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Abstract The selective optical sensing is attracting

strong interest due to the use of ‘‘low-tech’’ spectroscopic

instrumentation to detect relevant chemical species in

biological and environmental processes. Our development

has focused on tailoring specific solid mesoporous mono-

liths to be used as highly sensitive solid sensors for simple

and simultaneous naked-eye detection and removal pro-

cesses of extremely toxic heavy metal ions such as mercury

ions in aquatic samples. The methods are emerging to

design optical disc-like sensors by the immobilisation two

different organic groups; however, the first organic moiety

can enhance the polarity of the inorganic mesoporous disc-

like monoliths ‘‘additional agents’’ and the second one can

act as a recognition center ‘‘probe’’. The latter one such as

tetraphenylporphine tetrasulfonic acid (TPPS) probe led to

facile handling of signal read-out with visual detection of

ultra-trace concentrations of mercury ions at the same

frequency as the human eye. The facile signaling was

quantitatively evident using simple spectrophotometric

techniques to indicate the TPPS–Hg(II) ion binding events.

Control sensing assays of Hg(II) ions such as contact-time

‘‘signal response time’’, thickness of support-based sensor,

reaction temperature, and pH were established for achiev-

ing enhanced signal response and color intensities. Based

on our results, these new classes of optical cage sensors

exhibited long-term stability of recognition and signaling

functionalities of Hg(II) ions that in general provided

extraordinary sensitivity, selectivity, reusability, and fast

kinetic detection and quantification of Hg(II) ions in our

environment.

Introduction

The importance of monitoring and controlling of extremely

toxic heavy metals such as mercury ions in aquatic samples

is unquestionable. Hence, attractive means of improving

monitoring of metal ion concentrations would be the use of

simple, inexpensive, rapid responsive, and portable chem-

ical sensors [1–4]. Sensors have the advantage of pos-

sessing high sensitivity and selectivity, as well as providing

on-line and real-time analysis that has revolutionised the

field of chemical analysis, particularly in critical care

analysis of blood and serum samples [5]. Fabrication of

solid-state colorimetric sensors for visual detection is much

less advanced, even though colorimetric sensors can allow

on-site, real time qualitative/semi-quantitative detection,

without complicated analytical instruments [6–16]. Also,

the solid sensors are often remarkably enhanced responses

and selectivity with respect to comparable indicator or

probe molecules. However, such developments in the form

of compact instrumental free ion-sensors are still under

research level and currently being investigated using dif-

ferent techniques like, modified sol–gel membranes,

molecular imprinted polymers, nano-thin film techniques,

etc.[13–15].

New technologies can offer totally new approaches to

chemical analysis thus, pushing the limits can transform

technologies into real methods and often leads to newer

technologies. Porous monolithic architectures provide a

very robust, open, and tunable periodic scaffold on the
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nanometer scale [17–22]. Nanometer-sized materials with

engineered features, including size, shape, composition, and

function play a leading role for their emerging applications

in diverse areas [23–25] The flexibility in controlling the 3D

geometrical structures with uniformly shaped cylindrical

and cage-like pores are of interest as potential catalysts and

sorbents, because the 3D morphologies and cage function-

alities should efficiently transport guest species in much

more direct and easier diffusion to the network sites [26,

27]. Our recent efforts are being made in fabricating optical

chemical nanosensors that incorporate simplicity in terms

of fabrication time and low-cost materials but still retain the

optical devices for specific ‘‘real world’’ sensing applica-

tions for toxic metal ions [28, 29].

The toxicity of mercury ions is well-known. Mercury ions

are human carcinogen, and non-biodegradable, among all

elements [30]. Accumulation of mercury is transmitted,

largely through plants and aquatic resources, from emitting

industries and natural activities, and finally bioconcentrated

through the food chain. Dispersed in the environment,

mercury ions undergo a series of biogeochemical transfor-

mations to toxic chemical species, thus provoking intensive

researches of their biological effects on humans [30–32].

Organic mercury such as methylated mercury has unique

chemical characteristics (due to the methyl group) that make

it prone to bioaccumulate in animals and plants. Inorganic

mercury compounds are expected to be the primary species

in mine effluents [31, 32]. The bioavailability and toxicity of

inorganic ionic mercury to aquatic life can be influenced by

hardness parameters. Inorganic mercury is a central nervous

system and renal toxicant. In contrast, methyl mercury is

well-absorbed across membranes and is efficiently accu-

mulated by biota. The primary target of methyl mercury

toxicity is the central nervous system [33]. The acute tox-

icity thresholds for inorganic mercury (typically as HgCl2)

in freshwater organisms vary from approximately 5–230

lg/L in crustaceans, to 60–800 lg/L in fish. Methyl mercury

accumulates in muscle tissue where it binds to sulfhydryl

groups of muscle proteins. Inorganic mercury is not well-

absorbed relative to the short-chain alkyl mercurials such as

methyl mercury, and accumulates primarily in the liver and

kidney [32, 33]. The design of high-performance adsorbents

for environmental cleanup and heavy Hg(II) ion recovery

has therefore attracted considerable attention [34]. Because

the Hg(II) ions in various environments are at concentrations

far below the detection limits of the most commonly used

treatment methods [34–36], there is a growing demand

worldwide to develop optical and portable chemical sensor

materials for accurate and rapid detection and for selective

recognition of Hg(II) pollutant species [37].

