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Nanometer titanium dioxide immobilized on silica gel as sorbent for
preconcentration of metal ions prior to their determination by

inductively coupled plasma atomic emission spectrometry
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Abstract

Nanometer titanium dioxide immobilized on silica gel (immobilized nanometer TiO2) was prepared by sol–gel method and characterized
by using X-ray diffraction (XRD) and scanning electron microscope (SEM). The adsorptive potential of immobilized nanometer TiO2 for the
preconcentration of trace Cd, Cr, Cu and Mn was assessed in this work. The metal ions studied can be quantitative retained at a pH range of
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–9, and 0.5 mol L−1 HNO3 was sufficient for complete elution. The adsorption capacity of immobilized nanometer TiO2 for Cd, Cr, Cu and
n was found to be 2.93, 2.11, 6.69 and 2.47 mg g−1, respectively. A new method using a microcolumn packed with immobilized nano
iO2 as sorbent has been developed for the preconcentration of trace amounts of Cd, Cr, Cu and Mn prior to their determination by
oupled plasma atomic emission spectrometry (ICP-AES). The method has been successfully applied for the determination of tra
n some environmental samples with satisfactory results.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Sensitive, fast, reproducible, simple and accurate analyt-
cal methods are required for the determination of trace ele-

ents in geological, biological and environmental samples.
he direct determination of extremely low concentrations of

he required trace elements by modern atomic spectroscopic
ethods, such as atomic absorption spectrometry (AAS) and

nductively coupled plasma atomic emission spectrometry
ICP-AES) is often difficult. The limitations are not only as-
ociated with the insufficient sensitivity of these techniques
ut also with matrix interference. For this reason, the prelim-

nary separation and preconcentration of trace elements from
atrix is often required[1].
The most widely used techniques for the separation and

reconcentration of trace elements include liquid–liquid ex-
raction[2], solid-phase extraction[3–5], coprecipitation[6]
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and floatation[7], etc. Recently, solid-phase extraction (S
technique has become increasingly popular in compared
the classical liquid–liquid extraction method because o
advantages of high enrichment factor, high recovery, r
phase separation, low cost, low consumption of organic
vents and the ability of combination with different detect
techniques in the form of on-line or off-line mode[8]. The
main requirements with respect to substances to be us
solid-phase extraction sorbents are as follows[9]: possibil-
ity of extracting a large number of elements over a wide
range, fast and quantitative sorption and elution, high
pacity, regenerability and accessibility. Numerous substa
have been proposed and applied as solid-phase extr
sorbents, such as chelating resin[10,11], modified silica
[12,13], PTFE beads and turnings[14–16], active carbo
[17], polyurethane foam[18], cellulose[19] and biologica
substances[20].

The field of nanocomposite materials has had the a
tion, imagination, and close scrutiny of scientists and
gineers in recent years[21,22]. Nanomaterials are made
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nanoparticles; the regime of nanoparticle is from 1 nm to
almost 100 nm, falls between the classic fields of chem-
istry and solid-state physics. The sizes, surface structures
and interparticle interactions of nanomaterials determine
their unique properties and the improved performances, and
make their potential application in many areas such as
electronics, optics, catalysis, ceramics and magnetic data
storage.

One of the specific properties of nanomaterials is that
a high percent of the atoms of the nanoparticle is on the
surface. The surface atoms are unsaturated and can there-
fore bind with other atoms, possess highly chemical activity.
Nanoparticulate metal oxides exhibit intrinsic surface reac-
tivity and high surface areas, and can strongly chemisorb
many substances, such as acidic gases and polar organics[23].
Vassileva and Hadjiivanov investigated the surface chem-
istry of high surface area oxides, e.g. TiO2, ZrO2, CeO2
and ZnO and found that these materials have a very high
adsorption capacity towards metal ions and give promising
results when used for trace elements analyses of different
samples[24–26]. Liang et al. studied the adsorption behav-
ior of nanometer TiO2 towards metal ions and used it for the
separation and preconcentration of metal ions in biological
and environmental samples[27–30]. The adsorption behav-
ior of metal ions on nanometer Al2O3 has also been studied
by Chang et al.[31]. All the results show that the nanomate-
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2. Experimental

