqueous solution by the photo-Fenton process.

Experimental

Reagent

All reagents were purchased from Sigma-Aldrich. Tetraethyl-orthosilicate, 
amphiphilic triblock copolymer poly (ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) average molecular weight 5800.
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Preparation of mesoporous Fe/CeO2

Firstly, the mesoporous SBA-15 were synthesized with the same prepara-
tion reported by Zhao et  al. [21, 22], 4  g of amphiphilic triblock copolymer 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) was mixed 
in 120 g of water and 8.64 g of 2 M HCl solution at 40  °C while stirring, fol-
lowed by adding 8.54  g of tetraethyl-orthosilicate to the homogenous solution 
under stirring for 24 h. For crystallization, this gel mixture was finally put in a 
Teflon-lined autoclave for 2 days at 100 °C. After cooling to room temperature, 
the solid product was filtered and dried in the air at room temperature; Template 
removal was achieved by calcination in air at 500 °C for 4 h (heating rate: 1 °C/
mn). Then, mesoporous ceria was synthesized according to the following proce-
dure developed by Yue and Zhou [20]. One mmole of Ce(NO3)3.6H2O was mixed 
with 0,15 g of mesoporous silica and was ground for a few minutes. The mixture 
was then put into a crucible and placed in a muffle furnace. The temperature was 
increased from room temperature to 500  °C with a rate of 1  °C/min and main-
tained at the final temperature for 4  h. The specimen was then cooled down to 
room temperature. The silica template was removed by 2  M NaOH solution at 
80  °C, and the porous ceria was recovered by centrifugation and washed with 
distilled water three times. The Fe/CeO2 catalyst was prepared by impregnation 
method. The CeO2 was dispersed in 50 mL of deionized water containing various 
ferric amounts, to obtain a well-defined Ce/Fe ratio equal to 20 and 60.

Photo‑Fenton reaction

Heterogeneous photo-Fenton reactions were carried out in a cylindrical Pyrex 
reactor with one central and three peripheral female conical connections for the 
inflow and outflow of the solution model, under UV irradiation (254 nm) using 
phenol as reactant and hydrogen peroxide as oxidant. The catalyst (100  mg) 
was put into 100 mL of an aqueous phenol solution (5 × 10–4 mol  L−1), and the 
required amount of H2O2 was used for complete phenol oxidation.

The reaction was carried out in ambient conditions (atmospheric pressure, 
25 °C and neutral pH). Phenol conversions were determined by high-performance 
liquid chromatography (HPLC, waters 600) equipped with a C-18 column at a 
rate of 1 mL/min with UV detection with a mobile phase of 20% acetonitrile and 
80% H2O.

Characterization method

Various techniques were used to determine the structure of the catalyst. Diffuse 
reflectance DRUV-Vis spectroscopy measurements using a Lambda 800 UV–Vis 
spectrometer in the range of 200–800 nm at room temperature.

C6H5OH + 14H2O2 → 6CO2 + 17H2O



	 Z. Bailiche et al.

1 3

N2 adsorption, the BET surface areas were determined from N2 adsorption iso-
therms at 77 K using a Quantachrom NOVA 1000 instrument. The catalyst was 
outgazed in situ at 250 °C for 10 h.

Powder X-rays diffraction (XRD) patterns were collected using an Ultima III 
Rigaku Monochromatic Diffractometer using Cu Kα radiation (λ = 1.5406 A°) with 
a rate of 1°/min in the 2θ range 20–80°.

The temperature-programmed reduction experiments (TPR) were carried out in 
an Altamira AMI-200 apparatus with 5% H2/Ar flow (30  mL/min) with a rate of 
5 °C/min at 800 °C.

Transmission electron microscopy (TEM) micrographs were collected on a JEOL 
JEM-1230 electron microscope. All samples were dispersed in ethanol and soni-
cated for 20 min.

