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a  b  s  t  r  a  c  t

A  novel  and  low-cost  optical  sensor  for  heavy  metal  ion  detection  has  been  prepared  by  immobi-
lizing  4-(2-pyridylazo)-resorcinol  (PAR)  on  the  functionalized  hexagonal  mesoporous  silica  (HMS)  via
N-trimethoxysilylpropyl-N,N,N-trimethylammonium  chloride  (TMAC).  The  successful  fabrication  of  this
optical  sensor  is  confirmed  by  extensive  characterizations  using  FT-IR,  low  angle  X-ray  diffraction  (XRD),
UV–vis  spectroscopy  and  N2 sorption,  meanwhile  its colorimetric  properties,  selectivity,  sensitivity  and
eywords:
ptical sensor
MS
eavy metal ions
-(2-Pyridylazo)-resorcinol

reversibility  are  also  investigated.  The  optical  sensor  responds  selectively  to  heavy  metal  ions,  such  as
Fe3+,  Cd2+, Ni2+, Zn2+, Pb2+, Co2+, Hg2+ and  Cu2+ with  a color  change  from  yellow  to  orange  or  purple  in
alkaline solutions,  while  it shows  a color  change  only  for Cu2+ under  strongly  acidic  conditions.  At  pH  12.0,
this  optical  sensor  has  a high  sensitivity  that  makes  it possible  to  detect  Cu2+ in aqueous  solution  with
the  detection  limit  as  low  as 40 ppb by naked-eye.  This  optical  sensor  also shows  excellent  reversibility
and  regeneration  by treatment  with  a  solution  of  EDTA.
. Introduction

To detect and control heavy metal ions in aqueous solution
s very important. The principal detection methods for heavy

etal ions are atomic absorption or atomic emission spectroscopy
AAS/AES) and inductively coupled plasma mass spectrometry
ICPMS). These methods are costly, need sophisticated equipments
nd require extreme control of experimental procedures. Hence,
uring the last decade, there has been growing interest in the devel-
pment of optical sensors which allow on-site, real-time qualitative
r semiquantitative detection. These heavy metal ion sensors based
n cellulose supported platforms [1],  polyvinylchloride (PVC) [2],
thyl cellulose (EC) [2],  membrane [3] or other polymers [4] are
nexpensive, selective and reusable, but they show a limited sensi-
ivity for detection below the permissible level of metal ions.

With recent advances in materials science and nanotechnolo-
ies, the development of the mesoporous materials as hosts is key
o designing highly sensitive and selective optical sensors [5,6].
n recent years, the mesoporous materials such as MCM-41 and
BA-15 have been given much attention for the development of
ptical chemical sensors [7–14] due to their high surface areas,

arge pore diameters and uniform pore size. In this paper, we
eport the use of hexagonal mesoporous silica (HMS), another
ind of mesoporous material, as solid supports to synthesize an

∗ Corresponding author. Tel.: +86 411 8498 6113; fax: +86 411 8498 6113.
E-mail address: liganghg@dlut.edu.cn (G. Li).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.060
© 2011 Elsevier B.V. All rights reserved.

inorganic–organic hybrid optical sensor. HMS  mesoporous silica
was first introduced by Pinnavaia and co-workers [15,16]. Com-
pared with MCM-41 and SBA-15, HMS  has a worm-like pore
structure, thick pore walls and a high degree of condensation, there-
fore, it has higher thermal stability and high adsorption capacity.

A low-cost and commonly employed indicator is 4-(2-
pyridylazo)-resorcinol (PAR), a highly sensitive and non-selective
reagent applicable for many heavy metal ions. Its color changes
from yellow to red when complexed with metal ions such as Co2+,
Zn2+, Cd2+, Ni2+, Hg2+, Pb2+ and Cu2+. Some applications for PAR and
its analogues have been put into practice [17–19]. In this article,
a new heavy metal ions responsive optical sensor (HMS-TMAC-
PAR) is prepared via grafted surface functionalization of the original
HMS  with N-trimethoxysilylpropyl-N,N,N-trimethylammonium
chloride (TMAC) and then by immobilization of PAR probe.
HMS-TMAC-PAR has some important advantages as a solid-state
colorimetric sensor. Firstly, it can be used for naked-eye colorimet-
ric detection of low concentrations of heavy metal ions. Secondly,
at a specific pH, it shows a high selectivity and sensitivity for ultra-
trace levels of Cu2+ in aqueous solution. Thirdly, it also has excellent
reusability when detecting Cu2+ in aqueous solution.

