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a b s t r a c t

The adsorptive removal of benzene from cerium- and lanthanum-doped mesoporous TiO2 adsorbents was
performed in a continuous-flow, fixed-bed reactor. The influences of lanthanide content and adsorption
temperature were investigated. The adsorption efficiency of benzene was remarkably promoted in the
presence of lanthanide. The adsorption capacity for benzene increased with lanthanide dosage, which was
attributed to the enhancement in a specific surface area. It was determined that 5 mol% rare earth metal
vailable online 27 December 2008
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was the optimal amount for the highest benzene-adsorption, irrespective of adsorption temperature.
Furthermore, the drastic reduction of adsorption capacities at higher temperature implied that ben-
zene molecules were weakly adsorbed to the adsorbents. Additionally, X-ray photoelectron spectroscopy
showed a correlation between the adsorption behavior and the chemical properties of mesostructure
materials, typically the interaction of surface hydroxyl groups and the �-electron of benzene, and the

nd d- *
esoporous titania
anthanide

formation of �-bonding a

. Introduction

In recent decades, indoor air pollution has received considerable
ttention due to the increased time spent by people in tightly-
ealed commercial buildings and apartment blocks. Volatile organic
ompounds (VOCs) have been considered a main indoor air pollu-
ant due to their adverse human health effects caused by toxicity.
he United States Environmental Protection Agency (EPA) has found
oncentrations of organic matters in indoor air to be two to five
imes greater than those in the outdoor environment [1,2]. Among
everal harmful pollutants, benzene is the most toxic compound,
hich not only causes sick building syndrome (SBS) and sick house

yndrome (SHS) but also is a well-known human carcinogen [3]. A
eries of intermediate signs and symptoms occur after long expo-
ure, such as headaches, respiratory disease, irritation, dizziness,
ausea, anemia, and leukemia. Additionally, with high benzene

evels, damage to the liver, kidneys, reproductive organs, central
ervous system, or even death can occur. The main sources of ben-
ene emissions are environmental tobacco smoke, oil, carpet, paint
upplies, construction materials, wall/floor finishings, heating or

ooking equipment, and nearby vehicular emissions. Therefore, the
limination and strict regulation of low concentrations of benzene
n the air, on the order of sub-parts per million (sub-ppm) or parts
er billion (ppb), are a matter of urgent concern (30 �g m−3—indoor

∗ Corresponding author. Tel.: +82 52 259 2253; fax: +82 52 259 1689.
E-mail address: ewshin@mail.ulsan.ac.kr (E.W. Shin).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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� back-donation between the adsorbent and gaseous adsorbate.
© 2008 Elsevier B.V. All rights reserved.

air quality (IAQ) standard of Korea), especially in the rapid devel-
opment of urban cities.

In reality, numerous alternative technologies for a sustainable
environment to quickly and economically remove VOCs or ben-
zene from indoor air have been developed and are affordable, such
as absorption, adsorption, condensation, bio-filtration, catalytic
decomposition, incineration, and UV photo-catalytic oxidation
[4,5]. Among them, the adsorption on a solid surface is consid-
ered the most efficient and simple process for low concentrations at
ambient or rather low temperature [6,7]. The choice of suitable and
potential adsorbents is not only crucial in determining the adsorp-
tion performance but also imperative in aspects of economy and
technique. An adsorbent material should have the following prop-
erties: high internal volume and/or surface area for the accessibility
of the adsorbate molecules, good mechanical and kinetic proper-
ties, inexpensive raw materials and methods for production [8]. The
quantity of organic compounds bound to the adsorbent depends on
several factors, including physico-chemical properties of the adsor-
bent, VOC structure or concentration, temperature, and the nature
of adsorbent such as the adsorbate interaction and contact time.

