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Fluorescence-enhanced optical sensor for detection of Al3t+ in water
based on functionalised nanoporous silica type SBA-15
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An organic-inorganic hybrid optical sensor (PQ-SBA-15) was designed and prepared through
functionalisation of the SBA-15 surface with 3-piperazinepropyltriethoxysilane followed by cova-
lently attaching 8-hydroxyquinoline. Characterisation techniques, including FT-IR, thermal gravi-
metric, N2 adsorption-desorption and X-ray powder diffraction analyses, showed that the organic
moieties were successfully grafted onto the surface of SBA-15 without the SBA-15 structure collaps-
ing. The evaluation of the sensing ability of PQ-SBA-15 using fluorescence spectroscopy revealed
that the PQ-SBA-15 was a selective fluorescence enhancement-based optical sensor for AI** in wa-
ter in the presence of a wide range of metal cations including Na*t, Mg?*, K+, Ca?*, Cr®t, Mn?*,
Fe?t, Co?t, Ni2t, Cu?t, Zn?*t, Cd?T, Hg?t and Pb?" with a limit of detection of 8.8 x 1077 M.
In addition, good linearity was observed between the fluorescence intensity and the concentration

of AI3T.
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Introduction

Aluminium is the third most abundant metal in the
Earth’s crust and is widely used in the making of cans,
wrapping foil, household utensils and Al-contained
medicines. It has also found numerous applications
in vehicles, aircraft and the construction industries
(Robinson, 2003). However, an excessive amount of
AI3* may represent a serious hazard for the central
nervous system, especially conducive to the appear-
ance of symptoms of Alzheimer’s and Parkinson’s dis-
eases (Exley, 1999; Flaten, 1990; McLachlan, 1995).
It is also a major factor impeding plant production
on acidic soils (Delhaize & Ryan, 1995); therefore, the
ability to detect Al** is an important task for main-
taining good human health and good environmental
conditions.
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Fluorescent sensors have recently attracted a great
deal of attention in the detection of AI3* (Das et al.,
2013) due to their advantages of simple operation, se-
lectivity, sensitivity and real-time monitoring. How-
ever, the optimal working conditions for most of the
reported sensors for the detection of AI3* entailed the
use of organic solvents (Azadbakht et al., 2013; Chang
et al., 2014; Dong et al., 2012; Li et al., 2014; Oth-
man et al., 2007; Xu et al., 2014; Zhao et al., 2006),
which limits the practical application of these sensors
to function directly in water. Hence, designing fluores-
cent sensors capable of the detection of AI3T in aque-
ous media is highly desirable.

As an emerging type of fluorescent sensors, orga-
nic-inorganic hybrid optical sensors have recently at-
tracted attention for the detection of various ions
(Han, 2009). These sensors are constructed based on
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the immobilisation of organic fluorophores onto the
surface of inorganic matrices. Among various inor-
ganic matrices, the nanoporous silica material type
SBA-15 has become an ideal candidate for the fabri-
cation of hybrid optical sensors due to its high spe-
cific surface area, uniform channels, large pore diame-
ter, hydrothermal stability and biocompatibility (Bal-
aji et al., 2005; Comes et al., 2005; Descalzo et al.,
2002; Gao et al., 2006; Meng et al., 2011; Métivier,
2005; Wang et al., 2010; Xu, 2013; Yadavi, 2013a,
2013b; Zarabadi-Poor, 2013). In addition, SBA-15 is
non-fluorescent and optically transparent in the visi-
ble range. Moreover, the covalent grafting of organic
entities into the SBA-15 channels renders the optical
sensor more durable than the molecular chemosensors
because organic entities are prevented from leaching
into the solution.