2. Experimental
2.1. Reagents

Tetraethylorthosilicate (TEOS) was purchased from Tianjin Ker-
mel  Chemical Co., China. Dodecylamine (DDA) and nitric acid salts

dx.doi.org/10.1016/j.jhazmat.2011.11.060
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:liganghg@dlut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.11.060
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Scheme 1. Synthetic routes o

f various metals were obtained from Sinopharm Chemical Reagent
o., China. TMAC (50% methanol solution) was purchased from
BCR, Germany. PAR was purchased from Alfa Aesar China (Tian-

in) Co., Ltd. All materials were of analytical reagent (AR) grade and
sed without further purification.

.2. Apparatus and instruments

XRD patterns were recorded on a Rigaku D/Max-2400 diffrac-
ometer using Cu K� radiation over the range of 0.5–10◦. FT-IR
pectra were recorded on a Bruker EQUINOX55 spectrometer,
sing KBr pellet technique. The thermogravimetric analysis (TGA)
as performed with a Mettler Toledo TGA/SDTA851e. The ele-
ental analysis was performed on an Elementar vario EL. The
2 adsorption–desorption isotherms were measured using Quan-

achrome company AUTOSORB-1 physical adsorption apparatus at
7 K. Before the N2 isothermal analysis, all samples were pretreated
t 180 ◦C for 10 h. Specific surface area (SBET) was calculated by
sing multipoint adsorption data from the linear portion of the N2
dsorption isotherms based on the Brunauer–Emmett–Teller (BET)
heory. The pore size distribution was then determined from the
dsorption curve of the isotherms by using nonlocal density func-
ional theory (NLDFT). The diffuse reflectance spectra of the sensor

aterials were recorded on a Jasco UV-500 spectrophotometer. A
HS-3C digital pH meter with a glass electrode was used to measure
he pH value.
.3. Synthesis of HMS

Synthesis of HMS was performed by dissolving DDA (2.0 g) in a
ixed solvent of ethanol (19.0 mL)  and water (28.0 mL), followed
-TMAC and HMS-TMAC-PAR.

by the addition of TEOS (11.2 mL). The pH value of the mixture was
adjusted to 9–11 with HCl. The final gel with a composition of molar
ratio SiO2:DDA:EtOH:HCl:H2O = 1.0:0.27:6.5:0.02:36.5 was stirred
constantly at room temperature for 18 h, and the resulting solid
was collected by filtration, washed with abundant distilled water,
dried at 100 ◦C and then calcined at 640 ◦C for 4 h to remove the
organic template.

2.4. Fabrication of HMS-TMAC-PAR

With a grafting technique, HMS  was  first functionalized with
TMAC by refluxing in toluene for 18 h under N2 atmosphere. The
functionalized HMS  was washed thoroughly with ethanol and
water to remove excess TMAC and then it was dried in an oven
at 65 ◦C for 12 h to obtain HMS-TMAC. The immobilization of PAR
on HMS-TMAC was performed by the addition of 0.6 g HMS-TMAC
solid to PAR solution (9.3 × 10−5 M,  180 mL)  under stirring for
3 h. The collected product was thoroughly washed with deionized
water to remove excess PAR. The resulting HMS-TMAC-PAR was
dried at 65 ◦C overnight and then ground to fine powder. The syn-
thetic routes of HMS-TMAC and HMS-TMAC-PAR were illustrated
in Scheme 1.

