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a  b  s  t  r  a  c  t

Cerium(IV)  oxide  or  ceria  materials  were  synthesized  in  alkaline  and  acidic  media,  using  cerium(IV)  sul-
fate as  ceria  precursor  and  cetyltrimethylammonium  tosylate  as  template,  in order  to  evaluate  the  effect
of pH  on  the  morphology  and  texture  of synthesized  materials.  The  results  show  that  the surface  area,
the pore  size  and  volume,  and  the  surface  charge  can  be tuned  by  changing  the  pH.  Both  ceria materials
are  formed  by nanoparticles  although  in  the  material  synthesized  in  acidic  media  (CeO2(B))  the  particles
tend  to form  an ordered  mesoporous  structure  with  a  narrower  porous  size  distribution,  mainly  due  to
the  formation  of voids  between  them.  CeO2 material  synthesized  in  alkaline  media  (CeO2(A)),  on  the  con-
trary,  shows  an  irregular  distribution  of  the  pores  with  different  sizes,  which  were  probably  formed  by  the
stacking  of  ceria particles.  These  differences  seem  to be  also  attributed  to the  interaction  between  CTAT
and ceria  nanoparticles  during  the  synthesis  at  both  experimental  conditions.  The  grain  size,  the  surface
area,  the  porous  volume,  and  the  isoelectric  point  of  the  synthesized  materials  were  8.5  nm,  33.52  m2 g−1,
0.06 cm3 g−1,  and  4  for  CeO2(A),  respectively;  and  13.4  nm,  21.98  m2 g−1, 0.05 cm3 g−1,  and  7.4  for  CeO2(B),
respectively.  Adsorption  studies  of  synthesized  materials  toward  tetracycline  and  minocycline  antibiotics
were performed  and  discussed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Cerium(IV) oxide or ceria, CeO2, is a cubic fluorite-type oxide
in which each cerium site is surrounded by eight oxygen sites in
fcc arrangement and each oxygen site has a tetrahedron cerium
site. It is considered as the most important of rare-earth oxide, due
to extraordinary thermal and chemical stability, which makes the
system promising for many application patents [1].  The high level
of interest is due to important industrial applications such as solid
oxide fuel cells, insulators, high refractive index materials, UV fil-
ters, polishing materials, gas sensors, high-temperature oxidation
resistance, free-radical scavengers, etc. [1–6]. Recently, Asati et al.
[7] showed that CeO2 nanoparticles have a great potential as antiox-
idant and radioprotective agents for applications in cancer therapy.
The use of CeO2 as catalysts and adsorbents has been also reported.
However, most of the experimental and theoretical studies are
focused in removal gas-phase adsorbates, e.g. CO and NO, from the
catalytic application and those related to automobile toxic emis-
sion control points of view [8–10]. Works about removal aqueous
adsorbates of environmental concern are less published and they
need further investigation. In recent years, Ji et al. [11] reported
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the adsorption and photodegradation of the azodye acid orange
7 (AO7) on the surface of CeO2. The authors showed a strongly
adsorption of AO7 in the pH range between 2.96 and 4.50 at room
temperature although it decreases as pH increases. The adsorption
mechanism is related to a Lewis acid–base reaction which implies
the formation of an inner-sphere complex. Other works revealed
that CeO2 can maintain the excellent adsorption capacity at tem-
peratures as high as 800 ◦C under some specific conditions [12,13],
and that the presence of common anions such as nitrate, chloride,
sulfate, and carbonate in aqueous solution has no significant impact
on its adsorption ability [14,15].

CeO2 can be commercially obtained or it can be synthesized in
a laboratory with a desired structure by using cerium(III and/or IV)
inorganic salts as ceria precursors [1].  Numerous techniques, such
as hydrothermal [16], sonochemical [17], pyrolysis [18], sol–gel
[19], microwave [20] and homogeneous precipitation [21] among
others have been proposed for the synthesis of not only pure ceria
but also of doped and mixed cerias, with promising control of mate-
rial properties. Some of them have been carried out in colloidal
systems, such as emulsions and microemulsions, ionic liquids, or
in the presence of surfactants and polymers aiming to enhance
physical or chemical properties such as morphology, surface area,
sintering resistance, activity toward a certain reaction, etc. [1,22].