For efficient application in gas adsorption, the use of porous
materials as the adsorbent has been extensive because of several
prominent properties [8]. There are various preferable synthetic

adsorbents, including activated carbon [9,10], zeolite [11,12], silica
[13–15] and alumina [16,17]. Since the first synthesis of mesoporous
molecular sieves (M41S family) in 1992 by the Mobil Oil Company
for petroleum refining purposes [18] and the development of differ-
ent kinds of mesostructured silica, such as SBA-15 [19] and MCM-48

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ewshin@mail.ulsan.ac.kr
dx.doi.org/10.1016/j.jhazmat.2008.12.085
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20], ordered mesoporous materials with specific structural and
hemical features have been very useful for adsorption processes
21–24]. Subsequently, extensions of mesoporous transition metal
xides by several methods to a wide variety of applications in differ-
nt fields have attracted significant attention [25–27]. Metal-oxide
esostructures are more suitable for adsorption because they do

ot suffer from mass transfer limitations and therefore allow eas-
er diffusion of reactants [28]. Indeed, due to low cost, low density,
elatively low toxicity, high strength, excellent corrosion resistance,
hysical stability, and chemical stability, titanium oxide nanomate-
ials are playing an important role in solving serious environmental
roblems and other challenges [29]. Nevertheless, due to narrow
ore diameters, small surface area, and thermal instability that

ead to limited practical applications, mesoporous TiO2 materials
ith well-defined pore structure, high anatase crystallinity, high

urface-to-volume ratios, and more active sites have been well
tudied with or without a structure-directing agent [25,30–32].
dditionally, in order to improve the performance of mesoporous

itania, several promising methods have been achieved, such as
oping with metal/non-metal species, coupling with other semi-
onductor oxides or depositing nanoparticle noble metals [33,34].
mong them, the alteration in electronic properties/structures of
aterials, which are closely related to chemical composition, the

tomic arrangement as well as the physical dimensions, due to
uitable metal dopants, have been proven to be the most feasible
nd favorable methods [35–37]. The incorporation of doping metal
nto the mesoporous TiO2 framework can provide several beneficial
ffects, including more adsorption sites or active sites on the sur-
ace or inside channel, combined with acidic points that are more
fficient for adsorption because of the changes in physico-chemical
nd structural properties.

The aim of the current study is to utilize cerium- and lanthanum-
oped mesoporous TiO2 as benzene adsorbents and subsequently,
he effect of two important factors, the doping content and adsorp-
ion temperature, on the adsorptivity of benzene were investigated.
he adsorption capacity (q) evaluated from the breakthrough curve
rovides a measurement of the amount of adsorbate that reaches
aturation on a particular material under certain conditions of tem-
erature and concentration. Furthermore, the adsorption behavior

s suggested to rely on either the physico-chemical properties of the
dsorbents or the interactions between gaseous adsorbed benzene
nd porous materials.

. Experimental

.1. Adsorbents

A series of lanthanide-doped mesoporous TiO2 were synthe-
ized via a sol–gel method using dodecylamine as a structure-
irecting agent. The preparation procedures were described in
etail elsewhere [38]. All materials were designated as xCe–TiO2
nd xLa–TiO2, where x stands for mol% Ln (x = 0.1, 0.5, 1.0, 5.0 and
0) and the un-doped sample was named TiO2. The adsorbents
ere characterized elsewhere by N2 sorption measurements, field-

mission scanning electron microscopy, powder X-ray diffraction
nd X-ray photoelectron spectroscopy.

.2. Adsorption tests

The adsorption experiments were performed at 303 K in the

ontinuous-flow, fixed-bed unit [24]. Prior to each test, 0.1 g of
dsorbents were weighed into a 9-mm i.d. Pyrex U-shaped reactor
nd subsequently pretreated with a flow of nitrogen for 1 h at 523 K
o remove humidity and carbonaceous matters on the surface. N2
as used as a carrier with a constant flow rate of 100 ml min−1,
rdous Materials 167 (2009) 75–81

whereas 0.9 �l h−1 of liquid benzene was supplied by a micro-
syringe pump with line heating at 323 K for phase transfer. The
tests were additionally conducted at 343 K to survey the effect
of temperature on the benzene adsorbability. Benzene quantities
were recorded by a gas chromatograph Acme 6000 M GC (Young
Lin instrument Co., Anyang, Kyoungki, South Korea) using a DB-
WAX column held at 423 K and flame ionization detector (FID)
at 473 K. Subsequently, the adsorption performance with repro-
ducibility tests was obtained with breakthrough curves of gaseous
benzene that were applied for adsorption capacity estimation.