2.5. Colorimetric detection of metal ions

Concentration of stock solutions of the aqueous nitric acid salts
(Al3+, Mg2+, Ca2+, Na+, Fe3+, Cd2+, Ni2+, Zn2+, Pb2+, Co2+, Hg2+ and

Cu2+) was  1.25 × 10−3 M.  The suspension solutions of HMS-TMAC-
PAR (0.5 g L−1) were prepared in aqueous solution at various pH
values, which were adjusted with 0.2 M NaOH or 0.2 M HCl. Each
time a 2 mL  suspension solution of HMS-TMAC-PAR was filled in a
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mity of the pore size of HMS-TMAC-PAR drops relative to HMS.
This is consistent with the low-angle XRD result. HMS  and HMS-
TMAC-PAR both have the appreciable type H1 hysteresis loops
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ig. 1. FT-IR spectra of (a) HMS, (b) HMS-TMAC, and (c) HMS-TMAC-PAR.

 cm quartz cell and different stock solutions of cations were added
nto the quartz cell gradually by using a micro-syringe. The vol-
me  of added stock solution was less than 100 �L in order to keep
he total volume of testing solution without obvious change. The
eavy metal ions were estimated qualitatively using naked-eye col-
rimetric assessment and Cu2+ was detected quantitatively using
V–vis reflectance spectrometry at 510 nm.

. Results and discussion

.1. Characteristics of HMS-TMAC-PAR

FT-IR spectra of HMS, HMS-TMAC and HMS-TMAC-PAR are
hown in Fig. 1. For all samples, the bands at 3438 and 1633 cm−1

re attributed to the stretching and bending vibrations of the
urface silanol groups Si–OH, respectively. In addition, the typi-
al Si–O–Si bands associated with the formation of a condensed
ilica network are present at 1095, 812 and 460 cm−1 [20]. How-
ver, HMS-TMAC and HMS-TMAC-PAR show additional absorption
ands at 2960 and 1485 cm−1, which are due to the aliphatic C–H
nd the stronger C–N bonds, respectively [21,22]. These results
llustrate the mesoporous silica (HMS) is grafted by TMAC organic

olecules.
The XRD patterns of HMS, HMS-TMAC and HMS-TMAC-PAR

re given in Fig. 2. All of the patterns contain a single low-angle
iffraction peak at about 2� = 2◦, which represents a characteris-
ic of the mesoporous silica (HMS). However, the intensities of the
eak of sample (b) and (c) decrease, suggesting that the meso-
orous structures of sample (b) and (c) become less uniform upon
he introduction of the organic molecules into HMS.

The result of thermal analysis for HMS-TMAC sample is shown
n Fig. 3. The TG profile shows two-step decrease in weight of HMS-
MAC. The total weight loss is about 16% between 170 and 750 ◦C.
wo broad peaks are observed at 75 and 270 ◦C on DTG curve. The

ormer can be due to the desorption of adsorbed H2O on the surface
f the mesoporous silica (HMS) [23] and the latter can be due to
he decomposition of the TMAC fragments [6].  Table 1 shows the
arbon and nitrogen contents of the functionalized HMS  increase

able 1
lemental analyses of HMS  and HMS-TMAC.

Sample N (wt%) C (wt%) H (wt%)

HMS  0.02 0.21 0.33
HMS-TMAC 1.51 9.40 2.56
Fig. 2. Low-angle XRD patterns of (a) HMS, (b) HMS-TMAC, and (c) HMS-TMAC-PAR.

noticeably relative to the original HMS and the molar ratio of carbon
to nitrogen close to 6 is consistent with the synthetic route of HMS-
TMAC (Scheme 1). The thermal analysis result and the elemental
analysis results demonstrate that the HMS  support is successfully
functionalized by TMAC organic molecules.

Fig. 4 shows UV–vis diffuse reflectance spectra of HMS, HMS-
TMAC, HMS-TMAC-PAR and solid PAR. In near ultraviolet region, it
can be seen that a series of bands at 210, 260 and about 315 nm
emerges in the spectra of HMS-TMAC-PAR and solid PAR. These
bands can be attributed to the typical electronic transition of the
aromatic ring. And in the visible region, solid PAR exhibits a strong
absorption band at 500 nm.  Compared with solid PAR, the absorp-
tion band of HMS-TMAC-PAR is blue shifted from 500 nm to 400 nm,
while HMS  and HMS-TMAC show no absorption. These obser-
vations imply the PAR probe molecules have been successfully
immobilized on HMS-TMAC.