Many research groups have investigated different surfactant-
ceria chemistry systems that yield various shapes including

1385-8947/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2012.02.064



Author's personal copy

564 M. Brigante, P.C. Schulz / Chemical Engineering Journal 191 (2012) 563– 570

mesoporous structures [2],  thin films [23], nanorods [24], and
nanowires [25]; nanopolyhedra [26]; nanospheres [27]; and so
on, depending on the synthesis conditions. The pH of the reaction
medium is also a significant parameter affecting the nature and
crystallinity of the synthesized materials. In this sense, Wu  et al.
[28] reported on the effects of pH of the reaction medium on the
crystallization of ceria grains under hydrothermal conditions when
cerium hydroxide was used as the precursor. The authors showed
that the synthesis mechanism was by Ostwald ripening, where in
an acidic medium and with the dissolution of the precursor, grain
growth is faster in contrast to a basic medium. Recently, we  have
reported that the morphology and the pore size of mesoporous
silicas, synthesized by a hydrothermal method using the cationic
surfactant cetyltrimethylammonium tosylate (CTAT) as template,
can be tuned by changing the pH [29]. In fact, microscopic bicontin-
uous materials are obtained in alkaline synthesis while monolithic
silicas are obtained in acidic synthesis.

Taking into account the mentioned above, the aim of this article
is divided in two  parts. First, to present a study of the synthesis of
CeO2 by a simple and inexpensive method, using cerium(IV) sulfate
as ceria precursor and CTAT as template, and evaluating the effect of
the pH on the morphology and texture of the synthesized materials.
This ceria precursor was chosen because it appears more suitable
for forming CeO2 nanoparticles at room temperature in compari-
son with other inorganic cerium salts such as cerium(III) nitrates
[30]. The second part involves the study of the adsorption kinetics
of two antibiotics on the synthesized materials in order to evaluate
them as decontaminant from industrial wastewaters. Tetracycline
(TC) and minocycline (MC) were used for those proposes. Both are
antibiotics from tetracycline’s family that exhibit broad-spectrum
antimicrobial activities against a variety of disease producing bac-
teria. The maximum permissible concentration of TC (and MC)  in
aqueous solutions for industrial and pharmacy wastewaters is very
low (1 �g L−1) although concentrations of 15 �g L−1 in wastewa-
ter effluents have been reported [31]. It is known that the studied
antibiotics are not stable at long times. In fact, TC fastly decom-
poses in aqueous solutions and in presence of TiO2-based catalyst
dispersions under UV light [32]. However, it is also known that
exposures to residues of their transformed products might cause a
variety of adverse effects, including acute and chronic toxicity, and
microorganism antibiotic resistance [33,34]. This, together with the
frequent detection of tetracycline antibiotics and its metabolites
in surface, ground, and waste waters attracts our attention to the
study of the antibiotic–adsorbent interactions and to the use of new
materials for pollution control.

2. Materials and methods

2.1. Chemicals

Cetyltrimethylammonium p-toluene sulfonate or tosylate
(CTAT, MW = 455.7 g mol−1) was obtained from Aldrich. Cerium(IV)
sulfate were purchased from BDH Reagents & Chemicals. HCl,
NaOH, KCl, KNO3, HCl, HNO3, sodium acetate, and acetic acid were
obtained from Anedra. Minocycline and tetracycline hydrochlo-
ride were purchased from PARAFARM, and its purity (99%) was
confirmed by X-ray diffraction (XRD) and FT-IR spectroscopy. All
chemicals were of analytical grade and used as received. Doubly
distilled water was used for the preparation of solutions.