Here, we used the nano-sized monoliths (disc-like) as

platform for the fabrication of Hg(II) ion optical sensor.

Although, optical sensors based on cage-TPPS monoliths

are used for visual detection of Hg(II) ions [26], but the

grinded monoliths to fine powders (100-lm diameter par-

ticles) before use in the sensing assay may constrain the

applicability of this materials as a desire strip for simple

and smart detection and removal of toxic ions. The design

of the Hg(II) ion optical sensors based disc-like monoliths

is emerging two-step inclusion procedures via grafted-

controlled surface modification of the cage disc-like

monoliths with N-Trimethoxysilylpropyl-N,N,N-trimethy-

lammonium chloride (TMAC) and then by immobilisation

of TPPS probe. The organic–inorganic monolithic disc led

to vastly improved methods by enabling new levels of

instrument control and data processing, improving sensi-

tivity, and adding versatility and selectivity to binding

assays of Hg(II) ions. In addition, the current manuscript

reported the influence of the contact-time ‘‘signal response

time’’, thickness of support-based sensor, reaction tem-

perature, and pH for enhanced signal response and color

intensities of the sensing assays of Hg(II) ions.

Experiments

Chemicals

All materials were used as produced without further puri-

fication. Tetramethylorthosilicate (TMOS), which was used

as the silica source and dodecane (C12-alkane) were

obtained from Sigma-Aldrich Company Ltd. (USA). Anhy-

drous ethanol and toluene were purchased from Wako

(Japan). N-Trimethoxysilylpropyl-N,N,N-trimethylammo-

nium chloride (TMAC) (50% methanol solution) and

tetraphenylporphine tetrasulfonic acid (TPPS) were pur-

chased from Gelest (Japan). The polyoxyethylene(10) ste-

aryl ether (Brij 76, C18H37(OCH2CH2)10OH, M.av = 711)

was obtained from Wako Pure Chemicals Ltd. Osaka,

Japan. Standard mercury (Hg2?) and other metal ion con-

centrations were prepared from their corresponding AAS

grade (1000 lg/mL) solutions. These stock solutions were

procured from Wako Pure Chemicals, Japan. For pH

adjustments, buffer solutions (0.2 M) of KCl–HCl, CH3

COOH–CH3COONa, 3-morpholinopropane sulfonic acid

(MOPS)–NaOH, 2-(cyclohexylamino) ethane sulfonic acid

(CHES)–NaOH, and N-cyclohexyl-3-aminopropane sul-

fonic acid (CAPS)–NaOH were used. The MOPS, CHES,

and CAPS were procured from Dojindo Chemicals, Japan,

and the remaining from Wako Pure Chemicals, Japan.

Synthesis of cubic Pm3n monolithic-disc as probe

carriers

Cubic Pm3n mesophase structures (HOM-9) were fabri-

cated by using instant direct-templating of microemulsion
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liquid crystalline phases of surfactants [38–40]. In typical

conditions of the synthesis of cubic Pm3n disc-like

monoliths, the composition mass ratio of Brij 76:C12-

alkane:ethanol:TMOS:HCl/H2O was 1:0.5:0.5:2:1, respec-

tively. Homogeneous sol–gel synthesis was achieved by

mixing Brij 76/C12-alkane/ethanol/TMOS in a 100-cm3

beaker and then shaking at 50 �C for 2 min until homo-

geneous. The exothermic hydrolysis and condensation of

TMOS occurred rapidly by addition of acidified aqueous

solution of HCl (at pH = 1.3) to this homogeneous solu-

tion. The resulting an optical gel-like material was put in a

graduate ingot and acquired the shape and size of the

cylindrical casting vessel. To obtain centimeter-sized,

crack-free, and disc-like silica translucent membranes, the

materials were gently dried at room temperature for 3 h

and then allowed to stand in a tightly closed ingot for 1 day

to complete the drying process. After calcination at 450 �C

for 6 h under normal atmosphere, the transparency of the

disc-like membranes was lost due to the microcracking

within the silica matrix, but their macroscopic shapes with

high dimensional stability, rigidity (with stress 100 hPa),

and porosity were retained by compressing under hot

vacuum compressor (see Fig. 1).

