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ARTICLE INFO ABSTRACT

Optical sensors for selective removal and detection of extremely toxic ions such as cadmium (Cd") in
aquatic samples were successfully fabricated via simple strategy. Aluminosilica-based network
platforms are used as selective mesopore shape and size carriers in order to fabricate optical sensors
through the direct functionalization of o, f, y, and &-tetrakis(1-methylpyridinium-4-yl)porphine
p-toluenesulfonate (TMPyP) moieties without any prior surface modification using silane or thiol
agents. In turn, the key advantage of a heretical three-dimensional (3D) cubic [a3d mesocage is the
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Cubic la3d Cd(II) analyte binding events, which result in the easy generation and transduction of optical signals
geprif?;ls even at the trace level of the Cd(Il) ion. The optical sensor design-based aluminosilica cages enable the
Cadmium sensitive detection and selective removal of Cd(II) ions even at ultra-trace concentrations of 10~'° mol/
Removal dm? with rapid response time (in minutes). This rational strategy is crucial to the development of
Detection optical mesocollectors (i.e., probe surface-mounted naked-eye ion-sensor strips) with highly selective

Cd(I1) ion removal from aqueous water. These new classes of optical mesocollectors exhibit long-term
stability and reusability of deleterious Cd(Il) ions, which makes them efficient for various analytical

applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals and numerous other toxic compounds are present
in the environment. These heavy metals and toxic compounds may
contaminate our water supplies, particularly in industrial areas.
They are components in the clothes we wear, the paints used on
houses, as well as the machines we use at the workplace and in all
modern office environments [1-5]. Heavy metals are materials
in many of the simple items that exist in the modern world.
In particular, large quantities of cadmium ions are present in the
domestic environment; these ions are components in several of the
most commonly utilized toxic metals in the world. Cadmium is a
soft, silver-white non-essential element with an average crustal
concentration of (0.1-0.2) mg/kg (0.89-1.78 pmol/kg), which nega-
tively affects plant growth and development. It is released into the
environment by power stations, heating systems, metal-working
industries, or urban traffic [6-8]. This element is widely used in
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electroplating, pigments, fertilizers, plastic stabilizers, Ni-Cd bat-
teries, and metal plating. Cadmium is mainly sourced from the
burning of fossil fuels such as coal or oil, the incineration of
municipal waste, the application of phosphate fertilizers or sewage
sludge to farm fields, and smoking. Therefore, food and smoking are
the largest sources of cadmium exposure (Smokers have approxi-
mately twice the cadmium content in their bodies compared with
nonsmokers). The reference dose for cadmium in drinking water is
0.0005 ppb per day. The acute (short-term) effects of cadmium in
humans through inhalation exposure consist mainly of effects on
the lung, such as pulmonary irritation [6,9,10]. Chronic (long-term)
inhalation or oral exposure to cadmium leads to a calcium build-up
in the kidneys, which can cause kidney disease including protei-
nuria, a decrease in glomerular filtration rate, and an increased
frequency of kidney stone formation. Cadmium is shown to be a
developmental toxicant in animals, which results in fetal malforma-
tions and other effects. However, no conclusive evidence regarding
its effects as a developmental toxicant in humans exists. The chronic
inhalation or oral exposure of animals to cadmium affects the
kidney, liver, lung, bone, immune system, blood, and the nervous
system. An association between cadmium exposure and an
increased risk of lung cancer is reported from human studies,
but these studies are inconclusive due to confounding factors.
Animal studies demonstrate an increase in lung cancer because of
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a long-term inhalation exposure to cadmium. The EPA classifies
cadmium as a Group B1, which means it is a probable human
carcinogen. The World Health Organization (WHO) and the Envir-
onmental Protection Agency (EPA) recommend a (3.0-5.0) ug L'
[9-11] standard for Cd(II) in drinking water.

Two key factors should be considered for the sensing system:
receptors and an immobilization/ transducing platform. The
receptors are responsible for the selectivity, and the immobiliza-
tion/ transducing platform is responsible for sensor stability as
well as sensitivity, which depends on the technique used (optical,
electrochemical, etc.). The sensing methods capable of quantify-
ing these trace elements at low levels, including atomic absorp-
tion spectroscopy and inductively coupled plasma (ICP) combined
with atomic emission spectrometry (ICP-AES) or with mass
spectrometry (ICP-MS), are of great interest. The ICP-MS techni-
que is a powerful method owing to its multi-element capacity and
high sensitivity [10-12]. Other sensing methods include electro-
chemical, neutron activation, flame atomic fluorescence spectro-
metry, molecular absorption spectrometry, and X-ray fluorescence.
The majority of these methods actually provide analytical devices
and assays that are capable of detecting and quantifying trace metal
ion concentrations. However, these devices are normally restricted
to wealthier hands with limited access to pollution monitoring
agencies and other research organizations in developing countries.
A low-cost, easy-to-use, and reliable device is still greatly needed for
environmental monitoring and green chemistry. The development
of optical collectors for the detection of hazardous trace metals is of
great interest in the environmental and biomedical fields [10-13].