TC and MC  present different ionic states depending on the
solution pH as shown in Fig. 1. The fully protonated species of
TC (TCH3

+) which exists at pH < 3 [35,36] is shown in Fig. 1a. As
the pH increases, the first deprotonation step (pKa = 3.3) occurs
at the hydroxyl group on C3 leading to the formation of a zwit-
terion (TCH2

±) with a positive charge located on the protonated

dimethylammonium group and a negative charge delocalized over
the A ring. The second deprotonation step (pKa = 7.7) takes place in
the diketone system involving O11 and O12 generating a species
with negative net charge (TCH−). Finally, the third deprotonation
(pKa = 9.5) involves the dimethylamino group giving rise to species
with two negative charges (TC2−). On the contrary, MC has four pKa

values [35,36]. The fully protonated species of MC  which exists at
low pH values (MCH4

2+) is shown in Fig. 1b. As the pH increases,
the first deprotonation step (pKa = 2.8) occurs at the hydroxyl group
on C3 leading to the formation of a species with one positive
charge (MCH3

+). The second deprotonation step (pKa = 5.0) takes
place in the aromatic amino group generating a zwitterionic species
(MCH2

±). The third deprotonation (pKa = 7.8) involves the O10–O12
ketophenolic hydroxyl group giving rise to a species with nega-
tive charge (MCH−). Finally, the fourth deprotonation (pKa = 9.5)
involves the dimethylamino group giving rise to a species with two
negative charges (MC2−).

2.2. Synthesis and characterization of CeO2

Ceria was  synthesized in alkaline medium as follows: 40 mL of
CTAT solution was  prepared by adding 0.261 g of the surfactant
to water. Then, 20 mL  of NaOH 1.375 M was  added to the surfac-
tant solution under vigorous stirring. To obtain the material 1 g
cerium(IV) sulfate was added 15 min  after the addition of the NaOH
solution. The resulting product was stirred for 30 min at 500 rpm
and then left for 24 h at room temperature. Then, it was filtered and
washed with distilled water and left to dry at room temperature.
Finally, it was calcined in an air flux by increasing the temperature
from room temperature to 540 ◦C with a heating rate of 2 ◦C min−1,
and holding for 7 h at 540 ◦C. The obtained material was named
CeO2(A) and its final molar gel composition was: 1 Ce(SO4)2:0.19
CTAT:9.14 NaOH:1107 H2O.

The synthesis of the mesoporous silica in acidic medium was
carried out in similar conditions as described above except that
the NaOH solution was substituted by 20 mL  of HCl 1.375 M. The
obtained material was  named CeO2(B).

The synthesized CeO2 were characterized by the techniques
usually employed in porous materials, such as scanning and
transmission electron microscopy; XRD; FT-IR spectroscopy; elec-
trophoretic mobility measurements; and the N2-BET method for
surface area, pore volume and pore diameter determination. Scan-
ning electron microscopy (SEM) was performed using an EVO
40-XVP microscope. The samples were prepared on graphite stubs
and coated with a ca. 300 Å gold layer in a PELCO 91000 sputter
coater. Transmission electron microscopy (TEM) was performed
using a JEOL 100 CX II transmission electron microscope, operated
at 100 kV with magnification of 450,000×. Observations were made
in a bright field. The powdered samples were placed on cooper
supports of 2000 mesh. XRD patterns were collected via a Philips
PW 1710 diffractometer with Cu K� radiation (� = 1.5406 Å) and
graphite monochromator operated at 45 kV, 30 mA and 25 ◦C. The
isoelectric point (IEP) of CeO2 samples was measured with a Zeta-
sizer Nano Series instrument (Malvern Instruments Ltd.) at room
temperature. Stock CeO2 suspensions containing 0.1 g L−1 of solid
in 10−2 M KNO3 were used for those purposes. The pH of the sus-
pensions was then adjusted to the desire value by adding small
volumes of HNO3 or KOH solutions. The N2 adsorption isotherms
at 77.6 K were measured with a Quantachrome Nova 1200e instru-
ment. Each sample was degassed at 373 K for 720 min  at a pressure
of 1 × 10−4 Pa. FT-IR experiments were recorded in a Nicolet FT-
IR Nexus 470 Spectrophotometer. To avoid co-adsorbed water,
the samples were dried under vacuum until constant weight was
achieved and diluted with KBr powder before the FT-IR spectrum
was recorded.
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Fig. 1. Molecular structure of fully protonated tetracycline (a) and minocycline (b).

