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A simple and sensitive colorimetric method for the determination of Pb*" ions in aqueous samples was
developed using 1-(2-mercaptoethyl)-1, 3, 5-triazinane-2, 4, 6-trione (MTT) functionalized silver nanoparticles
(MTT—AgNPs). The Pb*" ion acted as the metal center of the coordination complex, which formed N---Pb**---O
coordination bonds with the MTT—AgNPs, shortening the interparticle distance, and inducing aggregation of the
MTT-AgNPs. This aggregation resulted in a dramatic color change from yellow to dark blue. Using this
methodology, the concentration of Pb*" ions in environmental samples could be quantitatively detected by the
naked eye or by using UV—vis spectrometry. Also, we found that the selectivity and sensitivity of the detection
was noticeably improved at the pH range 7-8, at which a more obvious color change was observed. The
absorption ratios (Ags/Azgs) of the modified AgNPs solution exhibited a linear correlation with Pb*" ion
concentrations within the linear range of 0.1~0.6 pg/mL, and the limits of detection in tap and pond water were
0.02 and 0.06 pg/mL, respectively. This cost-effective sensing system allows for the rapid and facile

determination of Pb>" ions in aqueous samples.
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Introduction

Lead ions (Pb2+) are highly toxic heavy-metal ions that can cause serious environmental and health problems
and are ubiquitous in industry."* Extensive studies have indicated that humans, especially children, can suffer
permanent neurological damage and behavioral dysfunction when exhibiting even low blood levels of lead.” To
date, no safe lead-exposure threshold has been identified. The ability of lead to pass through the blood-brain
barrier is largely due to its ability to act as a substitute for calcium ions.* Within the brain, lead-induced damage
in the prefrontal cerebral cortex, hippocampus, and cerebellum can lead to a variety of neurologic disorders. At
the molecular level, lead ions interfere with the regulatory action of calcium on cell function and disrupt a range
of intracellular biological activities.” Therefore, facile methods to monitor Pb*" levels in the environment are of
increasing importance and a sensitive method for routinely and effectively measuring the concentration of Pb>"
is crucial in environmental monitoring.

To date, a variety of analytical methods have been reported for the determination of Pb>" ions including

6-8 9,10

atomic absorption spectrometry (AAS),” inductively coupled plasma mass spectrometry (ICP-MS),”" and

1112 and  electrochemical™® methods. However, most of these methods require complex

fluorescence
instrumentation and well-trained operators. Hence, development of an accurate, rapid, and convenient analytical
method to detect Pb*" ions remains a challenge for analytical chemists.

With developments in nanotechnology, novel colorimetric assays for Pb*" ions using gold and silver
nanoparticles (AuNPs and AgNPs, respectively), have been developed. These methods exploit sensing receptors
for nanoparticles coordinated to Pb>" ions. These Pb**-coordinated functionalized nanoparticles possess unique
size-dependent and interparticle distance-dependent optical properties with accompanying color changes. In
recent years, AuNP- and AgNP-based colorimetric methods using nanoparticle that are functionalized with
ligands of appropriate specificity and affinity for Pb>" ions have been reported. For example, Lu et al. reported

14-16

the construction of a Pb>" biosensor using a DNAzyme-directed assembly of AuNPs and Thomas et al.

showed that AuNPs functionalized with gallic acid were sensitive to Pb>" ions in aqueous media.'” In addition,
Jiang et al. and Wang et al. reported that AuNPs functionalized with peptide derivatives can serve as Pb>" color
18-20

Sensors.

When the surface of the AuNP is coated with a loose layer of citrate, its carboxyl groups have a strong and

3
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selective affinity for Pb”" ions at high pH values.”’ Therefore, both the sensitivity and selectivity of the AuNPs
for heavy metal ion detection are dependent on the pH of the environments. Additionally, AgNPs functionalized
with amino acids or plant extracts have been utilized to detect Pb?" simultaneously with Hg?*and Cd*" ions.”**
Lu ef al. and Lee et al.*** have developed 1-(2-mercaptoethyl)-1,3,5-triazinane-2,4,6-trione (MTT)-stabilized
AuNPs as a colorimetric probe for melamine detection in milk and NO,™ ion monitoring in aqueous solution, by
utilizing their hydrogen-bonding interactions with MTT.