3. Results and discussion

3.1. Characteristics of materials

The textural properties of all samples were investigated in the
previous study [38] and are summarized in Table 1. In this report,
the presence of rare earth metals increased the specific surface
area, micropore area, total pore volume, and pore diameter, and
suppressed the crystallite sizes in comparison with pure meso-
porous titania. Among the different doping amounts, 5.0Ce–TiO2
and 5.0La–TiO2 samples possessed the highest nitrogen adsorbabil-
ity and contrarily, the smallest anatase sizes. Moreover, complicated
chemical states, such as Ti2+/3+/4+, Ce3+/4+, chemisorbed oxy-
gen/hydroxyl groups and lattice oxygen (Ti–O, Ce–O and Ce–O–Ti)
on the surface were observed for the cerium dopant, which was
different than lanthanum doped samples (only La3+). All the results
were ascribed to the formation of Ti–O-rare earth element bonds
and the LnxOy lattice, the interaction between titanium species
(tetrahedral and octahedral sites) or between Ti and individual
dopant metals, combined with charge imbalance behaviors. Con-
sequently, certain characteristics of the materials may make them
efficient for heterogeneous reactions, typically in the adsorption
reaction.

3.2. Influence of rare earth metal amounts on benzene removal
efficacy

A series of benzene adsorptions were performed in a con-
tinuous gas flow reactor using cerium- and lanthanum-doped
mesoporous titania. The adsorption capacities of benzene were
calculated from the breakthrough curves that displayed the rela-
tionship between relative benzene concentration and adsorption
time. Table 2 shows the influence of rare earth metal in mesoporous
TiO2 on benzene removal. The adsorption performances of benzene
on mesoporous TiO2, cerium- and lanthanum-doped adsorbents
at 303 K are shown in Fig. 1. The kinetic diameter of benzene is

approximately 5.85 ´̊A, which is calculated from the minimum equi-
librium cross-sectional diameter [39], and it can therefore be easily
adsorbed on the surface or inside the pore channel of prepared
adsorbents. When initially using mesoporous TiO2 as the adsor-
bent, the high slope of the breakthrough curve indicates very fast
adsorption with a minimum mass transfer effect, 96% of the rela-
tive benzene concentration was obtained in the first 10 min, and
subsequently reached a plateau easily after 30 min (C = Co). As seen
in Table 2, the corresponding adsorption capacity was quite low,
approximately 7.75 �mol gads

−1. The incorporation of cerium and
lanthanum species into a mesoporous framework remarkably pro-
motes the benzene removal and the total experimental times were
extended to 90–95 min. The adsorbed quantities increased with the

lanthanide amount, and the 5.0Ce–TiO2 and 5.0La–TiO2 samples
achieved the highest adsorption capacities, 37.17 �mol gads

−1and
50.66 �mol gads

−1, respectively. Thus, the adsorption efficiency is
affected by the lanthanide content in the adsorbent. For a compre-
hensive view, the evolution of specific surface area and adsorption
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Table 1
Characteristics of all adsorbents corresponding to sorption measurements, XRD, and XPS analysis.

Adsorbents Surface area (m2 g−1) Micropore area (m2 g−1) Pore volume (cm3 g−1) Pore size (nm) Crystallite size (nm) Oxidation states

TiO2 35.77 – 0.0408 3.2582 17.58 Ti4+, OI, OII

0.1Ce–TiO2 53.31 1.98 0.1019 5.4679 14.35 Ti4+, OI, OII

0.5Ce–TiO2 77.83 3.87 0.1689 6.2334 10.65 Ti4+, OI, OII

1.0Ce–TiO2 79.08 5.78 0.1757 6.7335 13.79 Ti3+/4+, Ce3+, OI, OII

5.0Ce–TiO2 94.49 10.02 0.2248 7.1461 8.68 Ti3+/4+, Ce3+/4+, OI, OII

10Ce–TiO2 67.86 6.80 0.2762 12.5173 9.83 Ti2+/3+/4+, Ce3+/4+, OI, OII

0.1La–TiO2 46.51 1.22 0.0791 4.8979 13.40 Ti4+, OI, OII

0 5.4411 10.82 Ti4+, OI, OII

1 6.3585 10.90 Ti4+, La3+, OI, OII

5 6.6097 8.57 Ti3+/4+, La3+, OI, OII

1 12.3434 9.44 Ti4+, La3+, OI, OII

b
m
i
t
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p
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F
x