8-Hydroxyquinoline (8-HQ) and its derivatives are
important chelators and sensors for many metal ions
because they can serve as both metal-binding site
and fluorophore (Descalzo et al., 2002; Xu et al.,
2012; Zhou et al., 2012), especially for A1** (Badiei,
2011; Goswami, 2013; Jiang et al., 2011; Maity &
Govindaraju, 2012; Zhao et al., 2006). Accordingly,
it was presumed that the tendency of 8-HQ for bind-
ing to A’ could be exploited to prepare an SBA-
15-based optical sensor for the detection of Al3*. The
present study-group previously reported on the use
of nanoporous silica material type SBA-15 for the
preparation of optical sensors (Karimi, 2015a, 2015b).
These optical sensors, as reported, were capable of
selectively detecting Fe3* using 1-aminonaphthalene
as fluorophore and Pb?* and I~ using 8-HQ as fluo-
rophore. In the continuing investigation into the use of
nanoporous silica material, especially SBA-15, in opti-
cal sensors, an optical sensor based on SBA-15 as the
inorganic host material and 8-HQ as an organic fluo-
rescent guest is reported for the detection of A3t in
water. A comparison of the results of the current work
with the previous study (Karimi, 2015a) reveals that
changing the attachment mode of 8-HQ onto the SBA-
15 surface resulted in a completely different sensing
behaviour. To the best of our knowledge, the sensing
of AI** with a nanoporous silica-based optical sensor
has not previously been reported.

Experimental

8-HQ (assay 99 %), hydrochloric acid 35 % (ACS
grade) and Pluronic P123 (EOQOPO70EOQQ, MW =
ca. 5800) were purchased from Sigma—Aldrich (USA)
and 3-piperazinepropyltriehtoxysilane (PPTES; pu-
rity 99 %) was purchased from Shondong wanda com-
pany (China). All the solvents including toluene (pu-
rity 99 %), CH2Cly (grade 99.8 %), ethanol (99.9 %)
were obtained from Merck (Germany). All the above
materials were used without further purification.
Deionised water was used in all the procedures.
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Synthesis of 5-chloromethyl-8-hydrozxyquinoline

To synthesise 5-chloromethyl-8-hydroxyquinoline,
following a procedure proposed by Kolobielski (1966),
a mixture of 8-HQ (10 g, 0.07 mol), HCI (25 mL, 35 %)
and formaldehyde (25 mL, 37 %) was prepared and
stirred under an HCI gas flow for about 5 h at 0°C. The
resultant yellow powder was then washed with diethyl
ether and dried overnight (melting point 280°C).

Synthesis of P-SBA-15

SBA-15 was synthesised following a procedure sug-
gested by Bahrami et al. (2014): dried SBA-15 (1 g)
was dispersed in toluene (100 mL) by stirring for 0.5 h.
Next, PPTES (5 mmol) was added and the mixture
was refluxed for 6 h under an argon atmosphere. The
piperazine-functionalised SBA-15 (P-SBA-15) so ob-
tained was filtered, washed with an excessive amount
of toluene and dried overnight at 80°C in an oven.

Synthesis of PQ-SBA-15

PQ-SBA-15 was synthesised as follows: P-SBA-
15 (1 g) was dispersed in 50 mL of dried CH5Cl,
by stirring for 0.5 h. Next, EtsN (5 mmol) and
5-chloromethyl-8-hydroxyquinoline (5 mmol) were
added to the homogeneous mixture and it was refluxed
for 24 h. The final product was filtered, washed with
an excessive amount of CH5Cly and ethanol and dried
overnight at 80°C in an oven. The overall synthesis
procedure is depicted in Fig. 1.

Instruments and spectroscopic measurements

Low-angle X-ray scattering measurements were
performed on an X’Pert Pro MPD diffractometer
(PANalytical, the Netherlands) using Cuk, radiation
(X = 1.5418 A). Ny adsorption—desorption isotherms
were obtained using a BELSORP-minill instrument
(Microtrac, Japan) at liquid nitrogen temperature
(-196°C). All samples were degassed at 100°C prior
to performing the measurements. The Brunauer—
Emmet—Teller (BET) and Barrett—Joyner—Halenda
(BJH) equations were applied to the sorption data
using BELSORP analysis software (Microtrac) to cal-
culate the physical properties of the materials such
as specific surface area, pore diameter, pore volume
and pore size distribution. The Fourier transform
infrared (FT-IR) spectra of samples were recorded
on a RAYLEIGH WQF-510A apparatus (BRAIC,
China). Transmission electron microscopy (TEM) was
performed on a Zeiss EM900 instrument (Germany)
at an accelerating voltage of 80 kV. The samples
were dispersed in ethanol using an ultrasonic bath
and a drop of the ethanol mixture was placed on a
lacey carbon-coated copper grid for analysis. Ther-
mogravimetric analysis (TGA) was carried out us-
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Fig. 1. Synthesis procedure of PQ-SBA-15.
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Fig. 2. XRD patterns of SBA-15 and PQ-SBA-15 (inset: TEM
image of SBA-15).

ing a TGA Q50 V6.3 Build 189 instrument (TA
instruments, USA) in an air atmosphere from am-
bient temperature to 800°C with a ramp rate of
20°C min~! in air atmosphere. Fluorescence spectra
were recorded on an Agilent G980A instrument (Agi-
lent, USA).
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Fig. 3. N2 adsorption-desorption isotherms of: a) SBA-15 and;
b) PQ-SBA-15.