Nanometer-sized materials with engineered features, includ-
ing size, shape, composition, and function, play a leading role in
detection/removal design because of their emerging applications
in the optical detection of cations and anions [13-15]. Ordered
mesoporous silica monoliths featuring uniformly sized, monodis-
persed porosities in the range of (2-20) nm and large particle
sizes show promise as a new class of optical sensor material.
Successful nanosensor designs allow scientists to develop con-
trolled assessment processes for the naked-eye detection of
several toxic heavy metal ions up to nanomolar concentrations
[14]. Nonetheless, creating smart detection, eco-friendly solid
sensors with low cost and simple fabrication for Cd(II) ions in
basic laboratory assays remains a challenge. Since the discovery
of a novel class of the M41S family of mesoporous molecular
sieves, the incorporation of aluminum into the framework has
provided materials with acidic active sites [16-18]. These alumi-
nosilica materials show an exciting range of applications despite
the existence of a structural disorder similar to those in amor-
phous alumina and aluminosilicas [17,19]. High aluminum con-
tent in frameworks can lead to increases in the acidity of the
resultant solid acid aluminosilica materials. However, the order-
ing and hydrothermal stability of these materials are drastically
decreased at low Si/Al ratios [20-22]. Alumina/ aluminosilica
materials are one of the most widely used materials in hetero-
geneous catalysis because of its unique catalytic, adsorption,
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optical, and electronic properties [23-28]. For the first time, the
key features and advantages of the mesostructured aluminosilica-
based carriers of receptors can be effectively used for the simple
fabrication and design of low-cost probe surface-mounted naked-
eye ion-sensor strips [see for instance [29-32]].

In this paper, real evidence is presented of the successful design of
a nanosensor/collector based on cubic Ia3d aluminosilica mesocage
cavities for the colorimetric recognition and removal of Cd(Il) ions.
The use of aluminosilica-based three-dimensional (3D) platforms as
selective mesopore shape and size carriers leads to a simple fabrica-
tion of optical sensors through the direct functionalization of the
TMPyP chelate without a previous modification of their pore surfaces.
The optical sensor design-based aluminosilica cages enables the
sensitive detection and selective removal of Cd(Il) ions even
at ultra-trace concentrations of 10~ ' mol/dm>® with a rapid
response time (in minutes). These new classes of optical meso-
collectors allow the development of probe surface-mounted
naked-eye ion-sensor strips with highly selective removal of
Cd(II) ions from aqueous water and waste disposal samples.

2. Experiments
2.1. Chemicals

All materials were analytical grade and used as purchased
without further purification. Tetramethylorthosilicate (TMOS),
aluminum nitrate enneahydrate (Al(NOs3)3.9H,0), Pluronic F68
(EOgoP0O,7EOg0, M,,=8400) surfactant and «, f, y, o-tetrakis
(1-methylpyridinium-4-yl)porphine p-toluenesulfonate (TMPyP)
were obtained from Sigma-Aldrich Company Ltd., USA.

2.2. Synthesis of cubic Ia3d aluminosilica mesocages

Cubic Ia3d aluminosilica mesocage was fabricated by using
direct templating method of lyotropic liquid crystalline phase of
F68 as template (see Table 1). In typical conditions, the composi-
tion mass ratio of F68: TMOS: HCI/H,0 was 1:2:1 respectively. To
obtain samples with aluminum contents at Si/Al ratio of 9, 4,
1.5 and 1, the composition of Al(NOs3)3.9H,0 was varied. For
example, in the direct synthesis of aluminosilica monoliths at Si/Al
mole ratio of 4 and at F68/TMOS mass ratio of 0.5, the precursor
solution (0.45g of F68 surfactant, 0.9 g of TMOS, 0.256¢g of
Al(NO3)3.9H,0, and 1.125 g of H,O-HCl (pH 1.3)) was used. Homo-
geneous sol-gel synthesis was achieved by mixing F68/TMOS/
AI(NOs); in a 100 cm® beaker and then shaking at 50 °C for 2 min
until homogeneous. The exothermic hydrolysis and condensation
occurred rapidly by addition of acidified aqueous solution of HCI
(at pH=1.3) to this homogeneous solution. The resulting an optical
gel-like material was put in a graduate ingot and acquired the shape
and size of the cylindrical casting vessel. The resultant surfactant/
aluminosilica solid was gently dried at room temperature for 3 h and
allowed to stand in a sealed container at 25 °C for 1 day to complete

Synthesis conditions as well as structural and textural parameters of cubic mesocage aluminosilica monoliths fabricated using the
lyotropic phases of F68 as soft templates with a wide range of Si/Al mole ratios.

Si/Al mole/mole Synthesis conditions

Structural parameters

102TMOS/mole  (10%) Al (NO3)s/ mole  F68/TMOS wjw a*nm  Sgerm?/g  Dpnm  Vp cm’g
9 1.31 1.36 0.5 20.1 705 6.0 0.91
4 131 34 0.5 20.5 607 6.2 0.81
1.5 131 9.1 0.5 20.9 420 6.8 0.71
1.0 1.31 13.6 0.5 21.2 350 71 0.56

* Cubic unit-cell constant (a=2d;00/y/3).
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the drying process. The organic moieties were then removed by
calcination at 550 °C for 7 h (Table 1).