.5La–TiO2 78.48 2.85 0.1466
.0La–TiO2 74.06 5.35 0.1593
.0La–TiO2 105.66 10.55 0.2403
0La–TiO2 74.93 8.43 0.3025

ehavior of xCe–TiO2 and xLa–TiO2 as a function of rare earth
etal content at 303 K are illustrated in Fig. 2. The adsorptivity

ncreases with metal content to reach a maximum at 5 mol% and
hen decreases with further doping. It is possible to correlate to
ither the BET specific surface area or microporous area of the adsor-
ents, but they are not proportional to the increase in doping. As
een in Table 1, no microporosity was observed for pure meso-
orous titania whereas metal-doped samples possess bi-porous

tructure composing of both micro- and mesopores. Micropore
reas increased averagely from 1.5 m2 g−1 to 5.5 m2 g−1 according
o BET surface areas, as raising lanthanide content up to 1 mol%.
.0Ce–TiO2 and 5.0La–TiO2 samples showed the highest micro-

ig. 1. Breakthrough curves for benzene adsorption at 303 K on (a) xCe–TiO2 and (b)
La–TiO2.
Fig. 2. Relationship between specific surface area and adsorption capacity of doped
mesoporous adsorbents at 303 K: ( ) qCe, ( ) qLa, (�) SCe and (�) SLa.

porosity, 10.02 m2 g−1 and 10.55 m2 g−1, respectively. The higher
framework microporosity leads to higher pore filling or stronger
interaction between the adsorbents and gas molecules, therefore,
resulting in the gradual enhancement in benzene-adsorbed amount
up to the optimal capacity of 5.0Ln–TiO2. Nevertheless, 10 mol%
doped samples displayed 20% diminution of micropore area due
to the decrease in specific surface area and increase in pore diame-
ter aforementioned, corresponding to the reduction in adsorptivity.
These results are consistent with numerous reported literatures on
bi-porous materials irrespective of light hydrocarbon, aliphatic or
aromatic hydrocarbons [40–44]. The microporosity also influences
on the adsorption behavior for gaseous benzene via the relative

diffusion control. The breakthrough curves in Fig. 1 significantly
indicated the faster diffusion for either smaller mesopores or micro-
pores samples. Typically, the uptake curves of TiO2 and 0.1Ln–TiO2
easily achieved the flat plateau regions within 30 min. It is realized
that the diffusivities increased according to the relative micropore

Table 2
Adsorption capacity of benzene on xCe–TiO2 and xLa–TiO2 at 303 K and 343 K.

Adsorbents Ln/Ti ratio Benzene amount (�mol gads
−1)

@ 303 K @ 343 K

TiO2 0.000 7.75 1.95
0.1Ce–TiO2 0.001 14.00 3.74
0.5Ce–TiO2 0.005 14.95 6.28
1.0Ce–TiO2 0.010 17.37 5.73
5.0Ce–TiO2 0.050 37.17 20.35
10Ce–TiO2 0.100 20.85 2.54

0.1La–TiO2 0.001 10.15 2.32
0.5La–TiO2 0.005 19.75 3.35
1.0La–TiO2 0.010 24.20 2.89
5.0La–TiO2 0.050 50.66 17.62
10La–TiO2 0.100 24.44 2.79
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surface of the un-doped sample. 97.3% of the relative benzene
concentration was achieved after only 2 min, and the increase to
saturation was much faster, within 16 min. Moreover, according
to the experimental breakthrough curves presented in Fig. 4, the
ig. 3. Adsorption capacity (q) as a function of lanthanide dosage in a range of 0.1
nd 5 mol%.

rea; and the slowest diffusion was attained for 5Ln–TiO2 samples
hich contained the highest values of approximate 10 m2 g−1. Oth-

rwise, the partial collapse of mesostructure in case of the excess
anthanide amount, as previously suggested via the evidence from

