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Titanium oxide–Ag composite (TOAC) adsorbents were prepared by a facile solution route with Ag
nanoparticles being homogeneously dispersed on layered titanium oxide materials. The as-synthesized
TOAC exhibited a remarkable capability for trace Cr(VI) removal from an aqueous solution, where the
concentration of Cr(VI) could be decreased to a level below 0.05 mg/L within 1 h. We have systemati-
cally investigated the factors that influenced the adsorption of Cr(VI), for example, the pH value of the
solution, and the contact time of TOAC with Cr(VI). We found that the adsorption of Cr(VI) was strongly
itanium oxide–Ag composite
dsorbent
race
r(VI) removal

pH-dependent. The adsorption behavior of Cr(VI) onto TOAC fitted well the Langmuir isotherm and a
maximum adsorption capacity of Cr(VI) as 25.7 mg/g was achieved. The adsorption process followed the
pseudo-second-order kinetic model, which implied that the adsorption was composed of two steps: the
adsorption of Cr(VI) ions onto TOAC followed by the reduction of Cr(VI) to Cr(III) by Ag nanoparticles. Our
results revealed that TOAC with high capacity of Cr(VI) removal had promising potential for wastewater
treatment.
. Introduction

The treatment of industrial wastewater has stimulated world-
ide research interest. Industrial wastewater normally contains

oxic heavy metals, such as cadmium, mercury, lead, and chromium
1,2], among which chromium poses the most severe environmen-
al concerns. Chromium usually exists in the form of Cr(VI) and
r(III), where Cr(VI) is more toxic than Cr(III) because of its solubil-

ty within almost the whole pH range and its larger mobility than
hat of Cr(III) [2].

Several treatment techniques have been developed to remove
r(VI) from wastewater, such as chemical precipitation [3], ion
xchange [4,5], membrane technologies [6], and adsorption. Among
hese techniques, adsorption has become by far the most ver-
atile and widely used one because of its high efficiency and
nvironment-benign characteristics. Sorbents such as acid-treated
ctivated carbons [7–9] and biosorbents [10–14] have been
eported to effectively remove Cr(VI) from an aqueous medium. The
echanisms for Cr(VI) removal from the literature can be divided
nto two categories: (1) the surface reduction of Cr(VI) to Cr(III) fol-
owed by the adsorption of Cr(III); (2) the direct adsorption of Cr(VI)
nions [15,16]. Although remarkable progress has been achieved,
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most of these materials still suffer from several constraints. Acti-
vated carbons, one of the most commonly used adsorbents, cannot
be regenerated, which leads to high reaction cost and a disposal
problem of the solid waste. Biosorbent is economically appealing
because of its low cost; however, its removal capacity is limited and
the problem of secondary pollution is involved. Therefore, novel
highly effective adsorbent materials with enlarged surface charge
density and renewable reducing agent should be explored to deal
with Cr(VI) at trace level.

Ag nanoparticles have been extensively studied because of
its outstanding redox activity and renewability [17,18]. Likewise,
titanium oxide and titanium oxide-based materials with large
specific surface areas [19,20] have become more and more attrac-
tive owing to the high catalysis activity [21] and the strong
ion exchange capability [22,23]. These characteristics enable the
above materials with the potential as an effective adsorbent.
However, so far, there have been only a few reports on tita-
nium oxide or titanium oxide-based adsorbents. Nie and Teh
[20] showed that titanate nanotubes ruptured in the adsorp-
tion process, resulting in two distinct adsorption stages with
adsorption mechanisms of ion exchange and electrostatic attrac-
tion respectively, and the maximum adsorption capacity of Pb(II)

was 3.752 mmol/g. Liu et al. [24] showed that the titanate nan-
otubes might be a good adsorbent for the removal of Cu(II) ions
from an aqueous solution with the adsorption capacity reaching
120 mg/g.

dx.doi.org/10.1016/j.jhazmat.2011.03.114
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ldzhang@issp.ac.cn
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Batch adsorption experiments were conducted in 100 mL con-
ical beakers containing 60 mL of various concentrations of Cr(VI)
solutions at room temperature (25 ◦C). The conical beakers were
24 S.S. Liu et al. / Journal of Hazar

Here we show that TOAC could be synthesized via a facile solu-
ion route, and the composite adsorbents can effectively adsorb
race Cr(VI) and enable the transformation of the toxic Cr(VI) to
he harmless Cr(III) by the action of redox-active Ag nanoparti-
les. TOAC before and after adsorption were characterized by X-ray
iffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
dsorption of Cr(VI) onto TOAC was tested as a function of solution
H value, and contact time. The kinetics of Cr(VI) uptake by TOAC
as examined with respect to pseudo-second-order kinetic model.

he Langmuir adsorption equation was used to fit the experimental
ata. Additionally, the regeneration of TOAC was also investigated

n detail.