2.1. Apparatus

An Optima 2000DV inductively coupled plasma optical
emission spectrometer (Perkin Elmer Instruments, Shelton,
CT, USA) was used. The operation conditions and the wave-
length of the emission lines are summarized inTable 1. XRD
pattern was obtained using Y-2000 diffractometer (Dandong
Liaodong Radial Instrument Co. Ltd., Liaoning, China) with
Cu K� radiation. SEM images were obtained on a SX-650
field emission scanning electron microscope (Hitachi, Japan).
The pH values were controlled with a Mettler Toledo 320-S
pH meter (Mettler Toledo Instruments Co. Ltd., Shanghai,
China) supplied with a combined electrode. A HL-2 peri-
staltic pump (Shanghai Qingpu Huxi Instrument Factory,
Shanghai, China) was used in separation/preconcentration
process. A self-made PTFE microcolumn (20 mm× 3.0 mm
i.d.), packed with immobilized nanometer TiO2, was used
in the manifold for separation/preconcentration. A minimum
length of PTFE tubing with an i.d. of 0.5 mm was used for
all connection.

2.2. Standard solution and reagents
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ial is a promising solid-phase extraction adsorbent for m
ons.

However, due to the fine grain size of nanometer T2,
hen the suspension nanometer TiO2 is used for adsorp

ion of metal ions, it is easy to coacervate and loss o
ivity, and difficult to be recovered. These problems
e avoided by immobilizing nanometer TiO2 on different
ubstrates. The immobilized nanometer TiO2 can be pre
ared by coating the support substrates with a TiO2 sol
y different techniques such as chemical vapor depos

32], chemical spray pyrolysis[33], and sol–gel metho
34]. Among the different techniques the sol–gel coatin
he simplest, economical and has advantages such as2
s easily anchored on the substrates bearing the co
ated shapes and large area substrates[35]. The immobi-
ized nanometer TiO2 has been widely applied as chemi
ensors[36], electrochemical solar cells[37] and photocat
lyst [38], and so far there is not the report of applica
f immobilized nanometer TiO2 for the adsorption of met

ons.
In this work, nanometer TiO2 immobilized on silica ge

as prepared by sol–gel method and characterized by
-ray diffraction (XRD) and scanning electron microsc

SEM). The adsorptive potential of immobilized nanom
iO2 for the preconcentration of trace Cd, Cr, Cu and
as assessed using column method. A new method
microcolumn packed with immobilized nanometer T2

s sorbent has been developed for the preconcentrat
race Cd, Cr, Cu and Mn prior to their determination
CP-AES.
Stock standard solutions (1000�g mL−1) of Cd, Cr,
u and Mn were obtained from the National Institute
tandards (Beijing, PR China). Working standard solut
ere obtained by appropriate dilution of the stock stan
olutions. Silica gel (40–60 mesh, Qingdao Ocean Chem
actory, Qingdao, China) was boiled with (1 + 1) nitric a

or 3 h, then immersed in (1 + 1) hydrochloric acid for 2
nally washed with doubly distilled water until no chlori
ppeared in the washings. The cleaned silica gel was dr
20◦C for 24 h. All reagents used were of the highest av
ble purity and of at least analytical reagent grade. Do
istilled water was used throughout. Titanium tetrabuto
Aldrich chemicals) was used without further purificati
he following buffers were used to control the pH of
olutions: hydrochloric acid–glycine (pH 1–3), sodi
cetate–acetic acid (pH 3–6), ammonium acetate–amm
pH 6–8), and ammonium chloride–ammonia (pH 8–9).

able 1
CP-AES operating conditions and wavelengths of analytical lines

arameters

ncident power (W) 1100
lasma gas (Ar) flow rate (L min−1) 15
uxiliary gas (Ar) flow rate (L min−1) 0.5
ebulizer gas (Ar) flow rate (L min−1) 0.8
bservation height (mm) 15

ntegration time (s) 3
olution pump rate (mL min−1) 1.5
avelength (nm) Cd 228.6, Cr 283.5