2 adsorption/desorption measurement [38], indispensably hin-
ered the diffusion of benzene molecules. However, once again,
he microporous regions dominated the adsorbability in view of the
eduction in micropore areas, resulting in the faster diffusion and
he corresponding lower benzene-adsorbed amounts than those
f 5 mol% doped materials. It obviously indicated that the frame-
ork microporosity plays an important role in controlling diffusion
echanism of the adsorbate molecules over bi-porous materials

irectly relating to the adsorbability. Similar observations were also
cknowledged by Hoang et al. [43,45] and Huang et al. [44]. Associ-
ting several parameters, such as the largest external surface area
nd micropore area, high total pore volume and pore diameter,
mol% lanthanide doping content is the optimum amount for the
dsorption conditions in the present study.

The relationship of the adsorption capacity to lanthanide
osages between 0.1 and 5 mol% is determined in Fig. 3. The
dsorbed benzene increased linearly as the doping percentage
ncreased to 5 mol%, with high correlation coefficients (r) of 0.9991
nd 0.9815 for cerium and lanthanum, respectively, corresponding
o the following equations:

Ce = 12.8923 + 483.6467xCe

La = 13.7870 + 751.6981xLa

Correspondingly, the higher Ln/Ti ratio results in larger surface
rea and microporous area, and greater adsorption capacity of ben-
ene on account of more accessible space for the aromatic adsorbate
o accumulate and adsorb on the surface or inside the mesoporous
dsorbent. However, benzene saturation capacities decreased to
alf at 10 mol%, approximately 20.85 �mol gads

−1 (10Ce–TiO2) and
4.44 �mol gads

−1 (10La–TiO2) due to the reduction in both the
xternal surface area and micropore area, even though the higher
ore volume and larger pore size were observed (∼0.3 cm3 g−1 and
2.0 nm). In addition, the immoderate metal contents are detrimen-
al, producing partially collapsed mesostructures or conducting to
portion of lanthanide that does not work as an active adsorption
ite and likely hindering benzene adsorbability [38]. Accordingly,
he textural properties are significant factors that influence the
dsorption capacity of adsorbents. The increase in specific surface
rea, which corresponds to the amount of surface hydroxyl groups,
ay lead to a greater number of gas molecules adsorbed on the
rdous Materials 167 (2009) 75–81

adsorbents. Obviously, all lanthanum-doped samples exhibit much
better adsorptive characteristics than cerium-doped samples, espe-
cially at higher dosages, which could be ascribed to the complicated
existence of Ce and Ti chemical states in cerium-doped samples that
correlate to the generation of active sorption sites in the mesostruc-
ture framework.

Alternatively, the adsorption performance is strongly connected
to the interaction between benzene and surface hydroxyl groups
(–OH), as well as the specific interaction between the gaseous
adsorbate and the active cation sites or the electron-transfer pro-
cess between the aromatic adsorbate and metal-oxide substrate.
Moreover, the steric factor may also have an impact on the adsorp-
tion behavior. A detailed explanation or prediction will be discussed
afterwards in order to highlight the adsorption behavior of benzene
on rare earth doped mesoporous TiO2.

3.3. Effect of temperature on the adsorption of benzene

Benzene removal at 343 K was also conducted to investigate
the effect of adsorption temperature on the performance of meso-
porous adsorbents. The experimental results summarized in Table 2
indicate that 1.95 �mol gads

−1 of benzene was adsorbed on the
Fig. 4. Breakthrough curves for benzene adsorption at 343 K on (a) xCe–TiO2 and
(b) xLa–TiO2.
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anthanide dopants show slightly positive effects on the adsorp-
ion capacity, similar to the results at 303 K; increasing metal leads
o an increase in adsorbed benzene. One hundred percent of the
elative benzene concentrations on both cerium- and lanthanum-
oped mesoporous titania was reached after 25-35 min. 5.0Ce–TiO2
nd 5.0La–TiO2 offer the highest adsorption capacities for benzene,
0.35 and 17.62 �mol gads