2.3. Adsorption experiments

Adsorption experiments (in darkness to avoid photodegrada-
tion) were obtained with a batch kinetic procedure using a 15 mL
polypropylene centrifuge tube covered with a polypropylene cap
immersed in a thermostatic shaker bath. Before starting the exper-
iment, stock TC and MC  solutions (5 × 10−4 M)  were prepared by
adding the corresponding solid to pH buffer solutions. The pHs used
in these studies were 4.4 by using a 0.1 M acetate/acetic acid buffer
solution. 50 mg  of mesoporous material were introduced into the
tubes and mixed with varying quantities of TC (or MC)  and KCl (used
as supporting electrolyte) solutions. The range of initial antibi-
otic concentration was 5–400 �M,  and the final volume was  8 mL.
The stirring rate was kept constant at 90 rpm. At different reac-
tion times, the particles were separated from the supernatant by
centrifugation at 4000 rpm during 2 min  and the supernatant was
immediately analyzed to quantify the concentration of adsorbed
antibiotic. After the quantification (see below), that took around
30 s, the supernatant was reintroduced into the tube. This proce-
dure (separation, quantification of the antibiotic and reintroduction
of the supernatant into the reaction tube) was repeated during sev-
eral hours in order to achieve complete adsorption of the antibiotic
or to gather enough data points. The amount of adsorbed TC or
adsorbed MC  was calculated as the difference between the ini-
tial TC or MC  concentration and the concentration of the antibiotic
that remained in the supernatant solution. In most experiments no
supporting electrolyte was used and the working temperature was
25.0 ± 0.2 ◦C.

Quantification of TC and MC  was performed by UV–vis spec-
troscopy at 358 and 354 nm for pH 4.4, respectively; at 354 and
345 nm for pH 7, respectively; and at 377 nm and 382 nm for pH
9.5, respectively, using an Agilent 8453 UV–vis diode array spec-
trophotometer equipped with a Hellma 1 cm quartz cell. This is due
to the shifting of the maximum absorption band of the antibiotics
as pH varies. The supernatant of the withdrawn aliquot was  placed
into the cell and the spectrum was recorded in the 200–900 nm
wavelength range. Calibration curves at the working pH were also
constructed with several TC (and MC)  solutions having concen-
tration that ranged between 5 × 10−6 and 1 × 10−3 M.  Very good
linearity was found in all cases (r2 > 0.998).

The adsorption kinetics is traditionally described following
the expressions of the pseudo-first and the pseudo-second order
equations originally given by Lagergren, which are special cases
for the general Langmuir rate equation [37]. The pseudo-second
order model, described by Eq. (1),  was used here and in most
solid/solution interaction studies [38]:

t

qt
= 1

k2,sq2
e

+ 1
qe

t (1)

where k2,s is the pseudo-second-order rate constant
(g �mol−1 min−1); and qe and qt (�mol  g−1) denote the amount
of antibiotic adsorbed at equilibrium and at the reaction time

t, respectively. The fitting validity of this model is traditionally
checked by the linear plots of t/qt versus t. The slope and intercept
of the obtained straight line provide the respective kinetic constant
and the qe parameter.