Results and discussion

Fig. 2 shows the low-angle X-ray diffraction pat-
terns of SBA-15 and PQ-SBA-15. In general, the SBA-
15 material exhibits three characteristic diffractions:
a single intensive diffraction near 20 = 1° indexed to
the (100) plane and two weak peaks near 20 = 2° in-
dexed to the (110) and (200) planes (Sun et al., 2008).
The presence of these three diffractions implies that
the structure possesses a long-range periodic order
and a two-dimensional hexagonal (p6mm) mesostruc-
ture. Both samples exhibited the above diffractions,
indicating that the original structure of SBA-15 was
preserved after the functionalisation steps. However,
the decrease in the intensity of the (100), (110) and
(200) diffractions in PQ-SBA-15 may be due to the
reduction in scattered X-ray radiation resulting from
covering the surface with the attachments of the or-
ganic moieties (Li & Yan, 2009). The Fig. 2 inset
shows the TEM image of SBA-15 which displays two-
dimensional channels throughout the particle with a
pore diameter of approximately 6 nm.

The Ny adsorption—desorption isotherms of SBA-
15 and PQ-SBA-15 are shown in Fig. 3. SBA-15 ex-
hibits a type IV standard IUPAC isotherm, corre-
sponding to the mesoporous materials (Sing et al.,
1982). In addition, the presence of the H1 type hys-
teresis loop and sharp capillary condensation steps
at P/Py of 0.6-0.8 are characteristic of a highly or-
dered structure. A similar isotherm, with a lower level
of gas adsorption as well as lower height of the hys-
teresis loop, was observed for PQ-SBA-15, indicating
that the porosity of the original SBA-15 was preserved
and the pores in PQ-SBA-15 were not blocked during
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Table 1. Textural parameters of SBA-15 and PQ-SBA-15

Sample Sger/(m? g7') dp/mm  Vp/(cm® g7!)
SBA-15 788 6.5 1.28
PQ-SBA-15 458 5.4 0.73
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Fig. 4. FT-IR spectra of: a) SBA-15, (b) 8-HQ and c¢) PQ-
SBA-15.

the modification steps, hence the channels remained
open to diffuse ions into them. The lower level of gas
adsorption confirmed that the organic moieties were
successfully incorporated into the surface, causing a
significant decrease in pore volume and specific sur-
face area in PQ-SBA-15. Specific surface area (SggT),
average pore diameter (d,) and average pore volume
(V) of SBA-15 and PQ-SBA-15 are given in Table 1.
A decrease in all three parameters was observed in
the functionalised PQ-SBA-15 in comparison with the
original SBA-15.

Fig. 4 shows the FT-IR spectra of SBA-15 and
PQ-SBA-15. The bands located at around 800 cm ™1,
960 cm™!, 1100 cm~! and 3434 cm~! in the spec-
tra of SBA-15 and PQ-SBA-15 were assigned to the
symmetric stretching vibrations of Si—O, the sym-
metric stretching vibration of Si—OH, the asymmet-
ric stretching vibrations of Si—O-—Si vibrations, and
the stretching vibrations of the OH groups, respec-
tively. The band at around 1640 cm~! is attributed to
the physically absorbed water molecules. The bands
related to the stretching vibrations of the tertiary
aliphatic amines normally occur at around 1150-—
1210 cm~! where they overlapped with the intense
Si—O—Si band, hence they may not be observed.
The bands at around 1415 cm ™! and within the 2865
2960 cm ™! range were related to the stretching vibra-
tions of the —CHy— groups of the propyl chain. The
band corresponding to the phenolic OH appeared at
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Fig. 5. TGA curves of P-SBA-15 and PQ-SBA-15.