Nitrogen physisorption measurements of HMS  and HMS-TMAC-
PAR are shown in Fig. 5. The N2 adsorption–desorption isotherms
show that HMS  and HMS-TMAC-PAR exhibit typical type-IV
isotherms according to the IUPAC classification with a step at a rel-
ative pressure of 0.2–0.4. From HMS  to HMS-TMAC-PAR, the slope
at P/P0 of 0.2–0.4 becomes less steep, which indicates the unifor-
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Fig. 3. TG and DTG curves of HMS-TMAC.
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Fig. 5. N2 adsorption–desorption isotherms of (a) HMS and (b) HMS-TMAC-PAR.

Table 2
Structural properties of HMS and HMS-TMAC-PAR.

Sample d1 0 0
a (nm) a0

b (nm) Pore diameterc (nm) W

HMS 3.5 4.0 2.3 1
HMS-TMAC-PAR 3.9 4.5 1.8 2

a Calculated from XRD analysis.
b a0 = 2d1 0 0/31/2.
c Calculated from adsorption branch of nitrogen isotherm using BJH model.
d Wall thickness = a0 − pore diameter.
e Calculated from the volume adsorbed of P/P0 at 0.99.

Fig. 6. Color changes of (a) the aqueous suspension of HMS-TMAC-PAR and (b) prec
erials 201– 202 (2012) 155– 161

[24], indicating the presence of textural mesopores and cylindri-
cal pores. But the hysteresis loop of HMS-TMAC-PAR emerges at
lower relative pressure than that of HMS, which means the pores
on the HMS-TMAC-PAR are smaller. The above phenomenon can
also be proved by structural properties of HMS  and HMS-TMAC-
PAR. As shown in Table 2, the texture parameters of mesoporous
silica HMS  distinctly change after grafting the organic molecules.
HMS-TMAC-PAR exhibits an increase in wall thickness and a con-
siderable decrease in BET surface area, pore diameter and pore
volume relative to HMS. These results also demonstrate that the
organic molecules have grafted inside the mesopores.

3.2. HMS-TMAC-PAR responses to metal ions

After the addition of Al3+, Mg2+, Ca2+, Na+, Fe3+, Cd2+, Ni2+,
Zn2+, Pb2+, Co2+, Hg2+ and Cu2+, the color changes of HMS-TMAC-
PAR (0.5 g L−1, pH 9.0) aqueous suspension are shown in Fig. 6a
and the color changes become more obvious after precipitating
(Fig. 6b). More interestingly, heavy metal ions, such as Fe3+, Cd2+,
Ni2+, Zn2+, Pb2+, Co2+, Hg2+ and Cu2+, cause the color of HMS-TMAC-
PAR changing from yellow to orange or purple. However, light
metal ions, such as Al3+, Mg2+, Ca2+ and Na+, fail to show any color
change. It means that compared with PAR immobilized colorimetric
fiber [25], HMS-TMAC-PAR can be used for naked-eye colorimetric
detection of lower concentration of the heavy metal ions.

3.3. HMS-TMAC-PAR responses to Cu2+

HMS-TMAC-PAR cannot only effectively distinguish between
heavy metal ions and light metal ions through the color changes, but
it has a high selectivity for low concentration of Cu2+ under strongly
acidic conditions. The selectivity of HMS-TMAC-PAR is shown in
Fig. 7. At pH 2.0, no color change is observed for other heavy metal
ions, while only Cu2+ causes a color change from yellow to purple
in the suspension of HMS-TMAC-PAR (0.5 g L−1) (Fig. 7a). Fig. 7(b)
shows that no significant effects on absorbance at A510 nm/A420 nm

with other heavy metal ions (such as Fe3+, Cd2+, Ni2+, Zn2+, Pb2+,
Co2+ and Hg2+), but addition of Cu2+ results in a prominent enhance-
ment of the absorbance at A510 nm/A420 nm. So HMS-TMAC-PAR has
a high selectivity for detection of Cu2+ in strongly acidic solution.

all thicknessd (nm) BET surface area (m2/g) Pore volumee (cm3/g)

.7 657 0.5

.7 202 0.2

ipitated HMS-TMAC-PAR with different metal ions (6.25 × 10−6 M)  at pH 9.0.
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ased on this property, the detection of Cu2+ in aqueous solution
as systematically investigated as follows.