3. Results and discussion

3.1. Characterization of CeO2

Fig. 2 shows the electronic micrographs of synthesized samples.
According to the SEM images, CeO2(A) (Fig. 2a) shows randomly
shaped aggregates of variable sizes, which is probably due to a
faster condensation of ceria during calcination, and these do not
provide a clear morphology. The aggregates are formed by nanopar-
ticles whose average diameter was  around 9 nm (Fig. 2b), which is
in agreement with those reported in literature [26]. Fig. 2b also
shows that the nanoparticles are nearly spherical, but have slight
faceting indicating the possibility that different crystallographic
planes, each with a different atomic density, are interfacing with the
aqueous phase [26]. CeO2(B) particles also show randomly shaped
aggregates (Fig. 2c). However, the aggregates seem to have a meso-
porous structure, mainly formed by accumulation of nanoparticles
whose diameter was between 10 and 13 nm,  such as shown in the
particle size distribution plot in the Supporting Material, SM (see
SM Fig. S1).

Supplementary material related to this article found, in the
online version, at doi:10.1016/j.cej.2012.02.064.

Fig. 3 shows the X-ray diffractograms of synthesized materials.
Both samples show typical ceria XRD patterns at around 2� = 28.6,
33.2, 47.4, 56.4, 59.1, 69.4, 76.8 and 79.1 (Fig. 3a), which are char-
acteristic of the cubic fluorite structured CeO2 [20]. The strong and
sharp diffraction peaks indicate the good crystallization of the sam-
ples. No additional peaks in the XRD were observed, revealing the
high purity of the prepared ceria particles. In fact, the grain size
of CeO2(A) nanoparticles, Dh k l, determined from the width at half
maximum of the (1 1 1) peak according to the Scherrer formula [39],
is 8.5 nm,  which is consistent with the TEM studies. The grain size
of CeO2(B) was  higher (13.4 nm). On the contrary, and based on the
fact that the diffraction peaks at 1–5◦ in the XRD pattern of pre-
pared CeO2 have not been observed, it can be concluded that the
mesopores in CeO2(B) are mainly formed by the accumulation of
nanoparticles [2,40].  Table 1 summarizes the characteristics of the
nanoceria samples obtained from XRD patterns.

Table 1
The characteristics of the nanoceria samples from XRD patterns.

Sample Dh k l (nm) 2� Lattice
parameter (Å)

Cell volume
(Å3)

CeO2(A) 8.5 28.559 3.123 30.459
CeO2(B) 13.4 28.440 3.136 30.835
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Fig. 2. SEM (20,000×, left side) and TEM (450,000×, right side) micrographs of: (a and b) CeO2(A), and (c and d) CeO2(B).

Differences in morphology and texture between CeO2(A) and
CeO2(B) are not only attributed to the pH synthesis but also
to the interaction between the template and the ceria parti-
cles during the synthesis. Cationic surfactants are expected to be
favorably adsorbed on ceria nanoparticles, primarily due to the
high electronegativity of the oxygen atoms of ceria, preventing
van der Waals’ driven agglomeration or ripening by terminating
the nanoparticle growth [1].  This interaction is also favored by
increasing the pH of the synthesis medium, mainly due the higher
availability of surface OH groups [1].  At alkaline pH, the positive
interaction between CTAT and CeO2 tends to form more dispersed
nanoparticles, as shown in the TEM micrograph of CeO2(A) (Fig. 2b).
At acidic pH, on the contrary, the lower interaction between the
surfactant and CeO2(B) tends to form a mesopore structure by
agglomeration of ceria particles, as shown in Fig. 2d. The effect
of preventing agglomeration of particles by cationic surfactants
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Fig. 3. XRD patterns of synthesized CeO2(A) (black) and CeO2(B) (grey).

was also reported by Mehta et al. [41] on the synthesis of ZnS
nanoparticles in presence of cetyltrimethylammonium chloride
and cetyltrimethylpyridinium chloride.