1375 cm~! and the bands corresponding to the aro-
matic C—=C and C=N ring vibrations of the attached
8-HQ group appeared at 1471 cm™! and at 1505 cm ™!
(Lan & Yang., 1994). Hence, the FT-IR results con-
firmed the successful attachment of the organic moi-
eties onto the surface of SBA-15.

The amount of 8-HQ attached to the surface of
SBA-15 was estimated by the TGA curves of P-SBA-
15 and PQ-SBA-15 in Fig. 5. In both cases, the mass
loss between 40-150°C was due to the elimination
of the physisorbed water molecules. Organic moieties
were eliminated in the range of 150-700°C and, finally,
the mass loss above 700 °C was due to the dehydroxyla-
tion of the Si—OH groups from the SBA-15 framework
(Zarabadi-Poor et al., 2013). The mass loss percent-
ages of the eliminated organic moieties were estimated
to be = 20 % for P-SBA-15 and 23 % PQ-SBA-15.
Next, the 3 % difference between the two figures was
assigned to the amount of grafted 8-HQ. Accordingly,
the amount of the attached 8-HQ was estimated to
be approximately 0.19 mmol g~ in the PQ-SBA-15
sample.

To evaluate the sensing ability, PQ-SBA-15 was
dispersed in water (0.4 g L™!) and the changes in
the fluorescence emission of the aqueous suspension
of PQ-SBA-15 in the absence and presence of a wide
range of metal cations, including Nat, Mg?*+, Al*t,
KT, Ca?*, Cr3t, Mn?t, Fe3t, Co%t, Ni?t, Cu?t,
Zn?t  Cd?*, Hg?" and Pb2* (1 x 1072 M), at pH =
7 were recorded. The settings applied throughout the
fluorescence experiments were: excitation wavelength
of 360 nm, excitation and emission slit numbers of 5.
In each test, 100 uL of cations solution was added to
3 mL of the suspension of PQ-SBA-15 and the spec-
trum was recorded after 1 min to ensure that stabil-
ity in emission intensity was achieved. It should be
noted that, due to the protective effect of the SBA-
15 structure in environments with various pH wval-
ues, the measurements were carried out in an un-
buffered solution (Zarabadi-Poor et al., 2013). Fig. 6
illustrates the detailed fluorescence responses of PQ-
SBA-15 toward the cations. The PQ-SBA-15 reference
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Fig. 6. Fluorescence response of aqueous suspension of PQ-
SBA-15 (0.4 g L™!) upon addition of different cations
including Nat, Mg2t, AI3+ K+ Ca2t, Cr3t, Mn2T,
Fe3t, Co2t, Cu2?t, Zn?t, Cd?*, Hg?t and Pb?*
(100 L, 1 x 1072 mol L™1); Aex = 360 nm and Aem =
485 nm.
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Fig. 7. On-off states of fluorescence emission.

exhibited a very week fluorescence emission and ex-
hibited a negligible change in fluorescence intensity
upon the addition of Nat, Mg?t, K+, Ca%t, Cr3*,
Mn?t, Fe3t, Co%t, Ni2t+, Cu?*, Hg?* and Pb?*. The
remarkable fluorescence enhancement (approximately
10-fold in comparison with free PQ-SBA-15) was ob-
served in the presence of AT with the maximum
emission wavelength at 485 nm. Also, a fluorescence
enhancement was observed upon the addition of Cd?*
and Zn?* which were distinguishable from AI3T with
a red-shift about 70 nm in the maximum emission
wavelength in comparison with A3+, 8-HQ is known
to be a weak fluorescent molecule due to the excited-
state intramolecular proton transfer process from oxy-
gen to nitrogen (Hao et al., 2011) and the photo-
induced electron transfer (PET) involving the lone
pair of tertiary nitrogen (Bardez, 1997). A mechanism
for the fluorescence enhancement by Al** is proposed
in Fig. 7. Upon the chelation of 8-HQ with AI3*, the
quenching mechanisms are blocked and the 8-HQ sub-
sequently emits an intensive fluorescence emission, i.e.
the chelating-enhanced fluorescence (CHEF') effect oc-
curred.