Informed by these studies, we have examined the application of AgNPs functionalized with MTT as a novel
and sensitive probe for the determination of metal ions in aqueous samples, because the N and O atoms of the
MTT molecules at a specific pH coordinate to metal ions. In addition, MTT can be easily conjugated to AgNPs
through the -SH group in the same way as it can to AuNPs (Fig. 1).

We found that MTT—AgNPs respond to Pb>" with a more obvious color change than that observed with other
metal ions, including Li*, Cd*", Co*", Na*, Ba®", Ni*’, Ca®*, Mg®", K*, As®", Ti*', Ga**, Hg*', Ge*", Zn*", and
Cr’". Moreover, the AgNPs-based system exhibited better sensitivity for the detection of Pb>" ions in neutral pH
solution. The absorption ratio (Agys/Ases) of the modified AgNPs in the pH-optimized system exhibits a linear
correlation over Pb”>" ion concentration range of 0.1~0.6 pg/mL, allowing the determination of Pb*" ion
concentration in aqueous samples within three minutes. Therefore, we suggest that an optimized MTT-AgNP
system can be used as a facile and low-cost sensor for on-site and real-time Pb*" ion detection. This technique

could have a wide range of practical applications.

Experimental

Materials

Silver(I) nitrate, sodium borohydride, ethyl chloroformate, acetone, and potassium thiocyanate were from
Sigma-Aldrich (St. Louis, MO, USA). Methylene chloride and HCl were obtained from J. T. Baker
(Phillipsburg, NJ, USA). The salts of the metal cations-Pb*’, Li*, Cd**, Co*", Na', Ba®*, Ni*', Ca®, Mg*", K,
As*, Ti*", Ga™, Hg®', Ge*', Zn>", and Cr’" were from Accu Standard (New Haven, CT, USA). pH paper was
obtained from Whatman International Ltd. (Maidstone, UK). HCl and NaOH were obtained from Samchun

Chemical (Gyeong gi-Do, Korea). Distilled water used in this work was obtained through a Milli-Q water

4
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purification system from Millipore (Bedford, MA, USA).

Apparatus

The absorption spectra of the AgNPs were recorded at room temperature using an S-3100 UV-vis
spectrophotometer S—3100 (Sinco, Seoul, Republic of Korea). UV—vis spectra were measured in the range of
300-800 nm using quartz cells of 1 mm path length. pH measurement was performed on a HI 2210 pH meter
(Hanna Instruments, Woonsocket, RI, USA). All IR spectra were measured using an FT-IR spectrometer
(Thermo Mattson, Infinity Gold FT-IR, Waltham, MA, USA) equipped with a mercury cadmium telluride
detector and a zinc selenide crystal attenuated total reflection device. Particle size distributions were measured
using a Zetasizer (Malvern Instruments Ltd., Worcestershire, UK). The image and the diameter of the
MTT-AgNPs and the Pb*'-induced aggregation of MTT-AgNPs were measured from a micrograph using a
CM30 transmission electron microscope (TEM) (Philips, NC, USA). TEM specimens were obtained by
depositing a dispersion of the AgNPs and evaporating the solvent. The concentrations of Pb>" in aqueous

solutions were measured using atomic absorption spectrometry (AAS) (Varian Inc., Palo Alto, CA, USA).

Preparation of MTT and AgNPs conjugated with MTT

MTT was synthesized according to a literature procedure,26 and MTT-conjugated AgNPs were then prepared
by a ligand-exchange reaction between MTT and borohydride-stabilized AgNPs. We synthesized ca. 10 nm
AgNPs by the reduction of silver nitrate using sodium borohydride. Typically, 25 mL of 1 mM silver nitrate was
added dropwise to 150 mL of 2 mM sodium borohydride solution chilled in an ice bath. The reaction mixture
was stirred for a total of 6 h under a nitrogen atmosphere (3 h) and air (3 h), and light yellow nanoparticles were
obtained. The ligand-exchange reaction was performed at room temperature by mixing 1 mL of the prepared
silver colloid with 1 mL of aqueous 0.1 mM MTT under stirring. 0~70 puL volumes of 0.1 mM MTT were added
to 1 mL of AgNPs to investigate their self-aggregation. No color change was observed in the MTT-AgNP
solution formed with the addition of MTT, which indicated that no self-aggregation of the MTT-AgNPs has

occurred.