2.3. Fabrication design of optical aluminosilica mesocage collectors

Cubic Ia3d aluminosilica mesocage was fabricated by the
direct immobilization of and ethanol solution/10 mg TMPyP
probe into 0.5 g Cubic I[a3d aluminosilica mesocage carriers.
The impregnation procedure was performed under vacuum at
25°C until probe saturation was achieved. The ethanol was
removed by a gentle vacuum connected to a rotary evaporator
at room temperature, leading to the direct contact of the dye
probe into the mesoporous aluminosilica. The immobilization
process was repeated several times until the equilibrium adsorp-
tion capacity of the TMPyP-probe reached saturation. The result-
ing mesoporous aluminosilica sensor was thoroughly washed
with deionized water until no elution of TMPyP color was
observed. The sensors were dried at 60 °C for 2 h [29,30].

The adsorption capacity (Q, mmol g~!) of TMPyP into alumi-
nosilica monoliths at saturation was determined by the following
equation: Q=(C,—C) V/m, where Q, is the adsorbed amount at
saturation time t, Vis the solution volume (L), m is the mass of the
aluminosilica monolithic carriers (g), and C, and C are the initial
and saturation concentrations at time t, respectively (Table 2).

2.4. Analyses of ultra-traces level of Cd(Il) ions

The colorimetric determination and visual detection of Cd(II)
analyte by using TMPyP probe-doped cubic [a3d mesocage alumi-
nosilica was carried out by adding a mixture containing specific
concentrations of each analyte ions adjusted at pH ca. 2 (by using
0.2 M of KCI/HCI/H,S0,4), pH 4 (by using 0.2 M CH;COOH/CHs-
COONa), and pH 7 (by using 0.2 M of 3-morpholinopropane sulfonic
acid, MOPS), respectively, to ~10-20 mg of the cubic Ia3d mesocage
aluminosilica nanosensors at constant volume (20 cm?®) with shak-
ing. After an interval of time, the nanosensors were collected by
using suction and 25 mm-diameter cellulose acetate filter paper
(Sibata filter holder). The color of the collected sample was esti-
mated by the naked-eye and UV-vis spectrometry. In order to
quantitative record the change in the reflection spectra of the
sensors/collectors by addition of the Cd(Il) ions using solid-state
UV-vis spectrophotometer (a Shimadithizoneu 3700 model solid),
the aluminosilica nanosensors were grinded to fine powder disk to
observe the homogeneity in the reflectance spectra. Our previous
studies revealed that the monolith-based sensor in the grinded form
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did not loss its utility or functionality in terms of fast response-time
and sensitivity [13].

The concentration of Cd(Il) ions was analyzed by using a Seiko
SPS-1500 inductively coupled plasma atomic emission spectrometer
(ICP-AES) before and after detection/removal. To ensure both
accuracy and precision of the analyte ion sensing system, successive
measurements were carried out using wide-range concentrations of
the standard “well-known” solutions of analyte ions.

The stoichiometry of [Cd-TMPyP]"* complexes was deter-
mined from a Job’s plot, in which changes in the absorbance of
the color complexes in solution under experimental control
conditions were monitored. The M: TMPyP stoichiometric ratio
of the [CA(II): TMPyP]"" complexes was determined to be 1:1
during this sensing assays. The detection limit (LOD) of Cd(II)
analyte ions by using the aluminosilica sensors was estimated
from the linear part of the calibration plot [13a,30], according to
the equation D; =kS,/m, where k=3, S, is the standard deviation
for the blank, and m is the slope of the calibration graph in the
linear range.

2.5. Analysis Cubic Ia3d aluminosilica collector

N, adsorption-desorption isotherms were measured using a
BELSORP MIN-II analyzer (JP. BEL Co. Ltd) at 77 K. The pore size
distribution was determined from the adsorption isotherms by
using nonlocal density functional theory (NLDFT). Specific surface
area (Sgger) was calculated using multi-point adsorption data from
linear segment of the N, adsorption isotherms using Brunauer-
Emmett-Teller (BET) theory. Before the N, isothermal analysis, all
prepared samples were pre-treated at 200 °C for 8 h under
vacuum until the pressure was equilibrated to 103 Torr.

High-resolution transmission electron microscopy (HRTEM),
scanning transmission electron microscopy (STEM), and energy
dispersive X-ray spectroscopy for elemental mapping (STEM-EDS)
were performed using a JEOL JEM model 2100 F microscope.
HRTEM was conducted at an acceleration voltage of 200 kV to
obtain a lattice resolution of 0.1 nm. The HRTEM images were
recorded using a CCD camera. STEM and STEM-EDS were carried
out at a camera length of 80 cm and a spot size of 1 nm. In the
HRTEM, STEM, and STEM-EDS characterization, the solid sample
was dispersed in ethanol solution using an ultrasonic cleaner, and
then dropped on a copper grid. Prior to inserting the samples in
the HRTEM column, the grid was vacuum dried for 20 min.