. Experimental

.1. Materials

Metatitanic acid (TiO(OH)2, TiO2 content 80%) was used to
abricate the layered titanium oxide (LTO) without any further
urification. Aqueous solutions containing Cr(VI) were prepared
y dissolution of K2Cr2O7 in deionized (DI) water. NaOH, HCl,
gNO3, ascorbic acid, NH3OH, Polyvinylpyrrolidone (PVP), and 1,5-
iphenylcarbazide (DPC) were of analytical grade, and purchased
rom Alfa Aesar. The commercial activated carbon (Flitrasorb100,
algon) was used in this work for comparison. Deionized water
resistivity ≥18.0 M� cm) was used for all the experiments.

.2. Preparation of layered titanium oxide

LTO was prepared by a hydrothermal method. In a typical syn-
hetic process, 3 g of metatitanic acid was mixed with 40 mL NaOH
10 M) in a 50 mL Teflon-lined autoclave container by stirring for
h at the ambient temperature to uniformly disperse the reagents

n the solution, followed by heating in an oven at 80 ◦C for 24 h. The
roduct of the reaction was filtrated and cleaned several times with
.1 M HCl and DI water until the filtrate was neutral. The obtained
TO was dried at 80 ◦C for 24 h.

.3. Preparation of titanium oxide–Ag composite (TOAC)

A mixture of 0.75 g PVP and 2 g LTO was suspended in 100 mL
I water, and 10 mL [Ag(NH3)2]NO3 solution (10 g/L) was added

ubsequently. After stirring at the ambient temperature for 24 h, the
ixture was washed with DI water several times and transferred

nto a 250 mL conical beaker. The purpose of adding PVP was to
ontrol the growth and agglomeration of Ag nanoparticles. 15 mL
scorbic acid (10 g/L) was slowly added into the above suspension
o reduce Ag(I), followed by stirring for 5 h. The obtained product
as washed thoroughly with DI water and dried in the oven under

acuum at 80 ◦C for 24 h.

.4. Characterization

The specific surface areas of LTO and TOAC were determined by
itrogen adsorption by using a five-point BET isotherm (ASAP 2010
ystem, Micromeritics Instrument Corp.). The morphologies of
amples were characterized by scanning electron microscopy (SEM,
irion 200) and transmission electron microscopy (TEM). XRD pat-
erns were recorded on a diffractometer with the Cu K� radiation
X’Pert Pro MPD, Philips). The Zeta potential was measured using
Zeta-Meter (Zetasizer 3000HSA, Malvern). XPS of TOAC before

nd after adsorption were obtained by an ESCALab220i-XL elec-

ron spectrometer from VG Scientific using 300 W Al K� radiation,
here the binding energies were referenced to the C1 s line at

84.8 eV from adventitious carbon. The concentration of Cr(VI) was
etermined colorimetrically by measuring the intense red–violet
aterials 190 (2011) 723–728

complex formed by reaction of chromium(VI) with DPC in an acidic
medium. A UV–vis Spectrometer (Cary 50, Varian) was used to
measure the absorption of chromophore complex at its absorbance
maximum of 540 nm [25].

2.5. Adsorption experiments
Fig. 1. (a) The SEM image of the titanium oxide–Ag composite; (b) the TEM image of
titanium oxide–Ag composite; (c) the TEM image of Ag nanoparticles on the surface
of layered titanium oxide (inset is an XRD pattern of Ag nanoparticles on the surface
of titanium oxide).
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ig. 2. Effect of (a) the pH value on the removal efficiency (A%) of Cr(VI) by titanium
itanium oxide, activated carbon, and titanium oxide–Ag composite, respectively.

gitated at 100 rmp in a thermostatic shaking incubator (TS-100B,
ensuc Shanghai) to reach the equilibrium. After adsorption, all the
olution samples were centrifuged at 8500 rmp for 5 min, and the
p-clear solution was taken for the Cr(VI) concentration measure-
ents.
The effect of the pH value on the adsorption of Cr(VI) by TOAC

as investigated under following conditions. The initial pH values
f Cr(VI) solutions (40 mg/L) were adjusted to 2.0–10.0 by adding
.1 M HCl or 0.1 M NaOH solution. The solutions were then mixed
ith 0.2 g TOAC in 100 mL conical beakers and agitated for 12 h.
nly the optimum pH would be used in the further study.