Colorimetric detection of Pb*
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To evaluate the utility of our proposed method, the Pb** concentration in tap and pond water was quantified. Tap
water samples were obtained from our lab and pond water samples were obtained from a pond in our research
institute. Our method was validated using AAS. Prior to analysis, all samples were filtered using a syringe filter
(0.20 um pore size) to remove suspended particles, and 9 mL of the sample was mixed with 1 mL of 100 pg/mL
Pb>" to make a 10 pg/mL Pb*" stock solution. Approximately 0 — 10 pL of real water samples containing 0 — 1.0

ng/mL of Pb*" were added to 1 mL MTT-AgNPs, which were then analyzed by UV-vis spectrophotometry.

Results and discussion

AgNPs strongly absorb light in the visible region, where the frequency of the incident electromagnetic field is
resonant with the coherent oscillation of the electrons on the surface of the nanoparticles. This phenomenon is
called localized surface plasmon resonance (LSPR). A strong LSPR absorption peak appears at ca. 395 nm in
the UV—vis spectra of AgNPs, which results in AgNPs displaying a yellow color in solution (Fig. 1A). The
LSPR peak frequency is influenced by the size and shape of the nanoparticles, the refractive index of the

surrounding medium, and the degree of aggregation.”” >

Selectivity of MTT-Functionalized AgNPs for Pb*" ions

We synthesized MTT, a thiol-functionalized cyanuric acid,”® and prepared ca. 10 nm MTT—AgNPs using the
ligand-exchange reaction of AgNPs with MTT. The AgNPs size under these preparation conditions is much
smaller than that of the MTT-stabilized AuNPs synthesized in an earlier study (ca. 33 nm).25 The mean size of
the AgNPs was dependent upon the amount of sodium borohydride used and other preparation conditions. It is
known that the AgNPs size affects the surface plasma absorption maxima.

The AgNPs conjugated with MTT were well dispersed with a mean size of 10 nm and displayed a uniform
yellow color due to the strong LSPR at 395 nm. We hypothesized that MTT-AgNPs may be developed as a
simple colorimetric assay for the selective detection of metal ions. We found that addition of 0.4 ug/mL Pb*" to
MTT-AgNPs solutions rapidly induces color change from yellow to dark blue, due to the Pb** binding with
MTT and the decreasing distance between AgNPs. The UV-vis absorption spectrum of MTT-AgNPs in the

presence of Pb*" ions shows that the absorption band at 395 nm decreases and a new absorbance band at 625 nm

6
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increases (Fig. 1A). The absorption band at 625 nm could be attributed to coupled plasmon absorbance, caused
by contact with other nanoparticles due to the aggregation of AgNPs.

The selectivity of MTT-AgNPs sensors was also investigated using numerous metal ions, including Li",
Cd*, Co**, Na', Ba*", Ni*', Ca®", Mg*", K*, As®", Ti**, Ga*', Hg*', Ge**, Zn>*, and Cr’" at a concentration of 0.4
pg/mL. We observed that these metal ions induced a minor color change from light yellow to dark yellow
(Fig. 1B). The UV—vis absorption spectra of the MTT—AgNPs solutions in the presence of other metal ions were
also obtained (Fig. 1C), and the strong absorption band at 625 nm for MTT-AgNPs is notably unique for Pb>"
ion and can be differentiated easily from other metal ions.

The selectivity of AgNPs towards various metal ions was further studied by plotting the absorbance of the
MTT-AgNP solution in the presence of each metal ion. The selectivity of the optimized sensor for Pb*" ions
was evaluated by comparison of the absorbance ratio (Agys/Azgs) with that of solutions containing other metal
ions, as shown in Fig. 1D. A higher ratio was attributed to aggregated nanoparticles, which exhibited a sky blue
color, whereas a lower ratio indicated that the MTT—AgNPs had dispersed well.'® It was found that AgNPs
conjugated with MTT responded selectively to Pb*" ions, as indicated by the dramatic increase in the absorbance
ratio (Agzs/Azes). The absorbance ratio (Ags/Asgs) induced by the Pb*" ion was ca. 6-7-fold greater than those of
other metal ions, which indicated the unique interaction between MTT—AgNPs and Pb*" ions.

To further confirm the selectivity of MTT—AgNPs, we tested MTT—AgNP sensors with Pb>" ions in aqueous
solution mixed with other metal ions. These metal ions did not interfere with the determination of Pb** ion
concentration in aqueous solution, even when their concentrations were much higher than the Pb** concentration.