Small angle powder X-ray diffraction (XRD) patterns were
measured by using a 18 kW diffractometer (Bruker D8 Advance)
with monochromated CuKo radiation and with scattering

The effect of Si/Al ratios of cubic la3d aluminosilica mesostructures on Cd(Il) ion-sensor/collector functionalities in terms of accessibility, sensitivity, response time, and

reversibility features.

Sensor with Si/Al Q [mmol g~ 1] Sensing conditions

Optical sensing/collecting features

Collector featured with reuse cycles

tg min pH range

LOD mol dm—3

Dg mol dm 3 Eluant 0.1 M No.* tg min E%

9 0.07 3 8-10.5 3.08x10°8

8-10.5 3.8x10°8

1.5 0.092 3 8-10.5 42x1078

8-10.5 7.5x1078

8.8x107 " t0 8.8 x 1077 EDTA

8.8x107"t088x1077 EDTA
2x107%t0 8.8x1077 EDTA

1.12%x107°to 1.0 x 10~° EDTA

ODANDOANODNO AN
[o2J0 BN NS, B SN N N Y I N VS I VA)
©
b

* Number of reuse cycles; E%: efficiency of the collector within the reuse cycles.
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reflections recorded for 20 angles between 0.1° and 6.5° corre-
sponding to d-spacing between 88.2 and 1.35 nm. First, the
powder samples were ground and spread on a sample holder.
The samples were scanned in the range from 20=0.1°-6.5° with
step size of 0.02°. To confirm the resolution of the diffraction
peaks with standard reproducibility in 2-theta ( +0.005), the
sample measurement was recorded by using both graphite
monochromator and Gobel mirror detectors. Both detectors were
used to generate focusing beam geometry and parallel primary
beam. The sample measurement was repeated three times under
rotating at various degrees (15°, 30° and 45°).

27Al Magic-angle spinning nuclear magnetic spectroscopy
(*?Al MAS NMR) was also recorded using a Bruker AMX-500
spectrometer. 2’Al NMR spectra were measured at a frequency of
125.78 MHz with a 90° pulse length of 4.7 pus. For all samples, the
repetition delay was 64 s with a rotor spinning at 4 kHz for 27Al
NMR. The chemical shift scale was externally adjusted to be zero
for 2’Al signal by using aqueous solution (1 N) of AI(NO3)s.
To investigate the acidic properties of aluminosilica samples,
NH; temperature-programmed desorption (NHs-TPD) was mea-
sured by using a BEL-Japan TPD-1 S system with a quadrupole
mass spectrometer.

3. Results and discussion
3.1. Fabrication of cubic Ia3d aluminosilica mesocage collectors

The nanosensors were successfully fabricated using a direct
grafting process, in which the TMPyP probe was immobilized into
cubic Ia3d aluminosilica monoliths without previous modification
of their pore surfaces (Scheme 1A, B). This direct immobilization
enabled the design of uniformly cubic Ia3d chemosensors without
pore blockage, which allows the highly selective targeting of
cations such as Cd(II) ions [26,27,33,34]. This collector shows
evidence of sensing responses in terms of sensitivity, selectivity,
and response time of the TMPyP probe chemosensors, which are

Scheme 1. Schematic model of the mesocage aluminosilicate nanosensor/collec-
tor design through the direct dispersion of TMPyP chelate and the sensing
recognition of Cd(II) ions.

induced by receptor “molecular probe”-Cd(Il) analyte binding
events (Scheme 1C) [35,36]. The direct immobilization of hydro-
phobic TMPyP-probe molecules with a high adsorption capacity
into the cage cubic Ia3d aluminosilica led to the design of optical
molecular sensors for the simple detection/removal of ultra-trace
levels of Cd(II) ions. A particularly important feature of the 3D
[a3d aluminosilica mesocage is the potential functionality of
active sites, which leads to the high accessibility and adsorption
capacity of the TMPyP chelate [37]. Al MAS NMR spectra indicated
that the incorporation of Al into mesoporous frameworks leads to
the formation of the aluminum species’ coordination state in
four-, five-, and six-coordinate environments at chemical shifts of
(=1, 37, and 58) ppm, respectively (Fig. S1). The coordination and
location of aluminum sites in the frameworks are key determi-
nants in the generation of the aluminosilica samples’ surface
acidity. The surface acidity of the aluminosilica monoliths is
evidenced by the two resultant peaks of NHs; desorption at
approximately 200 °C, and a small, broad peak at about (200-
500) °C (Fig. S2). The results clearly indicate that the ammonia is
desorbed from the weak Lewis and mildly strong Bronsted acid
sites of the OH™ groups of the aluminosilica carriers [34].