.3.1. Effect of pH on the detection of Cu2+

To explore the further utility of HMS-TMAC-PAR as a selective
ptical sensor for Cu2+ detection, the effect of pH was  evaluated. The
bsorbance of HMS-TMAC-PAR without and with Cu2+ at different
H values are shown in Fig. 8. In a wide pH range, from 1 to 12,
o obvious absorption of free HMS-TMAC-PAR is observed. How-
ver, in the presence of Cu2+, the absorption intensity is gradually
ncreasing in all pH range. These results show that the complexation
etween Cu2+ and the immobilized PAR is formed in a wide range
f pH, from 1 to 14. Fig. 8 also shows that upon the addition of Cu2+,
he relative maximum absorption at pH 12.0, which is selected as
he specific pH for detecting Cu2+ in aqueous solution using HMS-
MAC-PAR. So, we suggest that, for the sensitive detection of Cu2+

n the low concentration without any other heavy ions, pH 12.0 is
elected. For the selective detection of Cu2+ in the presence of other
eavy ions, pH 2.0 is selected.

.3.2. Spectrometer and naked-eye detection of Cu2+

Considering that the Environmental Protection Agency (EPA)

tandard for the maximum allowable level of Cu2+ is 1 ppm in
rinking water, both the spectrometer and naked-eye detection

imits of the HMS-TMAC-PAR for Cu2+ have been tested. For
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ig. 8. Effect of pH on absorbance at 510 nm in UV–vis spectra of (a) free HMS-
MAC-PAR and (b) HMS-TMAC-PAR with the addition of Cu2+ (6.25 × 10−6 M).
Fig. 9. UV–vis absorption spectra of HMS-TMAC-PAR with different concentrations
of Cu2+ at pH 12.0.

spectrometer detection free HMS-TMAC-PAR in aqueous solution
(0.5 g L−1) exhibits an absorption maximum at about 420 nm (pH
12.0). With the addition of Cu2+, a new peak appears in the spec-
tra of HMS-TMAC-PAR at 510 nm and the intensity of this peak
becomes stronger (Fig. 9). These results indicate the formation of
the complexation between Cu2+ and the immobilized PAR.

Fig. 10 represents the absorbance of HMS-TMAC-PAR at 510 nm
against Cu2+ concentrations and shows a linear correlation in the
range from 1.6 to 9.6 ppb with a correlation coefficient of 0.99
(Fig. 10,  insert). The nonlinear nature of the curve at higher con-
centrations is due to saturation effects.

The spectrometer detection limit (DL) of Cu2+ using the opti-
cal sensors is calculated from the data in the linear range of the
calibration plot (Fig. 10,  insert), according to the following Eq. (1)
[26].

DL = kSb

m
(1)

where k is a factor equal to 3, Sb is the standard deviation of the
blank and m is the slope of the calibration graph in the linear range
(Fig. 10,  insert). The calculated Sb is 0.076% after five successive
measurements to assure the accuracy and precision of the detec-
tion method. The resultant DL value is 0.81 ppb which demonstrates
that the optical sensors can be used in quantitative analysis of the
concentration of Cu2+ at the parts per billion levels at pH 12.

The naked-eye detection of Cu2+ is achieved at a concentra-

tion range of 40–400 ppb using HMS-TMAC-PAR. A significant color
change for HMS-TMAC-PAR is observed from yellow to purple with
an increase in Cu2+ concentration (Fig. 11). This also demonstrates

Fig. 10. Calibration curves of the absorbance of HMS-TMAC-PAR with different con-
centrations of Cu2+ at pH 12.0 at 510 nm.
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Fig. 13. UV–vis absorption spectra and color changes of HMS-TMAC-PAR with Cu2+

and EDTA.
ig. 11. Color changes of (a) the aqueous suspension of HMS-TMAC-PAR and (b)
recipitated HMS-TMAC-PAR with different concentrations of Cu2+ at pH 12.0.

hat HMS-TMAC-PAR can be used for the rapid detection of ultra-
race levels of Cu2+ by naked eye without any instrumentation.