Cu 324.7, Mn 257.
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2.3. Preparation of immobilized nanometer TiO2

An 10 mL of titanium tetrabutoxide (Ti(OC4H9)4) was
added to 12.5 mL of ethanol. Then a mixture of doubly dis-
tilled water (0.5 mL), ethanol (12.5 mL) and HCl (0.25 mL)
was added slowly dropwise into the solution under stirring.
The solution was kept stirring at ambient temperature for hy-
drolysis and form sol–gel. The resulting TiO2 sol can be used
after aging for 12 h. Silica gel was immersed into the viscous
Ti-precursor sol for 10 min, then taken out and dried. This
process was repeated three times. The coated silica gel was
washed with doubly distilled water to remove the unimmo-
bilized TiO2, then dried at 100◦C for 1 h and subsequently
calcined in 450◦C for 2 h to obtain the immobilized nanome-
ter TiO2.

2.4. Column preparation

An 50 mg of immobilized nanometer TiO2 was introduced
into a PTFE microcolumn (20 mm× 3.0 mm i.d) plugged
with a small portion of glass wool at both ends. Before use,
1.0 mol L−1 HNO3 solution and doubly distilled water were
passed through the column in order to clean and condition
it. Then, the column was conditioned to the desired pH with
buffer solution.
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Fig. 1. SEM micrographs of immobilized nanometer TiO2.

and H2O2 (1 + 1). The solid was filtered and the Ti in the
solution was determined by ICP-AES. The amount of TiO2
coated was found to be 220 mg g−1.

The surface area of the immobilized nanometer TiO2, de-
termined by the Brunauer–Emmett–Teller (BET) method of
nitrogen adsorption at low temperature, was 364 m2 g−1.

The TiO2 coated onto the surface of silica gel was shown
to be very stable to treatment with acid. No leaching of Ti(IV)
from the surface was detected using 2.0 mol L−1 HNO3 and
HCl.

3.2. Effect of pH on adsorption

The pH value plays an important role with respect to the
adsorption of different ions on oxide surfaces. According to
Morterra[40], the pH of solution influences the distribution
of active sites on the surface of TiO2. At high pH, the OH−
on the surface provides the ability of binding cations. The
decrease of pH leads to the neutralization of surface charge,
.5. General procedure

A portion of aqueous sample solution containing Cd,
u and Mn were prepared, and the pH value was adju

o the desired value with corresponding buffer solution.
olution was passed through the column by using a peris
ump adjusted to the desired flow rate. Afterwards, the

ained metal ions were eluted with 1.0 mL of 0.5 mol L−1

NO3 solution. The analytes in the effluents were de
ined by ICP-AES. The column could be used repeat
fter regeneration with 1.0 mol L−1 HNO3 solution and dis

illed water, respectively.

. Results and discussion

.1. Characterization of immobilized nanometer TiO2

The SEM image of immobilized nanometer TiO2 is shown
n Fig. 1. The SEM image shows dense microstruc
nd granular grain. The average grain size of immobil
anometer TiO2 is about 60 nm.

The crystal structure of immobilized nanometer TiO2 was
haracterized using XRD. The diffraction pattern of XRD
θ diffraction angles from 10◦ to 90◦ was shown inFig. 2.
he sharp peaks at 25.27, 37.84 and 48.07 can be attr

o anatase TiO2 according to the standard pattern of ana
iO2 [39]. It can be concluded that immobilized nanom
iO2 existed as anatase structure.

The amount of TiO2 coated was determined by treat
he modified silica gel with the hot mixture of conc. H2SO4
 Fig. 2. XRD pattern of immobilized nanometer TiO2.
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Fig. 3. Effect of pH on the adsorption of the studied metal ions on immobi-
lized nanometer TiO2 Cd, Cr, Cu and Mn: 1.0�g mL−1.

and OH− is displaced from the surface, so the adsorption of
cations onto TiO2 decreases quickly.