The direct-templating strategy controlled the cubic mesostruc-
tured aluminosilica with a wide range of Si/Al ratios of 9 < Si/Al < 1.0
using [F68/AI(NO3)s/TMOS/acidified H,O] composition phases acid-
ified H,O (Table S1). The XRD pattern (Fig. 1A-a) of the aluminosilica
carriers shows well-resolved Bragg peaks of cubic Ia3d structures.
Despite the high loading level of the TMPyP probe moieties into the
necked pore channels or onto the pore surface, finely resolved Bragg
diffraction peaks are evident for the cubic Ia3d cubic mesocage
geometries (Fig. 1A-b). The N, isotherms revealed the uniformity and
regularity of the 3D cubic cage nanosensors, as shown by a well-
known sharp inflection of adsorption/desorption branches (Fig. 1B).
However, an H2-type hysteresis loop and the well-defined steepness

A
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c
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—+— (a) 705 09 60
100 8 ——(b) 580 07 54
, (C) 50q 0'62. 5.4

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 1. XRD patterns (A) and N, isotherms (B) of optical collectors (b) fabricated by

the immobilization of the TMPyP chelate into cage cubic Ia3d aluminosilica
monoliths (with Si/Al mole ratios of 9) (a), and after three reuse cycles (c).
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of the isotherms indicate that uniform, cage-like pore structures are
characteristic of the cubic la3d mesocollector [26,27,38]. A charac-
terization analysis of the mesocaptor revealed three key features.
First, the addition of large amounts of aluminum salt to the synthesis
composition domains influence the increases in micellar aggregate
sizes and volume fractions, which cause the unit-cell constants and
pore sizes of Ia3d cubic structures to increase (Table 1). Second,
although N, isothermal data indicate that the organic moieties might
incorporate into the inner pores, a significant amount of organic
moieties is mainly anchored in the pore surfaces, which leads to a
high flux and a rapid diffusion of analtyes. Third, uniformly shaped
pore geometries and textural properties of cubic Ia3d mesocollectors
are attained. Such a retention in mesostructural integrity led to
rational optical mesocollector designs, as evidenced by the high
selectivity and sensitivity of the Cd(II) target ions with rapid response
time (3 nm) [26,27,39].

Transmission electron microscopy (TEM) images (Fig. 2) reveal
well-organized mesopore arrays over a large area of the mesocollec-
tors’ cubic Ia3d lattices, despite the immobilization methods of the
loading coverage of bulky chromophore molecules, such as the
TMPyP probes, into mesoporous aluminosilica monoliths. The TEM
images (Fig. 8) show uniformly sized pores and continuous spherical
arrangements along the [311], [111], [100], and [110] zone axes of
the cubic Ia3d mesocollectors [37,40]. In general, the TEM patterns
(Fig. 2) reveal the retention of uniformly shaped cubic Ia3d geome-
tries of collectors, which lead to the intrinsic mobility and high flux
of the Cd(Il) analyte ions during the binding with TMPyP probe
molecules. Dark fields in the STEM image (Fig. 3A) confirm the
formation of nanoscale collector particles. The particle morphology
and the EDS mapping of mesocollector were further characterized
using STEM and STEM-EDS (Fig. 3b-e). The STEM-EDS map of the
aluminosilica mesostructure collectors exhibits the presence of Si, Al,
0, C, and N (Fig. 3). Contributions of O, Si, and Al come mainly from
the mesostructure. The STEM-EDS map also indicates that C, N, and S
atoms of the TMPyP chelate are uniformly distributed throughout
the mesoporous aluminosilica, thus allowing the homogenous diffu-
sion of metal ions toward the TMPyP molecular probe centers [41].

3.2. Cubic la3d aluminosilica mesosensor for visual removal and
detection of Cd(II) ions

In this study, a series of batch contact-time experiments was
performed to define and evaluate systematically the suitable condi-
tions of the Cd(Il) ion-mesosensor. The quantification procedure of
Cd(II) ion-sensing with a cubic Ia3d aluminosilica mesocage sensor
fabricated with Si/Al ratios of 9, 4, 1.5, and 1, respectively, was
studied after equilibration and response times (tg) of 3 min
(Table 2). The prominent color change and signal saturation in the
reflectance spectra of mesosensors were recorded after the tz, which
can be considered as a reference signal. The results show that the tg
values of the Cd(Il)-ion collectors are sufficient to achieve good color
separation “signal” between the collector “blank” and the Cd(II) ion-
sensing “sample,” even at low recognition or trace concentration-
levels of the Cd(II) metal. The results show that the charge transfer
between the Cd(Il) ions and the TMPyP-probe occurred within a
short time period (~3 min) in all the 3D aluminosilica sensor
systems (Table 2), despite the effect of high or low aluminum
content in the sensor matrices.

In solid-state ion-sensing systems, the aluminosilica collector
is strongly sensitive in terms of its optical “color intensity” and
signal responses toward the pH of the analyte solution [42].
To define and evaluate systematically the suitable pH conditions
for donor-acceptor combinations between solid modified-TMPyP
and metal targets, the reflectance spectra of the [Cd-TMPyP]"*
complexes on pore surfaces were carefully monitored over a wide
range of pH solutions (Fig. 4). The optimum change in color
intensity of the [Cd-TMPyP]"* complexes was around pH 9.5 for
the Cd(II) ions. The pH graph suggests that the Cd(II) ions can bind
strongly to solid modified-TMPyP with high stability during the
formation of octahedral [Cd-TMPyP]>* complexes at pH 9.5.