Fabrication of organic–inorganic disc-like sensor

With a grafting technique, the calcined cubic Pm3n disc-like

monoliths were firstly anchored via TMAC ligand in

refluxing toluene for 24 h at 90–100 �C. The grafted mate-

rials were then washed using ethanol and methylene chloride,

and dried under vacuum at 80 �C for 5 h. TG-DTA and NMR

analyses indicated the presence of 20% functionalised silicon

by using a TMAC agent. The immobilisation of TPPS probe

molecules with silica disc-TMAC was achieved by adding

aqueous solutions of the TPPS probe (4 9 10-3 mg/100 mL

H2O) to 1.0 g silica-TMAC solids gentle shaking for 24 h at

room temperature. The functionalised disc-TPPS solid

monoliths was thoroughly washed using deionised water

several times until no elution was observed. The resulting

solid sensor was dried at 60 �C for 2 h. The adsorption

amounts (Q mmol g-1) of the TPPS probe molecules at the

saturation ‘‘equilibrium’’ step was determined according to

this equation: Q = (Co - Ct) V/m; where Qt is the adsorbed

amount at contact time t, V is the solution volume (L), m is the

mass of HOM carriers (g), Co and Ct are the initial concen-

tration and the concentration at saturation time t, respec-

tively. In general, the variation in the loading capacity (Q) of

TPPS probe into disc-like monoliths was attributed to the

interaction characteristics of the TPPS probes with the dif-

ferent thicknesses of silica disc-TMAC monoliths.

Recognition procedure for Hg(II) ions

In a typical sensing experiment, a mixture containing

specific concentrations of toxic Hg(II) ions adjusted at pH

solution of 9 by using CHES for the sensor. This Hg(II)

analyte mixture was directly added to the monolithic sen-

sors at constant volume (20 cm3) with shaking at room

temperature. Studies on the sample volume also indicated

that the volume at 20 cm3 was sufficient for effective

interaction of Hg2? with sensor disc-like strip to give good

color separation. A blank solution was also prepared, fol-

lowing the same procedure for comparison. After an

interval time of (1–5 min), the monolithic sensors were

filtered after equilibration time, according to the feature of

Hg(II) ion-sensors, using cellulose acetate filter paper

(25 mm; Sibata filter holder) and used for visual color

assessment and absorbance measurements. In a typical

experiment, the Hg(II) ion-sensing system was studies by

batch equilibration method at various pH values. The

concentrations of toxic Hg(II) ions were calculated by

comparing the color intensity of the target samples with

that of the standard samples, which were prepared with

known concentrations of analyte solutions.

Analyses

Small-angle powder X-ray diffraction (XRD) patterns were

measured by using a 18 kW diffractometer (Bruker D8

Advance) with monochromated CuKa radiation with

scattering reflections recorded for 2h angles between 0.1o

and 6.5o corresponding to d-spacings between 88.2 and

1.35 nm. N2 adsorption–desorption isotherms were mea-

sured using a BELSORP MIN-II analyzer (JP. BEL Co.

Ltd) at 77 K. The pore size distribution was then deter-

mined from the adsorption curve of the isotherms by using

nonlocal density functional theory (NLDFT). Transmission

Fig. 1 a Transparent and b calcined disc-like cubic Pm3n mesopor-

ous silica monoliths HOM-9 with 0.2 cm thick and 1.5 cm width that

can be used as a carrier for the organic moieties
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electron microscopy (TEM) was operated at 200 kV elec-

tron microscope (JEOL 2000 EX II) which has a point–

point resolution of 0.21 nm and a spherical aberration of

0.7 nm. Fast Fourier Transform (FFT) patterns were

recorded from by a slow scan charge-coupled device (CCD)

camera (Gatan Model 694). Thermogravimetric and dif-

ferential thermal analyses (TG and DTA, respectively) were

done using a Thermo Plus TG8120 (Rigaku, Japan). Energy

Dispersive X-ray microanalysis (EDS-130S) was used to

determine the elemental compositions of the azo-probe

functionalised HOM-2 carriers. 29Si MAS NMR spectra at

room temperature were also measured using a Bruker

AMX-500 operated at 125.78 MHz with a 90o pulse length

of 4.7 ls. For all samples, the repetition delay was 180 s

with a rotor spinning at 4 kHz. The reflectance spectra of

the sensor materials were recorded by using a Shimadzu

3700 model solid-state UV–Vis spectrophotometer. The

metal ion concentration after equilibration was determined

with a Seiko SPS-1500 model inductively coupled plasma

atomic emission spectrometer (ICP-AES). Buffer solutions

were adjusted to ambient pH values using a Horiba F-24

(Kyoto, Japan) model micro-computerised pH/Ion meter.