The detection limits of HMS-TMAC-PAR for Cu2+ are 0.81 ppb
y spectrometer and 40 ppb by naked-eye. That means the HMS-
MAC-PAR could detect Cu2+ under 1 ppm and accord with the EPA
tandard by both spectrometer and naked-eye.

.3.3. Response time of HMS-TMAC-PAR
To obtain the response time of HMS-TMAC-PAR upon addition

f Cu2+, the absorbance at different time intervals was detected,
s shown in Fig. 12.  After addition of 6.25 × 10−6 M of Cu2+, the
bsorbance increases quickly within 60 s and then remains constant
ith time, which shows that the reaction has completed. So HMS-

MAC-PAR can provide fast colorimetric detection.

.3.4. Reversibility of HMS-TMAC-PAR
Reversibility and regeneration are the major advantages of the

olid sensors in practical applications [27]. Fig. 13 illustrates the
eversibility of HMS-TMAC-PAR. The color of free HMS-TMAC-PAR
s yellow (Fig. 13,  1), while it changes from yellow to purple with the
ddition of Cu2+ (6.25 × 10−6 M,  for example Fig. 13,  2). The addition
f an aqueous solution of EDTA (7.5 × 10−6 M)  to the suspension of
MS-TMAC-PAR-Cu2+ causes a color change from purple to yel-

ow (for example Fig. 13,  3), which is due to the stability constant
f Cu2+-EDTA is larger than that of Cu2+-PAR [28]. Subsequently,
DTA need not be separated from the system, and it is observed
he color changes from yellow to purple again by addition of Cu2+

for example Fig. 13,  4). This course can be repeated at least five

imes. So HMS-TMAC-PAR can be used repeatedly for the naked-eye
etection of Cu2+ in aqueous solution.

ig. 12. Response time of HMS-TMAC-PAR (0.5 g L−1, pH 12.0) with Cu2+

6.25 × 10−6 M).
Fig. 14. Absorbance and color changes of HMS-TMAC-PAR in river water and river
water with Cu2+ (6.25 × 10−6 M).

3.3.5. HMS-TMAC-PAR responses to Cu2+ in real sample
To evaluate whether HMS-TMAC-PAR can detect Cu2+ in envi-

ronmental samples, a water sample collected from LingShui River in
Dalian, China was used without any treatment (pH 8.42). With the
addition of Cu2+ (6.25 × 10−6 M),  a significant color change of HMS-
TMAC-PAR from yellow to purple could be observed by naked-eye
(as shown in Fig. 14). So HMS-TMAC-PAR is promised to be explored
into a practical sensor.
4. Conclusions

HMS-TMAC-PAR used for naked-eye selective detection of
heavy metal ions is designed by the immobilization of PAR on the
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[27] A.A. Ismail, A selective optical sensor for antimony based on hexagonal meso-
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unctionalized HMS. In alkaline solutions, HMS-TMAC-PAR could
istinguish heavy metal ions from light metal ions by naked-eye
olorimetric detection. While in acidic solutions (pH 2.0), HMS-
MAC-PAR responds selectively to Cu2+, which makes it a useful
pecific monitor for Cu2+ in aqueous solution. In addition, at pH
2.0, HMS-TMAC-PAR has a high sensitivity for low concentra-
ion of Cu2+ and allows the naked-eye detection of Cu2+ as low
s 40 ppb. In general, HMS-TMAC-PAR provides extraordinary sen-
itivity, reusability and fast colorimetric detection of heavy metal
ons, especially Cu2+ for tracking of heavy metal pollutants in the
nvironment. In the future research, we will focus on fabricating
olid-state colorimetric sensors by immobilizing different probe
olecules on HMS  to detect various toxic ions in aqueous solution.

his work will also expand the application of mesoporous silica
MS.
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