The effect of contact time on adsorption capability of LTO, TOAC
r activated carbon was studied at an initial Cr(VI) concentration
f 40 mg/L with the adsorbent dosage of 0.2 g at pH 2. During the
xperiments, the aliquots of water samples were withdrawn in
he range of 5–720 min and the Cr(VI) concentration in each of
he water samples was determined. The study of the adsorption
sotherm was conducted by adding 0.1 g TOAC into various initial
oncentrations of Cr(VI) ions in the range of 30–80 mg/L at pH 2
nd agitating for 12 h.

.6. Regeneration of adsorbents

All the residual adsorbents were collected and soaked into
H3·H2O for 24 h. After rinsing with DI water for several times, the

esidual adsorbents were transferred into 100 mL DI water. Subse-
uently, ascorbic acid solution with a concentration of 10 g/L was
lowly added into the suspension to regenerate TOAC. The obtained
lack product was washed thoroughly with DI water and dried in
he oven under vacuum at 80 ◦C for 24 h. The method of testing the
apability of regenerated samples was the same as the adsorption
xperiments above.

. Results

.1. Characterization of adsorbents

Fig. 1a shows the SEM image of LTO prior to being loaded with
g nanoparticles. It can be observed that LTO sheets are assem-
led together to form a flowerlike shape (The N2-BET surface area
as measured as 404 m2/g). This result indicates that LTO has a

arge specific surface area, which can provide a large number of
ctive sites for reaction. Fig. 1b shows the TEM image of TOAC. It
eveals that a large number of Ag nanoparticles are homogeneously
ispersed on the surface of LTO (The N2-BET surface area was mea-
ured as 209 m2/g). From the high-magnification TEM image in
ig. 1c, the average diameter of Ag nanoparticles is about 5 nm. The

rystal lattice fringe of Ag nanoparticles with d spacing of 0.23 nm
orresponds to (1 1 1) planes of Ag. Inset in Fig. 1c shows the XRD
attern of TOAC. The diffraction peaks at 2� = 38.1◦, 44.3◦, 64.5◦, and
7.3◦ can be indexed to (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes of
–Ag composite; (b) the concentration (C) of Cr(VI) with the contact time for layered

face-centered cubic Ag (JCPDS No. 04-0783), respectively. The two
broad and weak diffraction peaks in the XRD pattern indicate that
LTO is amorphous.

3.2. Adsorption behavior of Cr(VI) onto the adsorbents

3.2.1. Effect of the pH value
Fig. 2a shows the Cr(VI) removal efficiency of TOAC at different

pH values, ranging from 2.0 to 10.0. The removal efficiency A (%) is
defined as follows:

A (%) =
(

1 − ce

c0

)
× 100 (1)

where c0 and ce are the initial and equilibrium concentrations
of Cr(VI), respectively. The removal efficiency of Cr(VI) decreases
swiftly with pH from 2 to 5, and then stays as a constant above pH
5, which implies that the adsorption of Cr(VI) is strongly depen-
dent on the pH value of the solution. The point of zero charge (PZC)
of TOAC is determined to be about 5.3, which means that TOAC
has an enlarged surface charge density with decreasing pH from
5 to 2, resulting in a strong electrostatic attraction between the
adsorbents and the anionic adsorbates. TOAC with positive charges
shows greater tendency to adsorb anions. Hence, pH 2.0 is fixed as
the optimum value for further adsorption studies.

3.2.2. Effect of the contact time
The change of the concentration of Cr(VI) with the contact time

is graphically presented in Fig. 2b. It is observed that the concen-
tration of Cr(VI) initially decreases with the contact time, and then
reaches the equilibrium state in 12 h. It is noticed that the concen-
tration of Cr(VI) is rapidly decreased to below 0.05 mg/L by TOAC
within 1 h. As a comparison, it is only decreased to 30 mg/L and
5 mg/L, respectively, by LTO and activated carbon with the same
amount. These significant differences of removal capability among
TOAC, LTO, and active carbon can be explained by considering the
fact that removal capability is affected by the ratio of the number
of adsorption sites to the number of metal species. Due to sur-
face modification, the number of adsorption sites of TOAC and its
positive charges on the surface has increased dramatically. Con-
sequently, adsorption of Cr(VI) ions onto TOAC proceeds rapidly
as more Cr(VI) ions are adsorbed through columbic force at acidic
condition. It is evident that TOAC shows more remarkable removal
capability of Cr(VI) ions than active carbon which only reduces the
concentration of Cr(VI) to above 5 mg/L.

