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a b s t r a c t

Porous cobalt ferrite aerogel catalysts were obtained by 1,2-epoxide sol–gel process and investigated in the
hydrolysis of 4-nitrophenyl phosphate. These materials were synthesized by reacting cobalt and iron salts
with propylene oxide in methanol, dried by supercritical carbon dioxide, and calcined between 200 and
800 ◦C. The catalysts were characterized using Fourier Transform Infrared (FTIR) spectroscopy, nitrogen
adsorption–desorption technique, and powder X-ray diffraction (XRD). The “as-prepared aerogel” surface
exhibits M–OH groups that disappear after annealing, which enhances the spinel structure. This was
coupled with a better crystallinity revealed by XRD peaks sharpness. The crystallite sizes were found
to be between 6.3 and 28.1 nm. In addition, the catalysts revealed high porosities that decrease as the
erogel

ol–gel
atalysis
-Nitrophenyl phosphate hydrolysis

annealing temperature increases. The catalysis showed that the catalytic activity significantly rely on the
synthesis procedure and mainly the calcination temperature. Samples calcined at 600 ◦C and above did
not show any catalytic activity, however, the highest catalytic efficiency was for those calcined at 200 ◦C
with 100% selectivity for the 4-nitrophenol. The correlation of the characterization techniques and the
catalysis tests revealed that the catalytic properties of these sol–gel materials are due to the existence of

s.
residual surface OH group

. Introduction

Transition metal ferrites are the most widely used magnetic
aterials [1] that exhibit chemical stability, low electric loss, high

oercivity and thus interesting magnetic properties. In addition to
heir application in microwave devices, computer memories and

agnetic storage [2], these materials of type MIIFeIII
2O4 have been

ecently used in heterogeneous catalysis applied to various organic
eactions. For instance, the catalytic activity of such solids was
tudied in: conversion of isopropanol to propene and acetone [3],
hermal decomposition of ammonium perchlorate [4], oxidative
ehydrogenation of n-butene [5,6], production of orthoalkylphenol
7], decomposition of cyclohexanol [8], and selective mono-N-

ethylation of aniline [9].
Among others, cobalt ferrite (CoIIFeIII

2O4) is one of these tran-
ition metal ferrites that were used in catalysis [7,8]. It has a
ace-centered cubic structure composed of large unit cells, con-

aining eight formula units [10]. During the last decade, numerous
echniques were explored for the synthesis of uniform cobalt ferrite
ncluding pulse laser deposition [11], electrodeposition [12], wet
hemical method [13], coprecipitation [14], hydrothermal synthesis

∗ Corresponding author. Tel.: +961 1 350000x4051; fax: +961 1 365217.
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381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.06.026
© 2009 Elsevier B.V. All rights reserved.

[15], mechano-synthesis [16], combustion [17], organic precursor
decomposition [18,19], and sol–gel processes [20–23]. In addition
to the pure cobalt ferrite, other metal-cobalt ferrites were success-
fully prepared starting from various mixtures of metal precursors
[7,8].

Previously developed sol–gel [24] techniques for the synthesis
of cobalt ferrite used either a mixture of the metal nitrate salt with
a citric acid solution [20,22,23], or a mixture of metal alkoxides
[21]. A well known drying technique for sol–gel materials is the
supercritical drying, where the liquid wetting the solid network is
exchanged with another fluid brought to a hypercritical state before
its evacuation [25]. This technique, leading to the so-called “aero-
gels”, largely attenuates the capillary stress responsible of the gel
network compression, its shrinkage and its porosity loss [26].

Some oxide aerogels were recently prepared via the epoxide
addition sol–gel method, where the reaction between the metal
salt and propylene oxide in alcohol led to a sol that was transformed
to a gel and dried under supercritical carbon dioxide [27–29]. This
technique successfully generated oxides exhibiting high porosity
and specific surface area, and therefore materials that might have

significant impacts in catalysis.

We report in the present study, for the first time to our knowl-
edge, the synthesis of a highly porous bi-metallic cobalt ferrite
CoIIFeIII

2O4 aerogels according to the epoxide sol–gel addition tech-
nique derived from Gao et al. [28]. These aerogels were calcined

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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t different temperatures and used in heterogeneous liquid–solid
atalysis of the hydrolysis of 4-nitrophenyl phosphate.