To examine the selectivity for AI3*, the fluores-
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Fig. 9. Fluorescence intensity of aqueous suspension of PQ-
SBA-15 prior to and after addition of Al3t at various
pH values; Aex = 360 nm and Aem = 485 nm.

cence response of the aqueous suspension of PQ-SBA-
15 containing AI** in competition with other cations
as interfering agents was also recorded and the results
are depicted in Fig. 8. In these experiments, 3 mL of
the aqueous suspension of PQ-SBA-15 was added to
the mixture of 20 uL of AI3*T + 80 uL of M™+. With
the exception of Hg?* which significantly quenched
the fluorescence emission, the other cations had a mi-
nor or negligible effect on the fluorescence spectrum of
the PQ-SBA-15[A13T] system. Thus, PQ-SBA-15 can
be considered as a selective fluorescence enhancement-
based optical sensor for the direct detection of Al3*+
in water.

In addition, to evaluate the effect of pH on the ca-
pacity of PQ-SBA-15 for the detection of AI3T, the
fluorescence spectra of PQ-SBA-15 with and with-
out AI**t (50 pL, 1 x 1072 mol L~1), at different
pH values ranging from 2 to 10 were recorded; the
results are provided in Fig. 9. The pH of the test
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Fig. 10. Fluorescence spectra of aqueous suspension of PQ-
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mol L’l; Aex = 360 nm and Aemn = 485 nm.
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Fig. 11. Plot of normalised fluorescence response /I of aque-
ous suspension of PQ-SBA-15 (0.4 g L™1) versus con-
centration of Al3t; A\ex = 360 nm and Aem = 485 nm.

solutions was adjusted by HCIl and NaOH solutions.
The fluorescence intensity of the aqueous suspension
of PQ-SBA-15 without AI3* is independent of the pH
values, indicating that the quenching mechanism of
8-HQ remained constant at various pH values. On the
other hand, the fluorescence intensity was completely
quenched in an acidic solution even in the presence of
A* (50 uL, 1 x 1072 mol L71); however, the fluo-
rescence intensity in the presence of AI3T was gradu-
ally enhanced with an increase in pH values. Hence,
PQ-SBA-15 is applicable to the detection of AI3T in
aqueous media at pH values ranging from 5 to 10.

A fluorescence titration experiment of the aqueous
suspension of PQ-SBA-15 (0.4 g L) in the presence
AI** in the concentration range from 0 uL to 60 uL
(1 x 1072 mol L™') was carried out. Fig. 10 shows
that, with an increase in the concentration of AI3T,
the fluorescence intensity progressively increased.

Based on the fluorescence titration data, the plot
of I /Iy vs. the concentration of AI** was constructed,
as provided in Fig. 11, demonstrating a good linear
relationship between the concentration of AI3*T and
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the fluorescence intensity of the aqueous suspension of
PQ-SBA-15 with a linearly dependent coefficient (R?)
of 0.9919. However, it should be noted that the lin-
earity was observed at low concentrations of the ion
within the range of 1076-107° M and the deviation
from linear behaviour was observed in higher concen-
trations, hence the linearity plot was obtained for this
linear range. The limit of detection of AI3T was cal-
culated using the following equation:
35p

Dy =" (1)
where Dy, is the smallest amount that can be detected,
Sp is the standard deviation of the blank solution
measured 6 times, and m is the plot slope of the fluo-
rescence intensity versus [A1>T]. In this case, Sp and
m were 3.5 and 11.8 x 108, respectively. Then Dy, was
calculated to be 8.8 x 107 mol L~1.

Conclusions

An organic—inorganic hybrid optical sensor (PQ-
SBA-15) for detecting AI*T ions in water was pre-
pared by covalently immobilising 8-HQ as a fluo-
rophore and binding site onto the surface of SBA-
15 using the post-grafting method. The characteri-
sation of the materials thus prepared using FT-IR
spectroscopy, thermogravimetric analysis (TGA), Ny
adsorption-desorption and X-ray powder diffraction
analysis confirmed that the 8-HQ groups were success-
fully attached onto the surface of SBA-15 without col-
lapsing or altering the original SBA-15 mesostructure.
As a fluorescence enhancement-based optical sensor,
PQ-SBA-15 was able to directly detect AI>* in water
across the wide range of metal cations present with
approximately a 10-fold increase in fluorescence in-
tensity resulting from the CHEF effect. This sensor
exhibited selectivity for A1>* in the presence of other
cations (except for Hg?") as interfering ions, even with
the presence of a higher concentration of those ions.
A good linearity between the fluorescence intensity of
PQ-SBA-15 and the concentration of Al** was ob-
tained with a limit of detection of 8.8 x 10~7 M.
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