Iron leaching and the amount were systematically evaluated by ICP (induced cou-
pled plasma) analyses model (820 MS Varian). After the reaction, the total organic 
carbon (TOC) content was analyzed using a Shimadzu TOC-VCSH analyzer.

Results and discussion

Catalyst characterization

The XRD analysis on each pattern demonstrates that the diffraction peaks were per-
fectly indexed to a face-centered cubic (fcc) fluorite structure of CeO2 (JCDS card 
N°34-0394). The broad peaks suggested the presence of small CeO2 crystallites 
(Fig. 1). Compared with the diffraction of pure mesoporous CeO2, the XRD pattern 
of Fe/CeO2 is similar to pure CeO2. No XRD diffraction peaks of iron oxide are 
observed due to its low content. Also, the molar ratio of Ce/Fe does not affect the 
spectra.

Fig. 1   XRD patterns for CeO2 and Fe/CeO2
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To identify the nature of the iron species, the catalysts were analyzed by UV–vis-
ible (Fig. 2a). The deconvolution of the UV–visible spectrum of CeO2(Fig. 2b) dem-
onstrates bands at 203 nm, 270 nm, 347 and 438 nm corresponding to the charge 
transfer of O2− to Ce4+ and the charge transfer of oxygen to cation species in a lower 
oxidative state, respectively [11]. The spectra of Fe/CeO2(20) and Fe/CeO2(60) 
show new bands (Fig. 2c), the displacement of these bands is shown in Table 1. In 
the first one, new bands were situated at 322 nm, which shifted to a higher wave-
length from Fe/CeO2(60) to 407 nm. The band located at 322 nm characterized the 
isolated Fe3+ in tetrahedral coordination sites [23]. In addition, the band shift is due 

Fig. 2   UV–Vis diffuse reflectance spectra of a CeO2 and Fe/CeO2, b CeO2 deconvolution spectrum and c 
deconvolution spectra of Fe/CeO2

Table 1   DRUV–Vis bands shift 
of the CeO2, Fe/CeO2(20), and 
Fe/CeO2(60)

CeO2 Fe/CeO2(20) Fe/CeO2(60)

203 206 216
270 262 267
347 369 336
438 489 407

323 475
420 540
562 617
627 695
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to the interaction between CeO2 and iron nanoparticles. Other new bands situated at 
489, 552, and 627 nm for Fe/CeO2(20) attributed to Fe2O3 clusters [24]; these bands 
were shifted 54, 617, and 695 nm to in the case of Fe/CeO2(60).

Figure  3 demonstrates the N2 adsorption–desorption isotherms of CeO2Fe/
CeO2(20) and Fe/CeO2(60) catalysts. The structural properties of the support 
and catalyst samples are listed in Table 2. The isotherms are identified as type IV 
according to the IUPAC classification with is a typical characteristic of mesoporous 
material. After loading iron, the shape of the isotherms of FeCeO2 catalyst is similar 
to that of pure ceria; the BET surface area decreases with the increasing amount of 
iron which confirmed that iron nanoparticles were deposited and incorporated in the 
pore of CeO2 support [25].

Figure  4 displays the H2-TPR profile of CeO2, Fe/CeO2(20) and Fe/CeO2(60). 
The H2-TPR profile of CeO2 demonstrates two peaks around 520 and 700 °C, which 
are assigned to the reduction in surface oxygen and bulk oxygen, respectively [26]. 

Fig. 3   a N2 adsorption–desorption isotherms and b pore size distributions of CeO2 and Fe/CeO2 catalysts 
measured at 77 K

Table 2   Textural properties of 
the prepared catalysts

Catalyst SBET (m2/g) VT (m3/g) Pore 
diameter 
(A°)

CeO2 118,30 0,27 96,40
Fe/CeO2(20) 106.32 0.33 91.87
Fe/CeO2(60) 98.18 0.33 91.30
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In the case of the supported catalyst with iron, these peaks were shifted to the lower 
temperature. Other shoulder peaks were also presented, situated at 420  °C with 
higher and lower iron content. This demonstrates FeO’s presence by reducing Fe2O3 
[27]. The first reduction of Fe2O3 to Fe3O4 is not presented in the profiles, which 
appear between 50 and 100 °C [28]. This result shows that the oxidation state of iron 
is Fe2+ and Fe3+.