. Experimental

.1. Materials

The chemicals were used in this study as received and without
urther purification. Cobalt (II) chloride hexahydrate was pro-
ided by AnalaR. Iron (III) chloride hexahydrate was from Fluka.
ropylene oxide, 4-nitrophenyl phosphate disodium salt (4-NPP),
-nitrophenol (4-NP), and glycine were purchased from Acros
rganics. Methanol was supplied by Sigma–Aldrich. NaH2PO4·H2O
nd Na2HPO4 used for the preparation of the phosphate buffer solu-
ion (PBS, pH 7.0, 10 mM) were from Merck, and sodium hydroxide
rom Himedia.

.2. Catalyst preparation

Cobalt ferrite aerogels were prepared in polypropylene vials
y dissolving 79.3 mg (0.33 mmol) of CoCl2·6H2O and 180.2 mg
0.67 mmol) of FeCl3·6H2O in 3 mL of methanol under vigorous stir-
ing. To the obtained solution, 700 �L (10 mmol) of propylene oxide
ere added. The stirring was stopped after a few minutes and the

olution was kept at rest for gelation, which was observed in the
ext 20–25 min. The obtained gel was kept for one day at room tem-
erature for aging, followed by a drying under supercritical carbon
ioxide (TC = 31.1 ◦C; PC = 73.7 bar) leading to the final aerogel, noted
-CoFe2O4-RT (i.e. cobalt ferrite aerogel at room temperature). This

erminal step was preceded by a 24 h solvent exchange step, where
he residual solvent in the gel was exchanged by acetone present-
ng a higher miscibility with liquid carbon dioxide. A-CoFe2O4-RT
amples were calcined in a muffle furnace under air at tempera-
ures between 200 and 800 ◦C with a heating ramp rate of 1 ◦C/min.
he temperature was maintained at the desired temperature for 5 h
efore cooling.

.3. Catalyst characterization

Nitrogen sorption technique was used for the determination
f the textural properties of the obtained materials. For that pur-
ose, a Nova 2200e high-speed surface area and pore size analyzer
Quantachrome Instruments) was used. Prior to the measurement,
he aerogel samples were degassed for 2 h at room temperature.
he specific surface area was calculated according to the BET the-
ry [30], while the pore size distribution and the pore volume
ere calculated by the BJH method [31] based on the desorption

ranch of the isotherm. FTIR spectra were collected on a Thermo
icolet 4700 Fourier Transform Infrared Spectrometer equipped
ith a Class 1 Laser. The measurements were performed using the

ransmission KBr pellet technique, where 0.5% in weight aerogel
owder-containing potassium bromide pellets were used. Powder
-ray diffraction patterns were recorded on a Bruker d8 discover X-
ay diffractrometer equipped with a Cu-K� radiation (� = 1.5405 Å).

.4. Catalytic activity

To determine the activity of these catalysts, the hydrolysis of 4-
itrophenyl phosphate to produce 4-nitrophenol has been chosen
s a model reaction. In a 40-mL reactor, operating at 30 ◦C under
tmospheric pressure and magnetic stirring, 5 × 10−5 mmol of 4-
itrophenyl phosphate were dissolved in 25 mL of 50 mM aqueous

lycine–NaOH buffer solution (pH 9.5) to make a 2 mM initial con-
entration. To these solutions, 50 mg of each catalyst were added.
liquots were taken at different time intervals and filtered on
illex-LG 4 mm 0.2 �m PTFE filters (from Millipore). Samples were

nalyzed by HPLC with a diode array UV detector (Agilent 1100
sis A: Chemical 312 (2009) 18–22 19

series) on a Discovery HS C18 column (250 mm × 4.6 mm, 5 �m par-
ticles, from Supelco) at room temperature (20–22 ◦C). The eluent
composition was 40/60 methanol/PBS at a flow-rate of 1 mL min−1.
4-NPP was detected at 311 nm while 4-NP was detected at 404 nm.
The retention times for the 4-NPP and 4-NP were 2.7 and 7.6 min,
respectively.