This is because metal ions other than Pb*>" do not produce an absorption band at 625 nm.

Sensing mechanism of AgNPs for Pb*" ions

Since the well-dispersed MTT—AgNPs are induced to aggregate by the addition of Pb*" through the
formation of the MTT—Pb*" complex, we propose a plausible mechanism for the colorimetric sensing of Pb*"
ions by AgNPs (Fig. 2A). Fig. 2B shows a hypothetical structure illustrating the coordinate bonds between the N
and O atoms of MTT and Pb*" ions. The amide NH was deprotonated at neutral pH, and the carbonyl group
seems to undergo resonance, imparting it with a partial negative charge.

The Pb*" ions are more selectively coordinated than the other metal ions because Pb>" is the only dipositive

/
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metal ion which is effective in promoting peptide nitrogen deprotonation,® and Pb*" ions can be coordinated by
the N and O atoms of MTT with higher affinity than any other metal ion. In addition, Pb>" exhibits a broad
range of coordination numbers from 2 to 12, whereas other metal ions are coordinated with fewer ligands
because of their rigid coordination geometry.'” This means that Pb*" jons can be coordinated and aggregated
more easily than other metal ions.

To investigate the sensing mechanism of AgNP nanoparticles for Pb** ions, we obtained IR spectra for
AgNPs, MTT, MTT-AgNPs, and Pb> ~MTT-AgNPs (Fig. 3). The IR spectrum of AgNPs does not show any
NH and C=0 peaks, as expected (Fig. 3A). The IR spectra of free MTT and AgNPs conjugated with MTT show
the characteristic NH band at 3210 cm™ and C=0 band at 1700 cm™', as shown in Fig. 3B and 3C, respectively.
In the IR spectrum of Pb>*~MTT—-AgNPs, the NH peak becomes very broad, and C=0 band is almost absent, as
shown in Fig. 3D. These changes in the C=0 and N-H peaks indicate that the Pb*" ion is coordinated with the N
and O atoms of MTT conjugated with AgNPs.

The TEM images and the size distribution of MTT—AgNPs in the absence and presence of Pb*" ions
(measured by a Zetasizer instrument) are shown in Fig. 4. Images of the MTT—AgNPs (Fig. 4A) and the Pb*'-
induced aggregation of MTT—-AgNPs (Fig. 4B) were acquired. The TEM images reveal that the size of each
MTT-AgNP and Pb> ~MTT-AgNPs are ca. 10 and 50 nm, respectively (similar to the results obtained from the
Zetasizer), and Pb>'~MTT-AgNPs are significantly more aggregated than MTT—AgNPs in the absence of the
Pb*" ion, as shown in Fig. 4B. The reason for the band shift and color change in the presence of Pb*" ions is also
illustrated by the TEM images. Specifically, surface electrons oscillated by light cannot homogeneously polarize
the nanoparticles of small dispersed AgNPs, and higher order modes at lower energies dominate, which can

cause a red shift and broadening of the localized surface plasmon band.

Optimization of the sensitivity of the MTT-functionalized AgNP sensor

Since MTT-AgNPs showed selectivity for Pb’", we examined the stability and sensitivity of the
MTT-AgNPs by controlling the relative amount of Pb**, the pH, and the concentration of MTT.

The performance of the developed Pb*" sensor was strongly influenced by the pH of the solution, because

media pH not only influences the interaction between MTT—AgNPs and Pb>" ions, but also affects the stability

Page 8 of 22
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of AgNPs (Fig. 2B). We examined the changes in color and absorbance of MTT—-AgNPs alone as a function of
pH, and there were no changes over the pH range 5-10 (not shown). However, the absorption ratio (Ags/Aszos)
for Pb>*~MTT-AgNPs at the pH range 7-8 increase dramatically (see Fig. S1 in the supporting information).
This indicates that the coordination bond between MTT and Pb*" is formed more easily at neutral pH. The first
pKa of MTT was predicted to be 6.7 (Marvin software, ChemAxon Ltd, Budapest, Hungary),; therefore, we
reasoned that MTT was bound through a carbonyl O atom and a deprotonated N atom to Pb*" as the dianionic
N,O-bidenate form at neutral pH (The pKa of cyanuric acid is 6.8).>” The amide NH was deprotonated at neutral
pH, and the carbonyl group appears to undergo resonance, which imparts partial negativity to the CO™ moiety.
Under more basic conditions, more hydroxyl (OH") groups in the solution may interact with the Pb*" ions,
which may result in the inhibition of coordination between Pb*>* and MTT.*"*? The pH range 7-8 was suitable
for this assay in terms of the sensitivity of MTT—AgNPs towards Pb*" ions, but the selectivity of the method at
pH 8 was much better than that of pH 7; we selected pH 8 as the optimum pH.