In order to evaluate the effect of pH, the pH values of
sample solutions were adjusted to a range of 1–9. The results
of the effect of pH on the recoveries of studied ions are shown
in Fig. 3. A quantitative recovery (>90%) was found for Cr
at the pH range of 6–9 and Cu at the pH range of 7–9. For
Cd and Mn, the highest recovery was obtained in the pH
range of 8–9. In order to preconcentration all studied ions
simultaneously, a pH of 8.0 was selected as the compromise
condition.

3.3. Effect of flow rate of sample solutions

The flow rate of the sample solution affects the retention
of cations on the adsorbent and the duration of complete
analysis. Therefore, the effect of the flow rate of sample
solution was examined under the optimum conditions (pH,
eluent, etc.). The flow rate was adjusted in a range of
0.5–2.5 mL min−1. It was found that the retention of the
studied ions was practically not changed up to 2.0 mL min−1

flow rate. The recoveries of the analytes decrease slightly
when the flow rate is over 2.0 mL min−1. Thus, a flow rate
of 2.0 mL min−1 is employed in this work.
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Table 2
Eluent data (%) for metal ions adsorbed on immobilized nanometer TiO2

Eluent (HNO3, mol L−1) Cd Cr Cu Mn

0.05 57.2 78.1 47.1 81.9
0.1 53.9 82.5 83.7 97.8
0.5 98.5 93.3 96.3 98.2
1.0 98.4 94.2 95.3 95.6
2.0 97.6 92.7 94.2 96.4

Eluent volume 1.0 mL.

volume of 1.0 mL eluent was used in the following experi-
ments.

3.5. Effect of the sample volume

In order to explore the possibility of enriching low concen-
trations of analytes from large volumes, the effect of sample
volume on the retention of metal ions was also investigated.
For this purpose, 25, 50, 100, 150 and 200 mL of sample
solutions containing 1.0�g of Cd, Cr, Cu and Mn, respec-
tively were passed through the microcolumn with optimum
flow rate. As shown inFig. 4, quantitative recoveries (>90%)
were obtained for sample volumes up to 50 mL for Cd and
Cr, 100 mL for Mn and 150 mL for Cu, the adsorbed metal
ions can be eluted with 1.0 mL 0.5 mol L−1 HNO3, so the
enrichment factor achieved by this method is 50 for Cd and
Cr, 100 for Mn and 150 for Cu. In this experiment, 50 mL
of sample solution was adopted for the preconcentration of
analytes from water sample.

3.6. Adsorption capacity

The adsorption capacity is an important factor, because
it determines how much sorbent is required to quantitatively
concentrate the analytes from a given solution. To determine
t n at
1 con-

F l ions
o

.4. Elution of the adsorbed metal ions

It is found fromFig. 3 that the adsorption of cations
H < 2 could be negligible. For this reason, various con

rations HNO3 were studied for the elution of retained cati
rom the microcolumn at the flow rate of 0.5 mL min−1.
he results obtained are given inTable 2. As can be see
.5 mol L−1 HNO3 was sufficient for complete elution. T
ffect of eluent volume on the recovery of analytes was
tudied by keeping the HNO3 concentration of 0.5 mol L−1,
t was found that with 1.0 mL of 0.5 mol L−1 HNO3 quan-
itative recoveries (>90%) could be obtained. Therefore
he adsorption capacity, 25 mL of each metal ions solutio
0�g mL−1 was adjusted to the appropriate pH, then pre

ig. 4. Effect of sample volume on the recovery of the studied meta
n immobilized nanometer TiO2 Cd, Cr, Cu and Mn: 1.0�g; pH: 8.0.
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centrated and eluted according to the recommended proce-
dure. The amount of metal ions adsorbed was determined by
ICP-AES. The adsorption capacity of immobilized nanome-
ter TiO2 for Cd, Cr, Cu and Mn was found to be 2.93, 2.11,
6.69 and 2.47 mg g−1, respectively, and it is similar to the
adsorption capacity of nanometer TiO2 reported in Ref.[28].