Nitrogen sorption isotherms of CeO2 materials are shown in
Fig. 4. CeO2(A) (Fig. 4a) exhibits a type IV isotherm with a H3
hysteresis loop that is characteristic of porous materials [20].
The BET surface area and the pore volume were calculated to be
33.52 m2 g−1 and 0.06 cm3 g−1, respectively. The BJH pore size dis-
tribution (inset in Fig. 4a) shows an irregular distribution of the
pores in the material. In the range of 1.50–60.00 nm,  there were
two peaks at 2.02 nm and 12.92 nm.  This irregularity suggests the
co-existence of pores with different sizes, which were probably
formed by the stacking of CeO2 particles [22]. CeO2(B) also shows
a type IV isotherm but with a H1 hysteresis loop (Fig. 4b), typical
of agglomerates of particles or meporous materials with cylindri-
cal or rod-like geometry of the pores [42]. The surface area and
pore volume were lower than ceria synthesized at alkaline pH, i.e.,
21.98 m2 g−1 and 0.05 cm3 g−1, respectively. This is mainly due to
the formation of higher size particles that decrease the adsorption
active sites for N2. The well-defined step which occurs at relative
high pressure of 0.8–1.0, corresponding to capillary condensation of
N2, indicates the uniformity of the pores, which are constituted by
the voids between primary particles [43]. In fact, the pore size was
sharply distributed in a narrow range centered at approximately
6.0 nm (inset in Fig. 3b).

The variation of the zeta potential as a function of the pH and the
FT-IR spectra of synthesized materials are shown in Fig. 5. CeO2(A)
nanoparticles have an isoelectric point of 4.0 (Fig. 5a), which val-
ues are closed with the results recently reported by Goharshadi
et al. [20] on the synthesis of CeO2 nanoparticles obtained by a
microwave method, respectively. CeO2(B), on the contrary, has an
IEP of 7.4 which is similar to those reported by Buettner et al.
[26] on the synthesis of ceria nanoparticles by precipitation using
cerium(III) nitrate, NH4OH and water. The difference in the IEP val-
ues is strongly related to the synthesis method and the chemicals
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Fig. 4. Nitrogen adsorption (solid symbols)–desorption (open symbols) isotherms
on  (a) CeO2(A), and (b) CeO2(B). The inset of both figures shows the pore radius
distribution.

involved in the synthesis, i.e. NaOH and HCl. In fact, Patil et al.
[44] reported that the use of NH4OH for the synthesis of CeO2 by
microemulsion process leads a material with an IEP of 4.5 whereas
the ceria nanoparticles treated with a HCl solution in the last step
during hydrothermal synthesis process leads a material with an IEP
of 9.5. Fig. 5b shows the FT-IR spectra of CeO2(A) and CeO2(B). The
most important features of both materials are a broad band cen-
tered at around 3450 cm−1 related to O H stretching frequency,
a peak located at around 1640 cm−1 due to the bending vibra-
tion of associated water, and a peak centered at 447 cm−1 which
are attributed to Ce O stretching [45]. The vibration peaks located
between 980 and 1250 cm−1 are similar to that of commercial ceria
powders [46] and those reported by Li et al. [40] on the synthesis of
3D flowerlike CeO2 microspheres. Xu et al. [30] assigned this band
to the vibration modes of SO4

2−. These sulfate species are coor-
dinated with unsaturated surface Ce4+ cations and therefore may
have the potential in acting as the superacid centers for certain
catalytic reactions [30]. Fig. 5a also shows that the band located at
around 3445 cm−1 is broader and more intense in ceria synthesized
in acidic pH. On the contrary, this band is commonly associated to
physically adsorbed water but it can also referred to surface OH
[45,47], which suggests that CeO2(B) would have a major content of
hydroxyl surface groups in comparison of CeO2(A). On the contrary,
it is known that ceria surface has both Lewis and Bronsted acid sites
[48]. Therefore, the differences in intensity of the 3445 cm−1 band
can be also attributed to differences in Lewis/Bronsted sites ratio.
Both suggestions can modify not only the surface charge develop-
ment as a function of pH of studied solids but also their adsorption
properties.
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Fig. 5. (a) Electrophoretic mobilities of the studied samples as a function of pH
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3.2. MC adsorption studies