Results and discussion

Organic–inorganic hybrid disc-like monoliths

The inclusion of (TPPS) chromophore into disc-like

monolithic HOM-9 mesopore geometries led to the creation

of optical chemical nanosensors that have efficient sensing

functionalities (Scheme 1) in terms of sensitivity, selectiv-

ity, and response time of Hg(II) ions. Due to the potential

leaching of the hydrophilic (TPPS) chromophore by the

washing cycle, the TPPS probe could not be directly

embedded on the silica surface matrices without tuning the

surface polarity. Optical TPPS-mediated nanosensors were

successfully fabricated by firstly modified TMAC-HOM

silica (Scheme 1) [26, 41]. With introduction of TPPS

probe molecules, strong ionic interactions successfully

occurred between the TPPS chromophore containing sul-

fonate acid groups and the carriers charged by the func-

tionalised ammonium ion (Scheme 1), leading to stable

sensor during the sensing assays of Hg(II) ions.
29Si NMR spectroscopy was used to investigate the

successful immobilisation of TMAC organic and probe

(TPPS) moieties through the elucidation of the molecular

environment in the silica materials [42, 43]. First, 29Si NMR

spectrum of disc-like HOM-9 carriers (Fig. 2a) showed

three overlapping signals (Qn peaks) at -91, -101,

-110 ppm, respectively [43] Second, 29Si NMR spectra,

for example Fig. 2b, of silica-TMAC ligand show signals

representative of various silicon environments of the Tn and

Qn silane moieties; however, Tn peaks are representative of

silicon matrix directly bounded to organic species. Fig-

ure 2b shows that in addition to Q2, Q3, and Q4, three dif-

ferent signals were observed at -53, -61, -71 ppm, which

correspond to three different environments for siloxane

group in functionalised monolayers of T1 [R–Si(OH)2

(OSi)3], T2 [R–Si (OH)(OSi)3], and T3 [R–Si(OSiO)]. This

Scheme 1 Disk-like sensor for

Hg(II) ion-sensing assay. The

grafting technique controlled

the sensor design by

immobilisation of two organic

moieties TMAC and TPPS into

the mesopore disc-like

monoliths. The reversibility of

the [Hg–TPPS]n? complex was

occurred by using of 0.01 M

ClO4
- as stripping agent for

several times without leaching

of the TPPS probe from the

HOM pore surface

J Mater Sci (2009) 44:6764–6774 6767

123



result indicated that the silicon atom in the siloxane matrix

was directly incorporated the organic TMAC moiety. The

increase of the intense peak of the siloxane groups (Q4) with

the incorporation of the TMAC ligand or even TPPS indi-

cated the Si–OH sites (silanediol and silanol groups) of the

silica pore wall underwent condensation reaction with the

organo-amine coupling agent, forming covalent linkage to

the silica frameworks. Third, Fig. 3c shows multiple signal

peaks of Tn (Fig. 2c) with the incorporation of TPPS,

indicating that the TPPS molecule was loaded closely to one

another in functionalised monolayer [42, 43].

Ordered organic–inorganic disc-like sensor

The XRD profiles (Fig. 3) provide evidence that the

ordered primitive-centered cubic Pm3n structures (HOM-

9) were characteristic of the fabricated disc-like monolithic

carriers and nanosensors [17–20]. Despite the high loading

level of the organic-probe moieties into the necked pore

channels or onto the pore surface, resolved Bragg diffrac-

tion peaks were clearly evident for the cubic Pm3n disc-

like nanosensor geometries. This finding indicated the

successful immobilisation of the hydrophilic TPPS chro-

mophore into rigid condensed framework matrices while

retaining the mesoscopically orientational order (Fig. 3) of

cubic Pm3n mesostructures. These rigid matrices with such

order led to high flux and transport of Hg2? analyte ions

during the detection process [24–27]. Moreover, the XRD

pattern (Fig. 3d) of the recovered sensors (i.e., after six

regeneration/reuse cycles) revealed the diffraction peaks of

cubic Pm3n structures. The retention of the 3D cubic

structures with the disc-sensors after severe complexation/

decomplexation processes of Hg(II) ions might lead to

retain the Hg(II) ion-sensor assays for a long-period

without significant change in the sensing functionality (see

below).

The N2 isotherms revealed uniformity and regularity of

the 3D cubic cage disc-like monoliths, as evidenced from a

well-known sharp inflection of adsorption/desorption

branches (Fig. 4). However, H2-type hysteresis loop and

Fig. 2 29Si NMR spectra of calcined disc-like cubic Pm3n mesopor-

ous silica monoliths HOM-9 (a), functionalised TMAC/HOM-9 disc-

like monoliths (b), and HOM/TMAC/TPPS disc-like sensor (c)