In addition, various concentrations of MTT in AgNP solutions with a 0.4 ng/mL Pb*" ion concentration were
tested, and their UV—vis spectra and absorbance ratios (Ags/Aszos) were monitored to identify the optimum
concentration of MTT for AgNP aggregation. We found that the color change of AgNPs in 0.4 pg/mL Pb*" ion

concentration was optimized at ca. 30-35 uL of MTT (see Fig. S2 in the supporting information).

The color change induced by Pb*" ions can be monitored by UV—vis spectrometry, and these color changes
depend on the concentration of Pb*>" ions. The color of the AgNPs changed progressively from yellow to dark
blue in accordance with the increase in Pb®" ion concentration, as shown in Fig. 5A. An increase in the
absorbance in the 625 nm region and a concomitant decrease in the intensity of the LSPR peak at 395 nm were
observed with increasing Pb*" ion concentration (0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 pg/mL) in MTT-AgNP
solutions as shown in Fig. 5B. The absorbance ratio (Agys/Azgs) was measured three times at each Pb*" ion
concentration for the quantitative analysis of the Pb*" ion, as shown in Fig. 5C. Linear regression analysis of the
calibration curve with error bars was performed and good linearity (correlation coefficient, 2= 0.992) was

obtained within the concentration range of 0.1-0.6 pg/mL in pond water. A limit of detection (LOD) of 0.06

pg/mL [30/slope] in pond water was derived for this colorimetric probe, and an LOD of 0.02 pg/mL in tap water
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was obtained.

These color changes seem to represent the relative amounts of aggregated and monodispersed AgNPs. We
examined the aggregation kinetics of MTT-AgNPs reacting at various Pb>" ion concentrations by monitoring
the absorbance ratios (Agss/395), since a sensor with a fast response at room temperature would be highly
desirable for on-site and real-time detection. It was found that a 3 min reaction time was required regardless of

the Pb>" ion concentration as shown in Fig. 6.

Application of the MTT-functionalized AgNP sensor in real water samples

In order to validate the present method, we tested its colorimetric response in real water samples. The
concentrations (0.3 and 0.5 pg/mL) of Pb>" ions spiked in tap and pond water samples were measured by the
MTT-AgNPs colorimetric probe and AAS. As shown in Table 1, the analytical results of the developed
colorimetric sensor are similar to those monitored by AAS. Furthermore, the determination of Pb*" ions has

been performed with pond water from the garden in our research institute containing complex media. Pb*" was

not detected within the LODs (0.06 pg/mL) by either the colorimetric AgNP probe or AAS, as shown in Table 2.

Therefore, the use of this colorimetric AgNPs-based probe for the detection of Pb*" ions in aqueous samples
could be an improvement on currently used instrumental methods in terms of cost, simplicity, and time.

The sensitivity of this colorimetric sensor was compared to those of earlier methods using nanoparticle
sensors (Table 3)."72%*37¢ Also, we attempted to apply our method to bovine serum to evaluate the possibility of
biological application. However, the method was not applicable this situation because Pb”" has a strong affinity

to proteins.’” Thus, this sensor will be solely applied to environmental samples.

Conclusions

In this paper, we developed a novel sensitive and selective sensor for the visual detection of Pb>" by means
of the color change associated with AgNP aggregation. This method offers several advantages over the existing
Pb*" detection techniques. Firstly, the method does not require expensive or complicated instrumentation, which

simplifies operations and reduces the associated costs. Secondly, it allows detection of concentrations as low as

10
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0.02-0.06 pg/mL to be achieved visually within 30 min, resulting in the rapid and sensitive detection of Pb>"

ions. Finally, this sensor exhibits excellent selectivity for Pb*" over other metal ions.
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Table 1. Concentrations of Pb*>" ion spiked in tap and pond water samples measured by the MTT-AgNP

colorimetric probe and AAS.