The design-made mesocollector/sensor shows that the colori-
metric determination using UV-Vis reflectance spectroscopy can
quantitatively validate the wider concentration range of the Cd
ions (8.89 x 107 1%to 1 x 10~ mol/dm?) compared with the Cd(lI)
ion recognitions in the TMPyP solution at pH 9.5 (8.89 x 107 to

Fig. 2. TEM micrographs recorded along the (A) [311], (B) [100], (C) [110], and (D) [111] directions of the optical mesocage collector that was fabricated by the direct
immobilization of TMPyP chelate into cubic Ia3d aluminasilica carriers with Si/Al mole ratios of 9.



74 S.A. El-Safty et al. / Talanta 98 (2012) 69-78

1 V1L

9.25
46 .4
/|
6 8 10
keV

Fig. 3. STEM image, EDS, and STEM-EDS mapping of the mesoporous aluminosilica-TMPyP collector (with Si/Al ratio of 9) (a) STEM image, (b) silicon, (c) oxygen,

(d) aluminum, (e) EDS analysis of atomic abundance of the mesocollector.
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Fig. 4. Quantitative study of the pH collector responses based on the aluminosilica
carriers fabricated with a Si/Al ratio of 9 at optimal sensing conditions of Cd(II) ion
concentrations (tg >3 min, collector amount of 20 mg, volume of 20 mL, and
temperature of 25 °C). The reflectance spectra of the [Cd-TMPyP]"* complexes
was measured at J,ax of 620 nm.

1 x 1075 mol/dm?3) [43]. The Cd(Il) ion-quantification experi-
ments (in TMPyP solution) were carried out in a quartz flask with
a total volume of 20 mL. The Cd(II) aliquots were injected from a
200 ppm aqueous stock solution into a flask containing a mixture
solution of 30 pM TMPyP at pH 9.5. Our finding indicated that in
solid systems, naked-eye detection is clearly observed in a wider
concentration range of (0.0001-20.0 ppm), as evidenced by the
color change from yellow to green after the addition of Cd(II)
ions (Table 2 & Fig. 5). The utility of the design-made alumino-
silica-TMPyP collector also leads to a simple separation and visual
detection over a wider, adjustable concentration range, as well as a
sensitive quantification of Cd(II) analyte ions at trace levels
(~3 x 10~ 8 mol/dm?). The key feature of the aluminosilica mesocage
is that the separation and preconcentration of Cd(Il) ions onto the

aluminosilica pore surfaces are more flexible and sensitive even at
trace concentration levels during the formation of Cd-to-TMPyP
binding events, compared with optical sensors fabricated by using
silica monoliths as carriers [40,13]. In general, the color change
provides a simple procedure for the sensitive and selective detec-
tion/collection of Cd(Il) ions without the need for sophisticated
instruments (Fig. 5A).

As a result of the selective uptake of Cd(II) target ions with the
TMPyP-modified aluminosilica collector (Fig. 5A), the reflectance
spectra at A,ax of 620 nm was observed. However, the reflectance
spectra of TMPyP-modified sensor at 645 nm were exhibited a
blue shift to 620 nm as a resultant of charge transfer between the
Cd(II) and TMPyP-probe during the formation the [Cd-TMPyP]"*
complex.

The calibration plot of the aluminosilica mesocollector can be
presented as a linear correlation at low concentration ranges of
Cd(II) analyte ions (Fig. 5B). Specifically, the linear curves indicate
that the metal analytes can be detected with high sensitivity over
a wide concentration range. However, a nonlinear correlation at
the inflection point is evident at the highest Cd(II) ion concentra-
tion. The quality of the calibration method is necessary to ensure
both the accuracy and the precision of Cd(II) ion sensing systems.
The detection limit (LOD) of the aluminosilica sensor/collector at
all Si/Al ratios enables the possible detection of these target ions
at nanomolar concentrations (Table 2) [13,30,44].

3.3. Adsorption performance of Cd(Il) ion-sensor/collector system

The Langmuir equilibrium isotherm was applied in the study
of the adsorption performance of Cd(Il) ion removal from an
aqueous solution using a mesosensor/collector. The monolayer
coverage and removal characteristics of Cd(Il) ions on a mesocol-
lector surface at constant temperature is represented by the
Langmuir isotherm (Fig. 6A and B) according to the following
equation [40,45,46]:

Co 1 (1 >
<= _+(—)C
g Kign)  \dn/) ¢
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Fig. 5. Concentration-dependent changes in the UV/vis reflectance spectroscopic responses of aluminosilica mesocollectors (fabricated with Si/Al ratio of 9) during the
recognition of Cd(II) (A) ions, calibration curve of Cd(Il) ions (B) at optimal conditions (pH of 9.5, mesocollector amount of 20 mg, volume of 20 mL, tg of 3 min, and
temperature of 25 °C). The reflectance spectra of the [Cd-TMPyP]"* complexes was measured at /.y of 620 nm.
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Fig. 6. Langmuir adsorption isotherms (A) and the linear form of the Langmuir
plot (B) for the adsorption of Cd(II) analyte ions using aluminosilica mesocollec-
tors (fabricated with Si/Al ratio of 9).