Fig. 3 The XRD diffraction patterns of calcined disc-like cubic

Pm3n mesoporous silica monoliths HOM-9 (a), functionalised

TMAC/HOM-9 disc-like monoliths (b), HOM/TMAC/TPPS disc-like

sensor (c), and recovered sensor after six regeneration/reuse cycles

(d). The disc-like thickness and width are 0.05 cm thick and 1.5 cm,

respectively

Fig. 4 The N2 isotherms of calcined disc-like cubic Pm3n mesopor-

ous silica monoliths HOM-9 (a), functionalised TMAC/HOM-9 disc-

like monoliths (b), HOM/TMAC/TPPS disc-like sensor (c), and

recovered sensor after six regeneration/reuse cycles (d). The disc-like

thickness and width are 0.05 cm thick and 1.5 cm, respectively. Inset

is the surface area (SBET), pore volume (Vp), and pore diameter (D)
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well-defined steepness of isotherms (Fig. 4a) indicated that

uniform cage-like pore structures were characteristic of the

cubic Pm3n disc-like monoliths [44–46]. The adsorption

branches were shifted to lower relative pressure (P/Po)

when the organic moieties (TMAC and TPPS) were

immobilised (Fig. 4b, c), indicating the inclusion of the

organic moieties into the spherical mesopore cavity with-

out significant effect on the uniformly sized structures. In

turn, the significant shift in desorption branches to higher

relative pressure and the decrease in the width of hysteresis

loop with immobilisation process of TMAC and TPPS was

evident with such cage monolithic-discs. This result, in

particular, is inconsistent with our previous reports using

cage monoliths with large spherical cavity up to 15 nm as

carrier for TPPS probe, in which no such desorption shift to

higher relative pressure was observed even under the same

grafting conditions [26–28]. In general, the N2 isotherms

for Disc-TMAC and Disc-TMAC–TPPS sensor (Fig. 4b, c)

revealed the enlargement of cage windows under such

severe grafting process (see Experiments), despite the

retention of the uniformly sized cavity pores. However, the

high loading of the TMAC and then TPPS into the neck of

the entrance pore after partially filling of spherical cavity

led to the distortion in the cage windows, as evidenced

from the enlargement pore windows of the Disc-TMAC

and Disc-TMAC–TPPS sensor. The latter aspect, in par-

ticular, indicated the high accessibility and retainability of

the organic moieties into the entrance of the spherical

cavity. From the above mentioned results, evidence of this

inclusion inside the pore cavity and entrance was that, first,

the width of the hysteresis loop decreased with embedding

of the organic moieties, in which led to a decrease in the

nanoscale pore cavity and the enlargement of the pore

entrance with the fabricated nanosensor (Fig. 4b, c, inset).

Second, a decrease in the surface area and pore volume

with the functionalisation of cubic nanosensor provided

further evidence that the organic moieties were embedded

inside the mesopore. Third, with the regeneration/reuse

cycles of the disc-sensor, the N2 isotherms (Fig. 4d)

revealed no change in the pore size of the cage cavity and

entrance, indicating the stability of the uniformity of cage

cavity and entrance. In general, the retention of physical

characteristics of nanosensor; such as large porosity, sur-

face area, and pore volume allowed the Hg2? ions to access

the functional active sites of the TPPS probe-based nano-

sensor with efficient sensing assays [44].

TEM micrographs (Fig. 5) and corresponding FTD

profiles reveal well-organised mesopore arrays over a large

area of the cubic Pm3n lattices of disc-like nanosensors,

despite the immobilisation methods of the loading cover-

age of bulky chromophore molecules such as the TPPS

probe. TEM images (Fig. 5) show uniformly sized cage-

like pores and continuous spherical arrangements along all

directions of the disc-like sensors [17–20], despite the

slight defects, as indicated by arrows. The topological

defect surfaces for these fabricated nanosensors were also

Fig. 5 Representative TEM

micrographs and corresponding

FTD profiles recorded along the

[011] (a), [111] (b), [210] (c),

and [100] (d) zone axes of

ordered cubic Pm3n disc-like

sensors (HOM–TMAC–TPPS).

The FTD patterns indicated the

ordered primitive-centered

cubic Pm3n structures were

attained despite the high loading

coverage of TPPS probes into

the pore structures
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consistent with XRD patterns (Fig. 3) and N2 isotherms

(Fig. 4). In general, results indicated the retention of uni-

formly sized order structures with disc-like monolithic

sensors, which led to facilitate the receptor-Hg(II) binding

events during the sensing response assays.

Optical sensing assays of Hg(II) ions

The high performance of the sensors depended on key

factors such as the contact-time ‘‘signal response time’’,

amount of support-based sensor, reaction temperature, and

pH [47–51]. In order to control the sensing assays of Hg(II)

ions using disc-like sesnor, one should understand that

these key factors strongly affected the homogeneity in the

color map distribution and intensity even at low loading

level of metal ions during the visual detection process in

the laboratory experiments. In general, changes in these

key factors can play significant roles involving the redis-

tribution of the charge polarity and the electron and energy

transfer within the TPPS probe molecule into the pore

surfaces. Therefore, the chemical sensing system is extre-

mely sensitive to such changes, which in turn, acutely

affects the accuracy and precision in the determination and

visual detection of the target ions [52].