TEM images are shown in Fig. 5. The image 5a demonstrates that CeO2 has a 
mesoporous structure, and it takes the SBA-15 shape with an ordered structure and 
is very clear at 20 nm. For the Fe/CeO2(20), where the iron content is higher, the 
iron was deposited on the surface of the support with some iron accumulation, but 
decreasing the iron content in the catalyst Fe/CeO2(60), presented an excellent dis-
persion with small iron nanoparticles in the round of 5 nm.

The energy-dispersive X-ray spectroscopy (EDX) analysis of CeO2 prepared by 
hard template (Fig. 5b) demonstrates the high presence of Ce and low content of Si, 
which does not exceed 1%.

Catalyst activity

For the phenol Fenton oxidation, the catalysts Fe/CeO2(20) and Fe/CeO2(60) were 
used at room temperature under ultraviolet irradiation at 250 nm with neutral pH. 
The conversion of phenol is shown in Fig.  6a. In Fe/CeO2(60) presence, 47% of 
phenol was degraded for 5  min and 95% for 10  min. The phenol was completely 
converted for 15 min. The Fe/CeO2(20) catalyst was more reactive for 5 min and 
10  min; it gave high conversions of 70% and 93%, respectively. Also, it gave the 

Fig. 4   H2-TPR profile of CeO2, Fe/CeO2(20) and Fe/CeO2(60)
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total degradation for 20 min. This result shows that the high loading of iron gives 
the total phenol degradation in a short time (15 min).

In addition, to quantify the phenol mineralization, total organic carbon (TOC) 
removals for the process are determined in Fig.  6b. For the Fe/CeO2(60), 47% of 
removed TOC was achieved, while Fe/CeO2(20) was used as a catalyst, 42% 
removal was obtained. The efficiency of the Fenton type process is influenced by the 

Fig. 5   TEM images of a CeO2, b EDX analysis of CeO2, c Fe/CeO2(20) and d Fe/CeO2(60)

Fig.6   a Photo-Fenton oxidation of phenol at 25 °C ± 1 °C, b TOC and iron leaching in the presence of 
Fe/CeO2 catalysts
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concentration of Fe2+ ions and Ce4+, which catalyze H2O2 decomposition resulting 
OH radical production and, consequently, the degradation of organic molecules.

The amount of iron leaching in the photo-Fenton degradation of phenol reaction 
is measured and presented in Fig. 6b. For Fe/CeO2(60) catalyst, 43% of iron loss. 
The amount of iron leaching decreased in the case of Fe/CeO2(20) to 22% loss.

To demonstrate the effect of iron on the active sites of CeO2, this one was used in 
the reaction without metal. The activity of CeO2 increases with reaction time giving 
a total phenol conversion at 15 min. After iron deposition, the conversion increases 
with Fe/CeO2(20) to 70% at 5 min. This result confirms that iron has a synergistic 
effect and the presence of oxygene vacancies reduces Fe3+/Ce4+ to Fe2+/Ce3+ pro-
ducing more OH· radicals which accelerate the process. The stability of catalysts 
was studied after the first reaction run; the catalysts were washed with water and 
dried without any treatment. The reusability of Fe/CeO2(20) and Fe/CeO2(60) in the 
photo-Fenton oxidation of phenol is demonstrated in Table 3. For the first cycle, the 
decrease in Ce/Fe from 60 to 20 accelerates the oxidation of phenol, producing more 
radicals with higher iron-loaded catalyst (Fe/CeO2(20)). In the second run of the 
reaction, the Fe/CeO2(20) and Fe/CeO2(60) demonstrate high activity than the first 
one at 10 min and give phenol conversion equal to 96 and 100%, respectively. In the 
first cycle, the iron leaching was more intense in the case of Fe/CeO2(60) than Fe/
CeO2(20), where the activity of the same catalyst was more pronounced in the sec-
ond run with total phenol oxidation at 10 min (Table 3). Also, it is the same effect 
on the Fe/CeO2(20) activity where total phenol oxidation achieved at 15 min for the 
second run. This result demonstrates that the iron leaching exposed the Ce4+ and 
Ce3+ active sites and shows the easy redox cycle between Ce3+ and Ce4+, which is 
an oxygen buffer to produce OH· radical in the case of Fe/CeO2(60) [19].