3. Results and discussion

3.1. Synthesis

The synthesis resulted in a low-density clear brown aerogel
exhibiting a density around 0.06 g/cm3. The density has been calcu-
lated by dividing the mass of the aerogel by its volume immediately
after the supercritical drying. This gel was very soft and breaks
down into fine powder easily. A noticeable change in the solution
color has been observed during the gel preparation, where a con-
version of the alcoholic metals solution color from clear brown
to dark brown has been observed immediately after the addition
of the propylene oxide. This color persists unchanged until the
solution viscosity increases, which was coupled with a gradual
change of the color to clear brown, 2 min before the complete gela-
tion occurs. The hexaaquacobalt (II) and hexaaquairon (III) ions
are the acids that react with the propylene oxide playing the role
of a base leading to the deprotonation of the metal hydrate and
the protonation of the epoxide. This step is followed by an irre-
versible epoxide ring opening due to a nucleophilic attack by the
counterions that generates 1-chloro-2-propanol [27]. In a second
step, the aqua-hydroxy deprotonated species [Co(OH)(H2O)5]+ and
[Fe(OH)(H2O)5]2+ undergo condensation reactions of olation and
oxolation to yield oligomeric species [32]. In these oxo-bridged
M–O–M′ groups, M and M′ are two cobalt, two iron, or one cobalt
and one iron atoms. The remaining aqua-ligands react similarly
with propylene oxide molecules to form other M–O–M′ groups.
Carbon dioxide supercritical drying has been used and yielded the
A-CoFe2O4-RT. The heat treatment of this latter revealed a change
of the material color coupled with a modification of its porosity
and crystalline structure. Calcined samples are noted as follows:
A-CoFe2O4-200 (i.e. cobalt ferrite aerogel calcined at 200 ◦C); A-
CoFe2O4-300; A-CoFe2O4-400; A-CoFe2O4-500; A-CoFe2O4-600;
A-CoFe2O4-700; A-CoFe2O4-800.

3.2. Catalyst characterization

In addition to the results shown in Fig. 1, absorption bands
centered at 3422 and 1636 cm−1 are seen for the calcined and non-
calcined aerogels, and are attributed to the residual coordinated or
adsorbed water molecules [33]. Moreover, A-CoFe2O4-RT exhibits
several bands attributed to the residual 1-chloro-2-propanol. Bands
in the 3000–2800 cm−1 range are easily attributed to the C–H
symmetric and antisymmetric stretching vibrations, and others
appearing at 1484, 1391 and 1377 cm−1 are assigned to the C–H
antisymmetric and symmetric deformation vibrations, respectively
[34]. The FTIR absorption spectra of the obtained sol–gel materials
revealed a difference in the existing chemical groups for the dif-
ferent aerogels, mainly in the range between 1200 and 400 cm−1

(Fig. 1). The band at 1045 cm−1 corresponds to the C–O stretch-
ing vibration [33]. Besides these peaks, A-CoFe2O4-RT shows two
bands at 655–630 and 472 cm−1 that are attributed to the M–OH
deformation vibration and M–O stretching vibration, respectively
[35]. The existence of the broad band at 655–630 cm−1 reflects the

subsistence of residual Co–OH and Fe–OH groups on the surface of
the network that did not undergo the condensation. The spectra
of the calcined aerogels reveal the formation of tetrahedral metal-
oxygen groups reflected by the appearance of a band at 586 cm−1

that corresponds to the M–O stretching vibration mode in ferrites
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Table 1
Average crystallite size (ACS), specific surface area (SSA), percentage of specific sur-
face area above the Kelvin limit (SSAkel), total pore volume (Vp) and percentage of
pore volume above the Kelvin limit (Vp, kel), calculated for the prepared cobalt ferrite
aerogels.

ACS (nm) SSA (m2/g) SSAkel (%) Vp (cm3/g) Vp, kel (%)

A-CoFe2O4-RT – 576 84 1.31 89
A-CoFe2O4-200 – 223 >99 0.76 >99
A-CoFe2O4-300 6.26 115 95 0.55 99
A-CoFe2O4-400 9.80 93 94 0.54 98
Fig. 1. FTIR absorption spectra of prepared cobalt ferrite aerogels.