To control sensing assays of the chemical nanosensors

for Hg(II) ions ion were studied as a function of the disc-

like sensor thickness, pH solution and contact-time ‘‘signal

response time’’ (Figs. 6, 7). In this study, we carried out a

series of experiments to systematically define and evaluate

the relative importance of these factors in a disc-like sensor

for Hg(II) ion detection. In general, the extent of the Hg(II)

ion chelation with the TPPS receptor was quantitatively

monitored after equilibration at real-time response (i.e.,

CRt) in which the prominent color change and signal sat-

uration of the [Hg–TPPS]n? complex equilibrium of

binding were achieved (see Figs. 6, 7). In such quantifi-

cation procedure, the response-time (Rt) can be considered

as a reference signal with practically no Hg(II) analyte ion

remaining. The kinetic time-response of the [Hg–TPPS]n?

complex formation was studied by continuously monitor-

ing the absorption spectra at k of 450 nm (Fig. 6) and the

color change of the sensors after addition of Hg(II) ion as a

function of time at various sensor thicknesses. The results

show that charge transfer between the Hg(II) and TPPS-

probe was accomplished after 1 min. In turn, the increase

of the thickness of disc-like sensor makes the Hg(II) ion-

permeability through the dense TPPS probe molecular

assemblies to the active binding sites more difficult.

Results also indicated that the thicker disc-like sensor show

difficulty in the distinguishable color changes during the

detection of the trace Hg(II) ions.

Furthermore, the pH response was studied by continu-

ously monitoring the signal sensing response at k of

450 nm of the disc-like sensor for [0.5 ppm] Hg2? ions at

different pH solution (from 5 to 11) and at 25 �C. Note that

the effect of pH on the visual detection of Hg(II) ions was

studied by adding a mixture containing a specific concen-

tration of Hg(II) ions adjusted to a pH between 4–6 (by

using 0.2 M of CH3COOH–CH3COONa), 7–8 (by using

0.2 M of 3-morpholinopropane sulfonic acid, MOPS), and

8.5–11 (by using 0.2 M 2-cyclohexylamino ethane sulfonic

acid, CHES), respectively (Fig. 7). Results from this pH

Fig. 6 Kinetic variation of the absorption signal response with

respect to the thickness of disc-TPPS sesnor during the recognition of

[0.6 ppm] Hg(II) ions at pH 9, at temperature 25 �C and at 25 mL of

total volume. The A and Ao are the absorption signal responses of the

sensor after and before (blank) the addition of Hg(II) ion

Fig. 7 pH dependent signal response of disc-TPPS sensor during the

recognition of [0.6 ppm] Hg2?analyte ions at k of 450 nm. The disc

thickness sensors, response time, the total volumes and temperature of

the sensing systems were kept at 0.05 mg, 1 min, 25 cm3, and 25 �C,

respectively. The A and Ao are the absorption signal responses of the

sensor after and before (blank) the addition of Hg(II) ion
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study showed that the maximum absorbance intensity of

the [Hg–TPPS]n? complex exhibited at pH 9.0 (Fig. 7).

Visual detection of Hg(II) ion by disc-like sensor

Despite the feasible use of these commercial receptor TPPS

probes to sensitive determination of Hg2? ions up to

10-7 mol/dm3 [53], our previous solid sensor-based cage

cubic Fm3m materials immobilised by the TPPS indicator

dye, in principle, showed remarkable enhancement in the

sensitivity and selectivity of Hg(II) ions compared with

TPPS molecular dye in solution system [26, 28, 29]. The

current sensor design based on 3D inorganic scaffolds in the

form of highly mechanical stable disc-like monoliths show

advanced features because in addition to conventional rec-

ognition of Hg(II) ion at trace levels (*10-9 mol/dm3)

there is a further control of the sensing assay, governed by

facile handling of signal read-out optical measurements. In

addition, the 3D disc-like sensor could be used as simple

preconcentrators to yield high adsorption capacity and

preconcentration efficiency, leading to simultaneously

visual inspection and complete removal of Hg(II) ions over

a wide, adjustable range concentration. Moreover, still the

physical properties of the 3D organic–inorganic disc-like

sensor such as high surface area and porosity, and the par-

ticle-size morphology are advantageous to allow high rec-

ognition and binding of the target in sensing assay. For

example, the strong binding of Hg2? ions with TPPS probe

onto the disc-like sensor strips led to the color change with

the same frequency of the human eyes corresponding to the

formation of the metal-chelate [Hg–TPPS]n? complex

(Scheme 1). Results (Fig. 8) indicated that chemical disc-

like sensors offer one-step and simple sensing procedures

for both quantification and visual detection of Hg2?ions

without the need for sophisticated instruments under our

simple sensing procedure, pH 9, temperature 25 �C, volume

25 mL, and a 0.05 cm thick. The reflectance spectra of

silica disc-TPPS sensor exhibited a bathchromic shift from

410 to 450 nm during the recognition of Hg2?, consistent

with our previous study using similar sensor design in

powder form [26]. These results indicated the formation of

charge-transfer complexes between the Hg(II) ions and the

TPPS probe (as shown in Scheme 1).