where ¢,, (mg g~ ') is the amount of Cd(II) metal ions removed to
form a monolayer coverage and K; is the Langmuir adsorption
equilibrium constant. The monolayer coverage can be obtained
from a plot of C./q. versus C. (Fig. 6B), which gives a straight line

Scheme 2. Color profile of the TMPyP-modified-aluminosilicate mesocollector
with the recovery/extraction system of [10 ppm] Cd(Il) ions after several reuse/
cycles (No.)

indicating the formation of the monolayer coverage of the Cd(II)
ions in the interior pore surfaces of mesoporous aluminosilica
collectors with these removal assays. The practical adsorption
capacity g, and the Langmuir coverage constant K; were obtained
from the slope and the intercept of the linear plot, respectively.
The linear removal curves indicate that a wide range of Cd(II) ion
concentrations can be removed from aqueous water in a one-step
treatment with high adsorption efficiency of 96-99% (Scheme 2).
These results indicate that the practical removal of 1 g of Cd(II)
metal ions from an aqueous solution requires ~7.5 g of meso-
collector. Our mesocollector shows significant adsorption effi-
ciency over adsorbents, which also require intensive design and
experimental conditions during the adsorption and assessment
monitoring of Cd(II) ions.

3.4. Controlled Cd(Il) ion-selective mesocollectors

A major advantage of the TMPyP-collector is its ability to create
selective extraction systems for Cd(I) ions, thus preventing hin-
drance from actively interfering components, particularly the com-
petitive element ions [33a,36,44]. These interfering components
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may make the recovery of Cd(Il) target ions from a mixture
containing most competitive components difficult. To investigate
the effect of interfered ions on the ion-selective collectors for Cd(II)
ions, the interfered cations and anions were initially added to the
nanocollector (Fig. 7) at ion-sensing conditions (pH 9.5, sensor
amount of 20 mg, tz of 3 min, volume of 20 ml, and temperature
of 25 °C). This study was carried out by examining the effect of each
interfering metal ion separately followed by its effect as groups
(Fig. 7). The results showed that no significant changes in the visible
color patterns and the reflectance spectra of the collector (blank
solid sensor-TMPyP) at 620 nm were observed. Among all possible
interfering cation species, the Cu?* and Hg?* ions at high concen-
tration showed slight changes in both color map and reflectance
intensities of the complexes, indicating a disturbance in the Cd(II)
ion sensing systems. Fig. 7 shows the effects of various foreign
surfactants and anions such as SDS, CTAB, Triton X-100, tartrate,
citrate, oxalate, chloride, acetate, nitrite, nitrate, sulfite, sulfate,
phosphate, and carbonate on the aluminosilica collectors under
similar experimental conditions. Results indicate that the added
surfactants and anions do not interfere with the Cd(II) ion collectors.

3.5. Applicability and the accuracy of the proposed Cd’*
ion-mesocollector sensor

In the point of view of customer relationship management
systems, successful implementation, and use of the developed
mesocollector sensor in real applicability can provide a significant
advantage to the user. To assess the practical utility of the optical
mesocollector sensor in terms of the quality and efficiency during
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the recognition of Cd?>* analyte from the commercial wastes, the
quantification of 20 pg dm~2 levels of Cd®* ion was investigated
with pretreated real sample effluents collected from different
sources such as food processing, hospital effluent, and manufac-
turing industries of semiconductor and Quartz (Table 3). The
quantitative analyses of the sensor, according to the calibration
plot (Fig. 5B), showed the detectable amounts to be 19.7-
20.1 pgdm—3 for Cd®* ions, with a standard deviation value
of < 3-4% for triplicate analyses. These analytical data indicated
that the proposed sensing system of optical mesocollector can
serve as a potential candidate for monitoring of Cd®* ion from
polluted environment.

3.6. Effective Cd(Il) mesocollector reusability

To study the reusability of sensors for Cd(Il) ion-sensing
systems, simple treatment procedures using a specific concentra-
tion of EDTA or HCI (0.1 M) as a stripping agent were conducted
for Cd(II) ion removal (i.e., decomplexation) after the solid sensor
was collected from the sensing assays [13,40]. These releasing
experiments were performed several times through a liquid-
exchange process to release the Cd(II) ions and to obtain
“Cd-free” sensor surfaces. These eluents have high binding
affinity to form a more stable Cd(II) complex onto solid sensors
compared with the Cd(II)-TMPyP complex. After multiple regen-
eration/reuse cycles (i.e., > 6), the Cd(Il) ion-sensing systems of
the regenerated sensors showed a slight influence on the sensi-
tivity with increased recovery time (tg) of Cd-to-TMPyP binding
events (Table 2). A well-controlled signaling in the quantification
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Fig. 7. Effect of the anions and the cations as interference ions on the absorbance spectra of the Cd-TMPyP complex formed during the detection of Cd (II) ion at [10 ppm]
using the aluminosilica mesocollectors (fabricated with Si/Al ratio of 9). Note that the interfered cations from 1 to 16 are as follows; (1) Li2*, (2) Co?*, (3) Cu®™, (4) Mo®*,
(5) Zn%*, (6) Hg?*, (7) Ca%*, (8) Mg2*, (9) KT, (10) Fe>*, (11) Pb2*, (12) Mn?™, (13) AI*+, (14) Sb3*, (15) Ni?*, and (16) Se**. The interfered anions from 1 to 13 are as
follows: (1) CTAB, (2) Triton X, (3) CgH40%~, (4) C¢Hs03~, (5) C,0%~, (6) CH3COO0~, (7) NO3, (8) NO3, (9) SO3~, (10) SO3~, (11) CO3~, (12) and PO3 . The selectivity studies
of Cd(II) ion-mesosensor/collector were studies at optimal conditions (pH of 9.5, mesocollector amount of 20 mg, volume of 20 mL, t; of 3 min, and temperature of 25 °C).