36,37]. It is important to note that the intensity of the band at
55–630 cm−1 corresponding to residual M–OH decreases when
he calcination temperature increases, and disappears above 600 ◦C.
his decrease was coupled with an increase of the M–O stretch-

ng vibration bands at 586 cm−1. The very sharp peak appearing at
68 cm−1 is attributed to the M–O stretching vibrations [38].

Powder X-ray diffraction (XRD) patterns did not show any
rystalline structure for the A-CoFe2O4-RT, however, clear peaks

ppeared after heat treatment (Fig. 2). These peaks became very
harp at high calcination temperatures and could be indexed in a
imple cubic lattice. The peaks positions as well as their relative
ntensities match perfectly the CoFe2O4 powder diffraction data
JCPDS 22-1086). The average size of the crystallites calculated from

Fig. 2. XRD patterns of prepared cobalt ferrite aerogels. Peaks m
A-CoFe2O4-500 13.03 53 94 0.31 97
A-CoFe2O4-600 20.03 26 89 0.07 91
A-CoFe2O4-700 25.82 13 89 0.03 88
A-CoFe2O4-800 28.10 13 94 0.03 86

the broadening of the highest intensity XRD peak (3 1 1) using the
Scherrer equation [39] increased from 6.26 nm for the A-CoFe2O4-
300 to 28.10 nm for the A-CoFe2O4-800 (Table 1), confirming the
nanoparticle nature of these cobalt ferrite samples. The very weak
peaks in the XRD pattern of the A-CoFe2O4-200, as well as the
absence of clear peaks for the A-CoFe2O4-RT are therefore due to
the extremely small cobalt ferrite crystallite size that makes these
peaks uneasily distinguished.

The nitrogen adsorption isotherms of the A-CoFe2O4-RT
revealed a type IV isotherm [40] with a hysteresis loop, hav-
ing a specific surface area equal to 576 m2/g and a pore volume
1.31 g/cm3. Calculations revealed that this aerogel has mainly meso-
pores (between 2 and 50 nm) with the existence of micropores
(smaller than 2 nm) not exceeding 16% of the totality of the pores.
It was noticed also that the surface area and pore volume decreases
after the heat treatment of the aerogels, with a drastic decrease
after 600 ◦C. This is correlated with the aerogel sintering leading
to the increase of the crystallite size and the decrease of the voids
between the particles. Detailed results are regrouped in Table 1.

The correlation between the FTIR, XRD, and nitrogen adsorption
results confirm the formation of cobalt ferrite mesoporous aero-
gel nanoparticles having considerable surface area and porosity,
mainly at room temperature and after calcinations between 200
and 500 ◦C.
3.3. Catalytic activity

In addition to their catalytic properties, these ferrites showed
a very fast adsorption capacity for the 4-NPP. This was noticed
since the concentration of the 4-NPP in the reaction medium has

arked with a star correspond to the used sample holder.
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Table 2
Catalytic activities of the prepared cobalt ferrite aerogels for the hydrolysis of 4-nitrophenyl phosphate.

4-NPP conversion after 5 h (%) 4-NPP conversion after 24 h (%) Initial rate (mmol L−1 min−1) Rate constant (min−1)

A-CoFe2O4-RT 19.06 55.37 2.50 × 10−3 2.67 × 10−3

A-CoFe2O4-200 24.94 65.08 4.76 × 10−3 3.82 × 10−3
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-CoFe2O4-300 3.79 8.40
-CoFe2O4-400 2.91 6.30
-CoFe2O4-500 1.01 2.08

ecreased enormously after 5 min of contact time between the solid
aterial and the initial solution without producing any other com-

ound, except for the A-CoFe2O4-200 where a certain quantity of
-NP was produced. The quantification made after 5 min revealed
hat 54.2%, 38.2%, 14.8%, 9.4%, 2.4% of the initial quantity of 4-NPP
as been adsorbed on the surface of A-CoFe2O4-RT, A-CoFe2O4-200,
-CoFe2O4-300, A-CoFe2O4-400 and A-CoFe2O4-500, respectively.
he value given for the A-CoFe2O4-200 is in reality the difference
etween the decreased 4-NPP concentration and the produced 4-
P concentration. Furthermore, reference 4-NP adsorption tests
erformed on the different catalysts showed that no adsorption
f 4-NP took place even after 24 h of contact time. Thus, we con-
ider that the 4-NP produced during the reaction exists only in the
olution.