Content of Pb”" ion added to tap and pond water samples (n = 6)

Colorimetric probe AAS

Sample  Added Detected Coefficient Recovery LOD Detected

amount amount of Variation (%) (png/mL) amount

(ng/mL) (ng/mL) (%) (ng/mL)
Tap 0.3 0.29+£0.01 3.9 98.8 +£3.91 0.02 0.30+£0.01
water 0.5 0.51+£0.01 1.7 100+ 1.75 ) 0.50+£0.01
Pond 0.3 0.27+£0.01 3.8 90.1 £3.49 0.06 0.29£0.01
water 0.5 0.51£0.03 5.0 101 +8.50 ) 0.50+£0.02

Table 2. Analytical results for the detection of Pb*" in real water samples obtained from a pond located at

Korean Institute of Science and Technology.

Content of Pb”" jon (png/mL)

Sample Colorimetric probe AAS
Pond water <0.06 <0.1
14
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Table 3. Comparison of nanoparticle-type sensors proposed for detection of Pb** in the literature

Analytical technique Sample matrix ~ Nanoparticles LDR* LOD® Ref.
type
Colorimetric Lake water AuNPs 0.1-10 uM 100 nM 20
sample
Colorimetric Cell AuNPs 1-10 uM 1M 19
FRET® Shrimp or fish AuNPs- 0.1-100 nM 50 pM 33
aptamer-bsed
Colorimetric Tap&Drinking AuNPs 16 -100 uM 16 nM 34
water
DLS? Drinking AgNPs 0.25 pM—0.25 0.25 pM 35
water uM
Colorimetric Lake water AgNPs 0.5—-4uM 0.5 uM 36
This method Tap & Pond AgNPs 1.2-7.3 uM 96.5 nM(Tap water) This
-colorimetric water 289 nM(Pond water)  study

* LDR: Linear dynamic range

" LOD: Limit of detection

¢ FRET: Fluorescence Resonance Energy Transfer
4 DLS: Dynamic Light Scattering

15
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Figure Captions

Fig. 1 (A) Visual colors and UV-Vis spectra of aqueous AgNP (a), MTT-AgNP (b), and Pb>’ ~-MTT—AgNP (c)
solutions upon addition of 0.4 pg/mL Pb*". (B) Visual color change of the MTT-stabilized AgNPs upon addition
of 0.4 pg/mL metallic ions (Pb*", Li*, Cd*, Co*", Na*, Ba*", Ni*', Ca®*, Mg*, K', As™, Ti*', Ga**, Hg*', Ge"',
Zn**, or Cr’* ions). (C) UV-vis absorption spectra of the MTT-stabilized AgNPs upon addition of 0.4 pg/mL
metallic ions. (D) The corresponding absorbance ratios (Ags/Ajes) in the various metallic ions including the

Pb*" ion.

Fig. 2 (A) Schematic diagram of the aggregation of MTT—AgNPs reacted with the Pb>" ion and the associated

color change. (B) A hypothetical coordination bond between Pb*" ions and MTT bound to a AgNP.

Fig. 3 FT-IR spectra of (A) AgNPs, (B) MTT, (C) MTT-AgNPs, and (D) Pb**~MTT—-AgNPs.

Fig. 4 (A) TEM image and size distribution of MTT—AgNPs in the absence of Pb** ions. The mean diameter of
MTT-AgNPs is ca. 10 nm. (B) TEM image and size distribution of MTT—AgNPs in the presence of Pb*" ions.

The mean diameter of MTT—AgNPs is increased to ca. 50 nm by aggregation.

Fig. 5 (A) Color change of AgNPs functionalized with 1 mM MTT solution upon addition of five different
concentrations of Pb*" jons under the optimized conditions. (B) UV-Vis absorption spectra of AgNPs
functionalized with 1 mM MTT at a Pb>" ion concentration of ca. 0.1-0.6 pg/mL. (C) The corresponding
Agrs/Azos ratios in the UV-Vis absorption spectra of MTT-AgNPs as a function of the Pb>" ion concentration (y=

1.617x - 0.125, r* = 0.992).

Fig. 6 Plots of the time-dependent absorption ratio (Agys/Azes) over 15 min in the presence of varying

concentrations of Pb*" ions.
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