The calibration graphs and analytical parameters

The reflectance bands of [Hg–TPPS]n?complex were

recorded after correction of the baseline of the reflection

spectra between the disc-like sensor signal of the blank and

the concentration-dependent for Hg2? ions at k of 450 nm,

under our simple sensing procedure, pH 9, temperature

25 �C, volume 25 mL, and a 0.05 cm thick. A linear cal-

ibration in the low level of concentration of Hg2? ions with

correlation coefficient range of *0.999 was characteristic

of the calibration curve for the 3D sensor scaffolds (Fig. 9).

Due to saturation effects, however, a non-linear correlation

at the inflection point was observed with high concentra-

tion of Hg2? ions (C0.049). The nonlinear curves indicated

that the Hg2? analytes can be detected with highest sen-

sitivity at low concentrations, in agreement to our previous

reports [26–29]. In fact, the quality of the calibration

methods is necessary to ensure both accuracy and precision

of the metal ion-sensing systems. Several quantification

measurements (C10 times) were carried out over wide-

range concentrations of the standard ‘‘well-known’’ solu-

tions of Hg2? analyte at the specific sensing conditions.

The calculated standard deviation for the analysis of Hg2?

analyte ions using all monolithic nanosensors was of 0.4%,

as evidenced form the fitting plot of the calibration graphs

(Fig. 9).

The detection (LD) and quantification (LQ) limits of

Hg(II) ions by using disc-like sensors were estimated to be

1.2 and 4.0 ppb, respectively, according to the following

Eq. 1 [29]:

LDð Þ or LQð Þ ¼ k Sb=m ð1Þ

where, Sb and m are the standard deviation and the slope of

the linear calibration graph (Fig. 9, inset), the constant k is

equal to 3 and 10 in the case of the determination of LD and

LQ, respectively. Furthermore, at the inflection point in the

calibration curve (Fig. 9), the stoichiometry of the [Hg–

TPPS]n? complexes was 1:1 (HgII:TPPS) (See Scheme 1).

Further evidence of the stoichiometric [Hg–TPPS]n?

complex was revealed from Job’s plot (data not shown) in

Fig. 8 Representative concentration-dependent changes of disc-

TPPS sensor in the color map and in UV–Vis reflection spectra of

[Hg–TPPS]n? complex formation at k = 450 nm with addition of

various concentrations of Hg(II) ions. The signal responses of optical

sensor were monitored at specific sensing conditions (pH 9, 0.05

thick, 60 s, and 25 �C)
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which changes in the absorbance of the complex formation

in solution under our experimental conditions (pH 9,

temperature 25 �C, and volume 25 mL) were monitored.

Results indicated a 1:1 binding for TPPS with Hg2? ions

(Scheme 1). The stability constant (log Ks) of the formed

[Hg–TPPS]n? complex with the disc-like sensors at a

specific pH value of 9.0 was estimated to be 14.8, in

agreement with our previous study [26].

Reversibility of the Hg(II) ion-sensing assay

The reversibility of disc-like sensor allowed the retaining

functionality in terms of sensitivity with fast response-time

even after multiple regeneration/reuse cycles of the [Hg–

TPPS]n complex in the solid system [26, 27]. Although the

improvement of the reversibility of the chemical sensors

are a challenge, the nanostructured sensor can extend

control of the Hg2? ion detection even after several cycles

of decomplexation in which an appropriate stripping agent

is used, such as 0.01 M ClO4
- (Scheme 1). However, the

disc-like sensor after removal the 0.6 ppm of Hg(II) ions

was washed several times by 0.01 M ClO4
- solution for 2

days. The released Hg(II) ion was detected by ICP-AES

analysis. The gradual change in the green color to pale

brown can be detected by naked eyes with increasing of

the regenerated time. Moreover, the reflectance spectra of

the regenerated silica-disc-TPPS solid were similar to that

freshly synthesised sensor, indicating the successful

removal of Hg(II) ion from the sensor without significant

release of TPPS from the solid disc scaffolds. After mul-

tiple regeneration/reuse cycles (i.e., C6), although the

regenerated disc-like sensors showed a relatively lower

sensitivity up to 92% with higher Hg(II)-to-TPPS ligand

kinetic hindrances ([2 min), the binding and signaling

remained relatively fast, on the order of minutes, and fully

revisable. It is important to note that the strong electro-

static interactions ‘Coulombic-types’ between the TPPS

probe molecule and charged silica surfaces (i.e., disc-

TMAC) led to high stability of the sensor design even with

severe releasing process of Hg(II) ion by ClO4
- anions.

The reversibility of the sensor strip were quantitatively

examined by measuring the Hg(II) ion signaling with the

recovered sensor (Fig. 9b). Our results show that little

changes in the optically colored density ‘‘absorption

spectra’’ of probes were evident after six regeneration/

reuse cycles of the [Hg–TPPS]n complex in the solid

system. Although the efficiency of the recovered sensor

was decreased, as shown from the LD and LQ values

(Fig. 9b, inset), but the recovered sensor maintained the

Hg(II) ion detection and removal over a wide range of

concentration (2.5–550 ppb). Results for the calibration

curve (Fig. 9b) indicated that the recovered sensor strip

still enabled to generate and transduce an optical color

signal and a fast kinetic TPPS probe-Hg(II) binding

responses (in the order of minutes) even after multiple

regeneration/reuse cycles.