Table 3

Analysis of Cd?™ in spiked environmental samples with optical mesocollector sensor fabricated by using cubic Ia3d aluminosilica mesostructures with Si/Al ratio of 4 as a

platform.

Sample Source Sample composition (mg dm—3)

Cd?* spiked Cd>+

amount analyzed
(ppb) amount
(ppb)
Hospital effluent 100—Na™*, K+, Mg?™*, 1.75—Cu?*, Ni?*+, Zn?*, Fe?*; 20—Ca%™, 20 19.7 + 4.0*
Quartz discharge 0.1—La3*, ce**,Nd3*, Sm3+; 1.5—W5S+ Mo®*, Mn?*; 10—Ca?*, Mg+, 0.5—Si**; 0.15—Bi>*, AP+, TI*, 20 19.7 +3.2
Ga’t, I+
Semiconductor facility Nd3*, Sm?*; 1.0—W5+, Mo®*; 10—Ca’*, Mg?*; 0.75—Mn?*, Si** 0.25—Bi>*, AP+, TI+, Ga®*, Ir’*; 20 20.1+3.0
effluent 0.1—La3+, Ce?*
Food processing As>+/5+ Mn?*; 0.2—Sn?*, Sb2*; 10—Ca?*, 1.5—Cu?*, Ni**, Zn?*, Fe?*; 0.05—Cr>*/6+ Mg?* 20 20.3+3.2
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E%

Fig. 8. ICP-AES analysis of the Cd(II) ion solution after completing all stages of the
collector assays in terms of the removal and release of Cd(Il) ions within multiple
reuse cycles (No. > 6). E% represents the percentage ratio of the Cd(Il) concentra-
tion per reuse cycle (No.) of the initial concentration used (10 ppm) in collecting
condition assays (recovery time > 60 min, amount of 30 mg, volume of 1L, and
temperature of 25 °C).

and detection of Cd(IlI) ions was attained, which indicated the
stability of the TMPyP-modified aluminosilica sensors, as evi-
denced by the UV-Vis spectroscopic studies. Furthermore, the
XRD pattern and N, isotherm (Fig. 1Ac and Bc) revealed the
retention of ordered mesostructures and physical properties up to
a high extent after several reuse/cycles.

A major advantage of mesocollectors is their retaining func-
tionality in terms of Cd(II) ion recovery after multiple reuse cycles
[47-49]. To investigate the efficiency of the collector design in
Cd(Il) ion recovery after several recovery cycles, the ICP-AES
results of the Cd(Il) ion solution were analyzed after all stages
of the collector assays were completed according to the following
(Scheme 2): (1) the removal of the Cd(II) ion from the aqueous
solution and (2) the release of the Cd(Il) ion from the solid
collector (Fig. 8). The collector’s signal intensity with each reuse
cycle was compared with its signal spectra prior to the use of the
stripping agent (EDTA). Analyses of the solid sample and the
Cd(Il) ion solution indicated that the collector had a well-
controlled signaling in the recovery of Cd(Il) ions even after
multiple reuse cycles (No. > 6) (Fig. 8). This finding indicated that
the functional molecular probe onto the mesocollectors still
attained its electron acceptor/donor strength functionality to offer
effective binding and collection of the Cd(II) ion targets, despite
the substantial influence upon cycling.

4. Conclusions

Mesocage cubic Ia3d aluminosilica collectors enable the con-
struction of probe surface-mounted naked-eye ion-sensor strips
for highly sensitive responses to the selective removal and
sensitive recognition of Cd(Il) target ions down to nanomolar
concentrations. The use of aluminosilica-based platforms as
selective mesopore shape and size carriers leads to the simple
fabrication and stable design of optical sensors through the direct
functionalization of TMPyP chelate with prior modifications of the
surface materials. Within such a tailored mesocollector design,

the ability to achieve flexibility in the specific activity of the electron
acceptor/donor strength of the chemically responsive TMPyP mole-
cular probe enables the easy generation and transduction of an
optical signal as a response to TMPyP-Cd(II) binding events, even at
ultra-trace concentrations of Cd(Il) ions. Controlled sensing and
removal assays significantly enhance mesocollector functionality
in terms of long-term stability, reversibility, and selectivity. The key
result in our study is that the design-made mesocollector can be
used as effective tools for urban mining development, which are
secondary resources in industrial countries.

Appendix A. Supplementary Information

Supplementary data associated with this article can be found
in the online version at http://dx.doi.org/10.1016/j.talanta.2012.
06.046.
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