−1, respectively, after 60–70 min. These
esults are attributed to the external and micropore surface area
f all of the adsorbents concerned above. The linear correlations
etween q and x were in the range of 0.1 and 5 mol% doping, with
cceptable r values, 0.9928 and 0.9897, respectively, corresponding
o the following equations:

Ce = 3.5040 + 334.6064xCe

La = 1.2096 + 323.3572xLa

Thus, as shown in Fig. 5, contrary to the adsorption at 303 K,
he two linear fittings of parallel cerium-doped samples show
dsorbability better than those of lanthanum. It can be concluded
hat the benzene-adsorbed quantity is enhanced with respect
o the increase in dopant dosage, regardless of the adsorption
emperature. Unfortunately, the excess lanthanide is considered
o inhibit the benzene adsorbability similarly to those at 303 K,
nly 2.54 �mol gads

−1 for 10Ce–TiO2 and 2.79 �mol gads
−1 for

0La–TiO2. Accordingly, a drastic reduction of adsorbed amounts
as observed at higher temperature on lanthanide-doped samples.

ypically, 50–70% of benzene adsorption capacity was diminished
s the cerium content was up to 1 mol%, whereas those was 10–25%
or xLa–TiO2. The results imply the more significant impact of
emperature on the adsorption behavior of cerium dopant than
hat of lanthanum in case of low metal concentrations. 45% and
5% declination of adsorbed quantity were recorded with the
ptimum cerium and lanthanum loading, respectively. However,
pproximately 88% of adsorptivity was reduced for 10 mol% samples
ompared to those at 303 K.

Generally, a decrease in adsorbed benzene on metal-doped
esoporous TiO2 at higher temperature implies that benzene
olecules are weakly adsorbed to the adsorbents. The rapid and
trong collision at 343 K could lead to shorter contact time and
eaker interaction between the aromatic gas molecule and adsorp-

ion site on the surface, thus limiting the adsorption tendency.

Fig. 5. Adsorption capacity for benzene at 343 K with various Ln/Ti ratio.
rdous Materials 167 (2009) 75–81 79

3.4. Adsorption behavior of benzene molecules and
mesostructured adsorbent

As mentioned before, the adsorption of gaseous benzene on rare
earth metal-doped mesoporous titania possibly follows the phys-
ical route and depends remarkably on the textural characteristics
of adsorbents. The adsorbability enhances with metal content due
to the higher mesoporosity and microporosity, a typically larger
surface area, micro area, pore volume, and pore diameter, and
thus higher diffusivities and more accessibility of gas molecules.
The incorporation of rare earth metal into the framework induces
a modification in benzene adsorptivity. However, the excess of
lanthanide leads to a reduction of adsorbed benzene due to the
decrease in either surface area or microporous area. According to
the results, 5 mol% lanthanide is the optimal doping amount for
benzene adsorptivity and for ensuring higher benzene adsorption
on lanthanum-doped mesoporous TiO2 adsorbents, making it more
effective than cerium-doped adsorbents at 303 K because of a larger
BET specific surface area.

Furthermore, the hydroxyl groups at the outmost surface of the
adsorbent or in the wall of the pore channel are of considerable
importance for determining the physico-chemical characteristics
and correlation to the adsorption performance. The adsorption
behavior may be attributed to the adsorbent–adsorbate interaction,
essentially predominated by the interaction between the surface
hydroxyl or titanol groups of mesoporous walls and aromatic rings.
Similar to the mesoporous silicate, the surfaces of pure and metal-
doped mesoporous TiO2 are abundant in hydroxyl groups, which
behave as acidic sites according to the classification of Kiselev and
Yashin [46] and Davydov [47], and be found as isolated M–OH
groups (monodentate sites) and geminal M–(OH)2 groups (biden-
tate sites), where M is a metal. Considering the molecular orbitals
of benzene, benzene is strongly attached to the adsorbent sur-
face via an OH–� bonding interaction from the three � bonds
and the three sp2-orbital and six pz-orbitals in the ring. There-
fore, the adsorbability is partially dependent on the nature of these
OH groups, viz. either the type or amount of available surface
hydroxyl groups. McCafferty and Wightman [48] as well as Meng et
al. [49] experimentally determined that the average content of sur-
face hydroxyl groups was approximately 11 OH nm−2 for titanium
dioxide anatase. Correspondingly, the better adsorptivity might be
predicted by the higher number of OH groups or the generation of
more acidic sites when incorporating altervalent metal ions in the
mesostructure network.