The catalytic activities of the cobalt ferrite aerogels calcined at
igh temperatures (600, 700, and 800 ◦C) did not show any cat-
lytic activity; however, the activity of the samples calcined at
ower temperatures was found to extensively rely on the calci-
ation temperature, as shown in Fig. 3. The A-CoFe2O4-RT and
-CoFe2O4-200 samples show the highest catalytic activities, with

he A-CoFe2O4-200 being the most active. On the other hand, the
amples A-CoFe2O4-300 and A-CoFe2O4-400 showed very similar
ctivities. A-CoFe2O4-500 showed a very low activity where the
-NP was not quantifiable before 4 h of reaction time. It is worth
o mention that the quantified concentration of 4-NPP after 5 min
f the reaction remains constant during the reaction time, for the
otality of the catalytic tests performed. This suggests that the cat-
lytic conversion of 4-NPP to 4-NP takes place on the surface of the
atalysts and the product (4-NP) is released in the solution with the
-NPP/solid equilibrium being maintained. For that reason, the pre-
icted 4-NPP conversion and reaction rate calculations were made
ccording to the quantity of 4-NP present in the solution.

Table 2 regroups the calculated 4-NPP conversion taking into

onsideration the adsorbed quantities of 4-NPP after 5 and 24 h
f reaction time, as well as the initial rate constants obtained for
he different aerogels. These results show that the A-CoFe2O4-RT
nd A-CoFe2O4-200 are efficient catalysts for the hydrolysis of 4-
itrophenyl phosphate with 100% selectivity for 4-nitrophenol and

ig. 3. Effect of the heat treatment on the conversion of 4-NPP. [4-NPP] = 2 mM;
olvent volume = 25 mL; pH = 9.5; T = 30 ◦C; catalyst weight = 50 mg.
1.49 × 10−3 8.54 × 10−4

5.57 × 10−4 2.96 × 10−4

8.09 × 10−5 4.05 × 10−5

conversions exceeding 55% and 65% after 24 h with initial rate con-
stants equal to 2.67 × 10−3 and 3.82 × 10−3 min−1, respectively.

The correlation of the catalysis results with the FTIR spec-
troscopy reveals that the catalytic activity is directly related to the
existence of OH surface groups. As seen in FTIR, the intensity of the
OH band decreases as the annealing temperature increases, and
disappears after 600 ◦C. The same trend was noticed for the cat-
alytic activity, which decreases at high calcination temperatures
and became null for the samples calcined at 600 ◦C and above. The
case of the A-CoFe2O4-RT, where the OH groups are the most abun-
dant and the corresponding band is the most intense compared
to the other catalysts, is an exception to this catalytic activity-
OH group correlation. Most likely, this is due to the existence of
adsorbed organic groups on the large surface of the aerogel respon-
sible of a partial inhibition of the surface OH catalytic effect.

The high porosity of the aerogels calcined at temperatures below
500 ◦C allows the diffusion of the 4-NPP molecules within the pores
and their easy access to the surface catalytic sites where they are
hydrolyzed. Conversely, the catalytic inactivity of aerogels treated
at temperatures greater than 600 ◦C is due to the low surface area
and small pore volume limiting the access of the catalytic sites,
besides the absence of surface OH groups.

4. Conclusion

In summary, this study described the preparation of novel highly
porous cobalt ferrite aerogels via the epoxide sol–gel method and
their application in the catalysis of the hydrolysis of 4-nitrophenyl
phosphate. These aerogels revealed significant catalytic properties,
mainly as-synthesized and after heat treatment at 200 ◦C. The cat-
alytic property of these materials is found to be essentially due to
the existence of residual surface OH groups that did not undergo
condensation. The XRD and N2 adsorption measurements revealed
the nano-nature of these porous cobalt ferrites where the crystallite
sizes range between 6.3 and 28.1 nm.
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