Iron nanoparticles supported ordered mesoporous CeO2 catalyst demonstrates 
a high performance for the phenol photo-Fenton oxidation process in the pres-
ence of H2O2. This capacity due to the formation of oxygene and OH· radicals 
which are known in photocatalysis using oxid support such as TiO2 and CeO2 
[29]. The O2· and OH· can produce during the reaction mechanism in the pres-
ence of irradiation (Fig.  7). Firstly, the UV irradiation of catalyst provoke the 
electron (e−) movement on band valance to the conduction band leaving h+ 
(Eqs.  1). Then, in the presence of H2O2, O2 vacancies and OH· were formed 
by reduction of Fe3+ to Fe2+ and Ce4+ to Ce3+ [Eqs.  (2)–(5)] giving HO2 as 

Table 3   Stability of Fe/CeO2(20) and Fe/CeO2(60) catalysts

Catalyst Fe/CeO2(20) Fe/CeO2(60) CeO2

Reaction time (min) Conv. (%) 
cycle 1

Conv. (%) 
cycle 2

Conv. (%) 
cycle 1

Conv. (%) 
cycle 2

Conv. (%) cycle 1

0 0 0 0 0 0
5 70 90 47 91 50

10 93 96 95 100 80
15 98 100 100 100 100
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intermediates. The present radicals attack directly the phenol molecule to pro-
duce CO2 and H2O [15, 30]. The synergistic effect between the oxygene vacan-
cies and OH· formed by Fe3+/Fe2+ and Ce4+ /Ce3+ activates the photo-Fenton 
process.

(1)Fe∕CeO2 + h� → Fe∕CeO2

(

e−, h
+
)

(2)Fe
3+ + H2O2 → Fe

2+ + HO2 + H
+

(3)Ce
4+ + H2O2 → Ce

3+ + HO2 + H
+

(4)Fe
2+ + H2O2 → Fe

3+ + OH ⋅ +OH−

(5)Ce
3+ + H2O2 → Ce

4+ + OH ⋅ +OH−

(6)Fe
3+ + HO2 → Fe

2+ + O2 ⋅ +H
+

(7)Ce
4+ + HO2 → Ce

3+ + O2 ⋅ +H
+

Fig.7   Possible phenol photo-Fenton oxidation process mechanism using Fe/CeO2 catalyst



1 3

Iron nanoparticles supported ordered mesoporous CeO2,…

Conclusion

In the present study, it has been demonstrated that iron-supported ordered 
mesoporous CeO2 is an efficient catalyst for the total oxidation of phenol through 
the photo-Fenton process for 15 min under UV. Also, the effect of the Ce/Fe ratio 
was studied using 20 and 60. This part achieved that the catalyst with high iron con-
tent activates the photo-Fenton process by the synergistic between iron and CeO2 
and gives the total phenol conversion. Furthermore, the leaching of iron study dem-
onstrates that the catalyst with high leaching provides high activity in the second 
run due to the abundant oxygen vacancies and Ce3+, which are more exposed on the 
surface of the catalyst; this suggested directly related to the amount of redox active 
Ce3+ sites at the surface. Finally, the photo-Fenton process can be influenced by the 
metal content, surface area, and metal leaching.
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