The adsorption kinetic of TC and MC  on both CeO2 materials at
pH 4.4 and 25 ◦C was shown in Fig. 6. The adsorption of both antibi-
otics is very fast between t = 0 and t = 5 min  (Fig. 6a). It is so fast that
no data point could be measured in this period with our experimen-
tal set up. At t > 5 min the adsorption takes place at a much slower
and measurable rate. Although adsorption seems to reach com-
pletion at around 240 min, some long-term kinetic experiments
revealed that adsorption continues after several days, but very
slowly. Fig. 6a also shows that the adsorption on both adsorbents
is strongly dependent on the synthesis pH and the nature of the
antibiotic. On the contrary, the adsorption of MC  was higher than of
TC. At pH 4.4, MC  forms a monovalent cation whereas TC is mainly
present as a zwitterionic. Therefore, the interaction between MC
(as MCH3

+) and the ceria functional groups, mainly driven by elec-
trostatic interactions and H-bonds formations, is higher than in TC
(as TCH2

±) and ceria. Such interactions, mainly between dimethy-
lamino, amide, carbonylic and phenolic groups of the antibiotic
and the functional groups of CeO2 nanoparticles, were supported
in a recent paper, where the effect of the pH, temperature and
ionic strength on the adsorption of MC  on CeO2(A) were evalu-
ated [49]. On the contrary, the adsorption capacity in CeO2(B) is
higher than in CeO2(A). At the beginning, we would have expected
the opposite, i.e., CeO2(A) > CeO2(B), mainly due to: (a) the higher
surface area, which increases the active sites; and (b) the negative
charge at the studied pH (IEP = 4), which promotes the electrostatic
attraction between the antibiotics and the surface. However, the
higher adsorption in CeO2 synthesized in acidic medium seems to
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Fig. 6. (a) Adsorption kinetics of TC (squares) and MC  (diamonds) on the studied
materials at pH 4.4 and 25 ◦C. (b) Fitting the experimental data by using Eq. (1).
Open symbols, CeO2(A); and solid symbols, CeO2(B).

be related to its mesoporous structure, which favors the diffusion of
the adsorbate and the interaction with the pore walls; and/or the
change in the interaction mode between the adsorbates and the
adsorbent. That is, electrostatic attractions and H-bond formations
are also expected in CeO2(B) although other type of interactions,
such as ion-exchange and hydrophobic interactions, should be also
taken into account at pH 4.4 due to its surface charge development
(at pH 4.4 the surface is positively charged). Similar suggestions
were reported by other authors on the adsorption of tetracycline
antibiotics on several adsorbents [50,51].

MC  and TC adsorption on CeO2 seems to take place by binding
the antibiotics to the ceria generating surface species TC–CeO2 and
MC–CeO2. The binding between the antibiotic and ceria can be visu-
alized comparing the FT-IR spectra of pure MC,  and MC  adsorbed
on CeO2(A) and CeO2(B) at pH 4.4 such as shown in Fig. 7. MC
(and TC) shows characteristic peaks at 2743 cm−1 and 2657 cm−1

associated to NHR3
+ group, 1674 cm−1 (1657 cm−1) and 1520 cm−1

(1516 cm−1) assigned to the Amide I and Amide II bands, 1615 cm−1

(1595 cm−1) and 1582 cm−1 (1569 cm−1) assigned to C O stretch-
ing vibration at rings A and C respectively, 1456 cm−1 (1458 cm−1)
assigned to C C stretching vibration, 1378 cm−1 (1380 cm−1)
assigned to CH3 deformation vibration, 1247 cm−1 which is
attributed to C N amine stretching vibration, and 1176 cm−1

assigned to the phenolic C O stretching band [52,53].  In parenthe-
ses are listed some of the calculated peak position of tetracycline
antibiotics obtained by Leypold et al. [53] via DFT calculations.
Ceria peaks were observed in the IR spectra of MC–CeO2(A) and
MC–CeO2(B) (the band at 1640 cm−1, due to the bending vibration
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Fig. 7. Infrared spectra of MC  (dotted), MC–CeO2(A) (black) and MC–CeO2(B) (grey).