Ion competitive sensing assay of disc-like sensor

One of the practical utility of the disc-like sensors is the

ability to show high selectivity of Hg(II) ions, when

combined with actively diverse ions (interfering compo-

nents) under our experimental control conditions, Fig. 10.

To investigate the effect of extraneous ions in the

simultaneously selective detection of Hg2? ions, particu-

larly at low concentration, controlled sensing experiments

Fig. 9 Calibration curves of disc-TPPS sensor (a) and recovered

sensor after six regeneration/reuse cycles (b). The plots were depicted

according to the relationship between A–Ao and [Hg(II) ion]

concentration, where Ao and A are the absorbance of HOM-probe

(blank) of HOM–TPPS and the signal response of [Hg–TPPS]n?

complex during the recognition of Hg2? analyte ions at pH 9. The

thickness of disc-like monoliths, the total volumes, and temperature

of the sensing systems were kept at 0.05 thick, 25 cm3, and 25 �C,

respectively
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were done here in which the competitive cations and

anions were added with high concentration range of

2–6000 ppm to silica-disc-TPPS sensors (blank) at the

normal sensing conditions (pH of 9, time CRt, tempera-

ture 25 �C, volume 25 mL, and a 0.05 cm), Fig. 10.

Results showed that no significant changes in reflectance

spectra at k = 597 nm and visible color patterns of sen-

sors were observed. In turn, the addition of [0.075 ppm]

Hg(II) analyte to TPPS-based disc-like sensors showed

prominent color change and signal intensity (Fig. 10a, b).

Results showed that no significant changes in either the

developed color or the reflectance intensities were

observed (Fig. 10), despite the addition of cations or

anions which are effective disturbance species at higher

concentrations than that of Hg(II) target ions. In fact, the

selectivity of the disc-like sensors for Hg(II) ions over

active multi-component ions and species (Fig. 10) indi-

cated the high thermodynamic binding of Hg(II) ion for

N-chelate TPPS ligand and the fast Hg-to-TPPS binding

kinetics at the optimised pH 9.

Conclusion

The tailoring of solid mesoporous monoliths to be used

as highly sensitive solid sensors for simple and simulta-

neous naked-eye detection and removal processes of

extremely toxic heavy metal ions such as mercury ions in

aquatic samples was evident. Moreover, the successful

design of organic–inorganic disc-like sensor monoliths

show advanced features of a further control of the sensing

assay that can be governed by facile handling of signal

read-out optical measurements at trace levels (*10-9

mol/dm3) of Hg(II) ions. Results revealed that the 3D disc-

like sensor could be used as simple preconcentrators to

yield high adsorption capacity and preconcentration effi-

ciency, leading to simultaneously visual inspection and

complete removal of Hg(II) ions over a wide, adjustable

range concentration. In addition, the disc-like sensors

provided extraordinary sensitivity, selectivity, reusability,

and fast kinetic detection and quantification of Hg(II) ions

in the environment cleanup technology.

Fig. 10 Representative selectivity profiles of disc-sensor for

[0.075 ppm] Hg(II) ions. The interfered cations listed in the order

(left to right), (1) 6000 ppm Na?, (2) 5000 ppm K?, (3) 20 ppm

Ca2?, (4) 15 ppm Sr2?, (5) 4 ppm Cr6?, (6) 3.8 ppm Al3?, (7)

1.5 ppm Cu2?, (8) 1.8 ppm Ni2?, (9) 2.5 ppm Mn2?, (10) 2.2 ppm

Zn2?, (11) 2 ppm Co2?, (12) 0.5 ppm Cd2?, (13) 0.5 ppm Pb2?, (14)

3.5 ppm Fe2?, (15) 3.5 ppm Bi3?, (16) 4.5 ppm Sn2?, and (17) 4 ppm

Sb3?. The surfactants and anions listed in the order (left to right), (1)

10 ppm SDS, (2) 20 ppm CTAB, (3) 30 ppm Triton X-100, (4)

35 ppm tartrate, (5) 20 ppm citrate, (6) 15 ppm oxalate, (7) 300 ppm

Cl-, (8) 50 ppm acetate, (9) 250 ppm nitrite, (10) 32 ppm nitrate,

(11) 200 ppm sulfite, (12) 255 ppm sulfate, (13) 100 ppm phosphate,

and (14) 250 ppm carbonate. The selective competitive method were

studied at specific sensing condition of pH 9, equilibrating time of

1 min, solution volume of 25 mL, 0.05 thick of the disc-sensor, and at

25 �C, respectively
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