3.2.3. Langmuir adsorption isotherm
In order to understand in-depth and clarify the adsorption pro-
cesses, the adsorption mechanism of Cr(VI) ions onto TOAC is
investigated. The experimental results can be well fitted by the
Langmuir isotherm equation (Fig. 3a), which indicates that the
adsorption of Cr(VI) ions belongs to monolayer adsorption in this
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ig. 3. (a) Langmuir adsorption isotherms of Cr(VI) for the Cr(VI) adsorbent of tita
r(VI) by titanium oxide–Ag composite.

tudy. As for the Langmuir isotherm equation, it can be described
s follows [26]:

e = V
c0 − ce

m
(2)

Ce

qe
= 1

qmb
+ Ce

qm
(3)

here b (L/mg) is the Langmuir constant related to the rate of
dsorption and qm is the theoretical monolayer saturation capacity
mg/g). From the fitted Langmuir isotherm equation, qm is obtained
s 25.7 mg/g.

.2.4. Adsorption kinetics analysis
Kinetic model is helpful to understand the kinetic processes of

etal ions adsorption and evaluate the performance of the adsor-
ents for metal removal. The pseudo-second-order kinetic model

s successfully applied to evaluate the Cr(VI) adsorption kinetics on
OAC. It can be expressed as [27]:

t

qt
= 1

k2q2
e

+ t

qe
h = k2q2

e (4)

here qt is the amount of adsorbate adsorbed per unit mass of
dsorbent during the period of time t (mg/g), k2 is the equilib-
ium rate constant for the pseudo-second-order (g/mg min), and

is the initial adsorption rate (mg/g h). These constants can be
etermined by fitting the curve of t/qt against t. Fig. 3b shows
he linear relation between t/qt and t, where the fitted values of
2 and h are 0.051 g/mg h and 19.845 mg/g h, respectively. The R2

alue for the pseudo-second-order kinetic model is 0.999. Thus,

he system under study is more appropriately described by the
seudo-second-order model, which means that the removal of
r(VI) proceeds in two steps: firstly, the electrostatic force attracts
r(VI) ions towards LTO; secondly, Cr(VI) ions are reduced to Cr(III)

ig. 4. XPS spectrum of Ag 3d before (a) and Cl 2p; (b) after adsorption of Cr(VI) ions (in
pectrum after adsorption of Cr(VI).
oxide–Ag composite; (b)the pseudo-second-order kinetic model for adsorption of

ions by Ag nanoparticles. The chemical reaction equations are
described as follows:

LTO + HCrO4
− → LTO + HCrO4

−∗ (I)

3Ag0
(s) + HCrO4

−∗ + 7H+ + 3Cl− → 3AgCl + Cr3+ + 4H2O (II)

where HCrO4
−* represents the adsorption state of HCrO4

− on LTO.
Cl− comes from HCl solution which is used for pH modulation.

3.2.5. XPS characterization
To verify the chemical reactions conducted on the surface

of TOAC, the samples are characterized by high-resolution XPS.
According to previous literatures [28], the bonding energy value of
Ag 3d5/2 signal reported for Ag0 nanoparticles is around 367.9 eV.
The XPS spectrum in the Ag 3d region of TOAC before adsorption
is presented in Fig. 4a, where the value of Ag 3d5/2 is 367.6 eV. The
peak shifts towards the lower binding energy is attributed to the
strong Ag:O and Ag:N coordination because of the donation of lone
pair electrons to sp orbitals of silver from C = O and C–N in PVP
[29,30]. From Fig. 4b, the Cl 2p3/2 peak is observed at 197.3 eV. This
result reveals the existence of AgCl on the surface of TOAC after
adsorption. The XRD pattern of TOAC after adsorption is also shown
in the inset in Fig. 4b. Apart from the peaks related to metallic Ag,
the remaining peaks correspond to the diffraction peaks of AgCl
(JCPDS No. 01-1013), which confirms the formation of AgCl after
adsorption of Cr(VI) ions. These findings imply that Ag nanoparti-
cles serving as the electron reservoir can effectively reduce Cr(VI)
to Cr(III) in the adsorption processes. Simultaneously, Ag nanopar-
ticles are oxidized to Ag+ ions that interacted with Cl− ions on the
surface to form AgCl (see chemical reaction (II)).