of associated water, appears now as a shoulder), whereas the bands
assigned to NHR3

+ group were not observed. The peaks assigned
to the polar groups of the antibiotics were shifted to lower fre-
quencies with respect to bulk antibiotic. Similar results were found
in the TC–CeO2 systems (data not shown) and those reported by
Parolo et al. [35] in the TC and MC–montmorillonite systems. The
obtained results show that the NHR3

+ groups of both antibiotic are
bound to the ceria surface, mainly due to electrostatic interactions,
whereas other polar groups of the molecule could participate in
non-electrostatic interactions (e.g. H-bond formations) with the
surface. As mentioned above, hydrophobic interactions between
the antibiotics and positively charged surface of CeO2(B) should be
also taken into account.

All data were well-fitted to the pseudo-second order equation
with r2 > 0.995 as shown in Fig. 6b. Even though the formulated
model is rather simple, it can fit reasonably well the adsorp-
tion behavior of studied antibiotics. The qe and k2,s values for TC
and MC adsorption on CeO2(A) at pH 4.4 were 5.12 × 10−3 and
7.46 × 10−3 g �mol−1 min−1, respectively. The k2,s values for TC and
MC adsorption on CeO2(B) at the same pH were 8.39 × 10−3 and
6.49 × 10−3 g �mol−1 min−1, respectively. These values are compa-
rable to those reported in a previous paper on the adsorption of TC
on TiO2 nanoparticles and on the binary system TiO2–SiO2 at the
same experimental conditions [32] suggesting that ceria materials
can act as a good adsorbent for tetracycline antibiotics kinetically.

4. Conclusions

The results shown in this article reveal that the surface area, pore
size and volume, and surface charge development as a function of
pH of studied solids are strongly dependent on the pH synthesis.
Both ceria materials are formed by nanoparticles although in the
material synthesized in acidic media the particles tend to form a
mesoporous structure with a narrower porous size distribution,
mainly due to the formation of voids between them. CeO2 syn-
thesized in alkaline media, on the contrary, shows an irregular
distribution of the pores with different sizes, which were probably
formed by the stacking of ceria particles. The grain size, the surface
area, the porous volume, and the isoelectric point of the synthe-
sized materials were 8.5 nm,  33.52 m2 g−1, 0.06 cm3 g−1, and 4 for
CeO2(A), respectively; and 13.4 nm,  21.98 m2 g−1, 0.05 cm3 g−1, and
7.4 for CeO2(B), respectively. The adsorption capacities of studied
materials toward tetracycline and minocycline are also different,
i.e., the adsorption of tetracycline and minocycline on CeO2(A)
is lower than on CeO2(B). The adsorption is strongly related to
electrostatic interactions and H-bond formations mainly between
functional groups of the antibiotic drug and CeO2, although other
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interactions, such as hydrophobic interactions, might be also
present, mainly in CeO2(B).

The obtained results have a significant importance in several
processes, where the control of the pH (within others variables) in
the production of synthetic materials can play a key role. Taking into
account this concept, one can design a convenient and economic
path for getting the mesoporous products to match the desired
applications. Based on our results, CeO2 materials synthesized at
alkaline pH have higher surface area and lower IEP than at acidic
pH, which would be desirable in the remotion of several heavy met-
als and other cationic species. On the contrary, ceria synthesized in
acidic media is positively charged at neutral pH, which would be
desirable in, for example, the remotion of polar and anionic-type
pollutants from industrial wastewaters.
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