3.7. Column reuse

The stability and potential regeneration of the column
were investigated. The column can be reused after regen-
erated with 10 mL 1.0 mol L−1 HNO3 and 20 mL distilled
water respectively, and stable up to at least 20 adsorption-
elution cycles without obviously decrease in the recoveries
for the studied ions.

3.8. Effects of coexisting ions

The effects of common coexisting ions on the adsorption
of the studied ions on immobilized nanometer TiO2 were in-
vestigated. In these experiments, solutions of 1.0�g mL−1

of Cd, Cr, Cu and Mn containing the added interfering
ions were treated according to the recommended procedure.
The tolerance limits of the coexisting ions, defined as the
largest amount making the recovery of the studied elements
less than 90%, were found to be 5000 mg L−1 for Na+,
K
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Table 3
The analytical results of standard reference material (GBW07604) (�g g−1)

Element Founda Certified value

Cd 0.30± 0.08 0.32± 0.05
Cr 0.52± 0.03 0.55± 0.05
Cu 9.4 ± 0.3 9.3 ± 0.5
Mn 44 ± 3 45 ± 2

a The value following “±” was the standard deviations (n = 3).

Table 4
Determination of metal ions in lake water (ng mL−1)a

Element Added Found Recovery (%)

Cd 0 0.8
5.0 5.9 102

Cr 0 1.6
5.0 6.4 96

Cu 0 3.0
5.0 8.0 100

Mn 0 5.6
5.0 10.5 98

aSample volume: 50 mL.

of the studied elements was determined according to the rec-
ommended procedure. The results are presented inTable 3.
As can be seen, the results obtained are in good agreement
with reference values.

The proposed method was applied to the determination
of Cd, Cr, Cu and Mn in nature lake water sample (East
Lake, Wuhan, China), and the recoveries of spikes of the
studied ions were also studied. The lake water sample was
filtered through a 0.45�m membrane filter and analyzed as
soon as possible after sampling. The analytical results and
the recovery were given inTable 4. The results indicated that
the recoveries were reasonable for trace analysis, in a range
of 96–102%.

4. Conclusions

Nanometer TiO2 was successfully immobilized on silica
gel through sol–gel method and used in a microcolumn for
trace metal enrichment. For nanometer TiO2 coated on the
silica surface, the exchange property was preserved. The ma-
terial showed relatively high chemical stability towards the
action of acidic solutions. The packed microcolumn used
in proposed procedure did not show any over pressure or
swelling and can be used up to at least 20 adsorption–elution
cycles without decrease in the performance. The proposed
m racy
f

R

nts,

J.W.
+, 2000 mg L−1 for Ca2+, Mg2+, 1000 mg L−1 for Al3+,
00 mg L−1 for Co2+, Ni2+, Pb2+ and 100 mg L−1 for Zn2+,
e3+. Due to the adsorption competition between the t
ition metals and the analytes, these metals have the
olerance limits. The contents of these metals in the CR
ater sample applied in this study are within the toler
oncentration range, and will not cause interferences o
reconcentration of the analytes.

.9. Detection limits and precision

The detection limits (evaluated as the concentration
esponding to three times the standard deviation of 11 ru
he blank solution) of this method for Cd, Cr, Cu and Mn
8, 36, 21 and 24 ng L−1, respectively; and relative standa
eviations (RSDs) are 3.5, 4.4, 2.6 and 2.2%, respect
n = 11,c = 10 ng mL−1).

.10. Analytical application

In order to establish the validity of the proposed pro
ure, the method has been applied to the determinati

he content of the studied elements in standard refer
aterial (GBW07604, poplar leaves). Portions (0.500
f GBW07604 poplar leaves were transferred into P
eakers, 10 mL of concentrated HNO3 and 3 mL of H2O2
ere added, heated until the solution become transpa
ontinuously heated to near dryness and the residue diss
n 0.1 mol L−1 HCl. After adjustment of pH to 8.0, the so
ion was made up with distilled water to 50 mL. The con
ethod presented good sensitivity, precision and accu
or all analytes analyzed.
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