The high-resolution Cr 2p3/2 and Cr 2p1/2 XPS spectrum for TOAC

after adsorption of Cr(VI) ions (Fig. 4c) shows that Cr 2p3/2 and Cr
2p1/2 peaks appear at 577.4 eV and 580.1 eV, respectively. These
bonding energies are in good agreement with the results obtained
by Carver [31] and Shuttleworth [32]. Quantitative curve fitting was

set is an XRD pattern of a sample after adsorption); (c) high-resolution Cr 2p XPS
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ig. 5. The removal efficiency of Cr(VI) with the contact time for regenerated tita-
ium oxide–Ag composite.

pplied to the XPS spectrum of TOAC with adsorbate of Cr species.
he curve fitting result reveals that about 64.5% of the chromium
pecies on the surface is in the Cr(III) state, while about 35.5% is
n the Cr(VI) state. The large number of Cr(III) ions observed can be
ttributed to the high loading density of redox-active Ag0 nanopar-
icles on the surface of LTO, which can serve as the electronic
eservoir to reduce Cr(VI) ions to Cr(III) ions.

.2.6. Regeneration of adsorbents
Regeneration of adsorbent is significant for the practical

astewater treatments. In order to investigate the cyclic capabil-
ty of TOAC on the removal of Cr(VI), the residual adsorbents were
ipped in NH3·H2O for 24 h to decompose AgCl into Ag+ and Cl−.
he as-generated Ag+ became Ag(NH3)2

+ and adsorbed on the sur-
ace of LTO in the alkalescent environment. Ag nanoparticles were
egenerated via reduction of Ag(I) by ascorbic acid. Fig. 5 shows the
ffect of contact time on the performance of the regenerated TOAC.
t is found that the removal rate of Cr(VI) is also high within 2 h and
he removal efficiencies of Cr(VI) on those four cycles are around
0%, which indicate the feasibility of regeneration of TOAC.

. Discussion

From the results presented in the previous section, we notice
hat TOAC provides a high positive surface charge density which
eads to enhanced removal capability for Cr(VI) ions. Meanwhile,
he comparison experiment of TOAC and activated carbon indi-
ates that TOAC adsorbent can be used to deal with heavy metal
ons at trace level. In general, the enhanced adsorption of trace
ollutants could be originated from two aspects: the stronger inter-
ction between the adsorbents and adsorbates and the sufficient
nchoring sites to adsorb the trace pollutants and prevent their
esorption. We suggest that electrostatic attraction between TOAC
nd adsorbates is responsible for Cr(VI) removal at trace level,
ecause the concentration gradient is deficient to drive the adsor-
ates towards the surface of LTO at trace level. However, interfaces
etween Ag nanoparticles and LTO could provide a large number
f stronger anchoring sites for Cr(VI) adsorption. Such adsorption
nhancement arising from the interfaces has been observed in the
atalyst systems of alumina, ceria, and zirconia-supported noble
etal particles [33,34]. Moreover, Cr(VI) ions anchored at the inter-

aces between Ag nanoparticles and LTO are easily reduced to Cr(III)
ons by active Ag nanoparticles.

. Conclusion
Titanium oxide–Ag composites, comprised of Ag nanoparti-
les loaded on layered titanium oxide, were prepared by a facile
olution route. When TOAC was used as an adsorbent to adsorb

[

aterials 190 (2011) 723–728 727

Cr(VI) ions in a solution, the adsorption equilibrium state is rapidly
reached within 1 h and the Cr(VI) concentration is decreased to
below 0.05 mg/L. Batch adsorption studies show that the adsorption
capacity of TOAC for the removal of Cr(VI) is strongly dependent
on the initial pH value. The adsorption of Cr(VI) by TOAC is well
modeled by the Langmuir isotherm and the maximum adsorption
capacity of Cr(VI) is calculated as 25.7 mg/g. The adsorption of Cr(VI)
follows the pseudo-second-order kinetic model, which implies that
the removal process is a chemical adsorption associated with trans-
formation of Cr(VI) ions to Cr(III) ions. Regeneration studies show
the feasibility of regeneration of TOAC. In summary, this work has
demonstrated that TOAC as an adsorbent has promising potential
for trace level heavy metal removal in the wastewater.
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