Alternatively, adsorbability was also influenced by the chemi-
cal structure of their surface, typically the existence of an oxidation
state of a different metal ion in the matrix, pore channel, or on
the surface. According to the XPS results [38], cerium-doped sam-
ples at low metal content, indicated only Ti4+, O2−, OH/adsorbed
H2O and trace Ce3+ and thus, the physico-chemical properties as
well as the interaction between surface OH and benzene may
dominate the adsorption performance at 303 K. As the cerium
amount increased to 5 mol%, the increases in coordinatively unsat-
urated Ti3+, Ce3+/4+, oxygen deficiencies and oxygen lattice of
Ti–O, Ce–O, Ce–O–Ti increased because of the reduction of Ti4+.
Additionally, the oxidation of Ce3+ combined with electron trans-
fer and charge imbalance, contributes to benzene adsorbability
in addition to the physical characteristics. Indeed, the electronic
configurations of Ti3+ and Ce3+ are 1s22s22p63s23p64s1(3d0) and
1s22s22p63s23p64s23d104p65s24d105p64f1(5d06s0), respectively,
whereas the saturated outer shells were found for either Ti4+ or

Ce4+. When benzene interacts with the adsorbent, the �-orbital
of benzene can overlap with the unfilled or vacant outer shell
s-orbital of Ti3+ to form a �-bond (� donation) or overlap with
the unfilled f-orbital of Ce3+, although it may be improbable for
cerium. Moreover, the back-donation of electron charges from the
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-orbital of the metal to the antibonding �* of benzene, known
s d-�* back-donation, might appear, and effect adsorption behav-
or. Therefore, the 5.0Ce–TiO2 sample exhibits the best benzene
dsorption capacity. Nevertheless, the slight increase in Ce3+, Ti2+/4+

nd lattice oxygen in Ce10TiO2, accompanied by the decline of Ce4+,
i3+ and OH/adsorbed H2O can result in less � donation and d-�*

ack-donations. Together with these interactions, the reduction in
pecific surface area with immoderate doping plays a dominant role
n the adsorbability of benzene; the smaller the accessible area, the

orse the adsorbed quantity.
On the contrary, almost no alterations in the XPS spectra

ith corresponding lanthanum [38] were observed with octa-
edrally coordinated Ti4+, La3+, lattice oxygen Ti–O and surface
H groups. In these cases, the adsorption behavior at 303 K is

nfluenced strongly by the physico-chemical characteristics of
dsorbent and the interaction between the surface OH group
nd �-electron of benzene as discussed earlier. Accordingly,
he adsorption capacity for benzene increases with respect to
he specific surface area. The electronic configuration of La3+ is
s22s22p63s23p64s23d104p65s24d105p6(6s05d04f0), and therefore
he d-�* back-donation between lanthanum and benzene may
ccur in all samples. The exception was found only for 5.0La–TiO2,
ith the highest adsorption capacity for benzene in the presence

f tetrahedral Ti3+ with the unfilled s-orbital in the outer shell,
esulting in �-donation.

. Conclusions

In this study, the presence of different cerium and lanthanum
mounts significantly promoted the adsorption capacity of ben-
ene compared to un-doped samples. The loading of rare earth
etal is an important parameter because of its direct effect on

ither physical characteristics or the chemical properties of sam-
les. Adsorptivity increases with lanthanide doping to reach a
aximum at 5 mol% and then decreases with immoderate amounts.
oreover, temperature also remarkably affects adsorbability with
70–90% decrease, implying the weak physisorption of benzene on

he adsorbents. 5.0Ce–TiO2 and 5.0La–TiO2 exhibited the highest
enzene-adsorbed quantity, irrespective of reaction temperature.
he adsorption behavior could be attributed to the specific sur-
ace area and micropore area of the adsorbent, the provision
f more acidic sites, OH-�-electron interaction, and the forma-
ion of �-bonding and d-�* back-donation between benzene and

esostructured adsorbents.
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