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Toward the goal of detecting toxic elements and removing them from drinking water, we report herein
the utilization of Acid Red 94 (AR94) in sensing the hazardous metal ions in water. Among the various
examined metal ions (Ag*, Pb%*, K*, Mn?*, Zn?*, La®*, Hg®", Ca®*, Cd?*, Co?", and Ni%™), the UV-visible
absorption spectra showed high selectivity and sensitivity for toxic silver and lead metal ions in an
aqueous solution. The observed absorption spectral changes and the rapid color changes confirm
complex formation between AR94 and both Ag* and Pb?* metal ions. The emission measurements
showed the significant fluorescence quenching of the singlet excited state of AR94 in the presence
of Ag™ and Pb?" metal ions suggesting the formation of an irradiative dye—metal complex under the
prevailing experimental conditions. In order to remove the accumulated complexes of AR94 with
silver metal ions, safe and harmless mesoporous titanium dioxide was utilized efficiently in
removing the complexes with adsorption capacities of 91% at 30 minutes. These findings suggest
a simple, fast and efficient method for both detecting silver in water, and removing the formed
AR94-metal complexes in water. In addition, AR94 is shown to be a good sensor for the presence of
Ag and Pb nanoparticles, NPs, in aqueous solution. The absorption and emission spectra of AR94
showed significant changes that may be rationalized by the strong electromagnetic coupling
induced by NPs plasmonic effects. These findings render AR94 a sensitive and selective sensor and

Received 18th January 2019
Accepted 21st February 2019

DOI: 10.1039/c9ra00464e a visual indicator for the qualitative and quantitative detection of silver ions, lead ions and their

rsc.li/rsc-advances nanoparticles.

pressure, kidney damage,® and diminished learning abilities in

1. Introduction ; ) ) )
children.” Although many people think that silver has no toxic
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Chemical sensors are becoming more and more important in
our life due to their use in several fields including; chemistry,
medicine, the environment, food, and agriculture.** As is well
known, metal ions cause many problems in the human body if
they are found in large amounts. Among the various metal ions,
lead can spread out across water causing serious environmental
and health problems.>* When lead ions are absorbed by the
human body, they can replace some important elements in our
body like Zn>" and Ca®" in hydroxyapatite in bones, which will
cause huge damage to bones.* In addition, drinking water could
be polluted with lead ions through the corrosion of pipes and
this can cause some health troubles, e.g., anemia,’® rising blood
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side effects, silver toxicity has become a big problem in recent
decades.®

Recently, considerable efforts have been paid to developing
highly selective and sensitive fluorescent probes for detection
and removal of the toxic and radioactive species in drinking
water.>™ El-Nahass et al. developed a number of fluorescent
chemosensors for metal ion detection in the environment.****
Also, J. Yoon et al.*® succeeded in designing fluorescent probes
for the selective and sensitive detection of some metal ions,
such as Cu®*, Hg**, Zn**, Pb**, Cd**, Ag" and Au’", by intro-
ducing various ligands to core fluorophores, such as rhoda-
mine, fluorescein, pyrene, anthracene, naphthalimide,
coumarin, and BODIPY.

Herein, we report the selective and sensitive detection of silver
and lead as hazard metal ions using a cheap and easily prepared
Acid Red (AR94) dye. As is known, AR94 dye is a good probe for
monitoring electrostatic interactions and hydrogen bonding
interactions,**** and is widely used in photocatalytic reactions. To
our knowledge, utilizing AR94 as a sensitive chemosensor is
rarely reported in the literature. Furthermore, our main goal
aimed at studying the ability to use Acid Red 94 dye as
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a fluorescent chemosensor for the detection of metal ions such as
lead and silver qualitatively (using naked eye detection) and
quantitatively (using spectroscopic techniques at low concentra-
tion levels). Since the fabrication of nanoparticles (NPs) has
attracted great attention in a wide range of environmental and
technological applications in recent years, we have examined the
electronic interactions of AR94 with silver and lead nanoparticles
(NPs). As is well known, NPs exhibit different electrical, optical,
magnetic, and chemical properties compared to their bulk
counterparts, Ag* and Pb>* metal ions.?*** Finally, TiO, meso-
porous materials have been used as safe and harmless materials
for the removal of the accumulated AR94-Ag" complexes from
the water under UV radiation in a fast and efficient way.

2. Experimental section

2.1. Materials

Acid Red dye (AR94) was purchased from TCI and used without
any further purification. The metal salts as AgNO3, Pb(NO3),,
KCl, MnCl,-4H,0, LaCl;-7H,0, ZnCl,-4H,0, HgCl,-2H,0,
CaCl,-2H,0, CANO;-4H,0, CoCl,-6H,0, NiCl,6H,0, Pb(CH;-
COOH), and Ag,SO, were obtained from Merck-Aldrich and
used without purification. Trisodium citrate, sodium borohy-
dride, Triton-X-100, cetyl trimethyl ammonium bromide (CTAB)
and titanium butoxide were used as received from Aldrich.

2.2. Synthesis

2.2.1. Synthesis of colloidal AgNPs. Typically, 50 ml of
0.001 M AgNO; was heated till boiling. To this solution, 5 ml of
1% trisodium citrate was added drop by drop and this was
mixed vigorously. The solution was kept under continuous
stirring at room temperature.** Silver ions were reduced by tri-
sodium citrate, which prevents the aggregation of the silver
nanoparticles and stops them becoming larger. The concen-
tration of the synthesized silver nanoparticles was calculated
using the following equation;*

mpD?

N="m

Na

where N is the number of atoms per nanoparticle, D is the
diameter of the AgNPs which was obtained from the TEM image
(18 x 1077 cm), p is the density of fcc Ag (10.5 g cm™3),> M is the
atomic mass (107.68 g mol™ '), and N, is the Avogadro number.

N =3.14 x 10.5 x (18 x 1077)*/(6 x 107.68) = 179251.59

The molar concentration of the AgNPs solution, C, can be
calculated using the following equation:

_ N, total
NVNp

where Ny is the total number of Ag atoms (equivalent to the
initial amount of its salt added to the reaction solution = 3.11 x
10'%), and V is the volume of the reaction solution in litres =
0.05 ml.
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C =3.11 x 10"/(0.05 x 6.023 x 10* x 179251.59)
=3.11 x 10" /(5.39 x 10%)
=57x10° M

2.2.2. Synthesis of PbNPs. 3.3 g of lead nitrate was added to
50 ml deionized water, followed by the addition of Triton-X-100
(0.5 ml) to make a 1% surfactant solution and this was stirred
until a clear solution at room temperature was obtained. An
aqueous solution of NaBH, was then slowly injected into the
solution. During this addition, the clear solution turned black,
indicating the formation of Pb nanoparticles. The product was
collected by centrifuge and washed several times with water and
ethanol, then left to dry at 60 °C all night.”® The concentration of
the prepared solution of PbNPs was found to be 0.02 M.

2.2.3. Synthesis of mesoporous TiO,. Mesoporous TiO, was
prepared via a sol-gel method. To synthesize titanium oxide
nanoparticles, titanium butoxide (10 ml) was added dropwise to
a solution containing 75 ml of deionized H,O and 2 g of CTAB
under vigorous stirring at 80 °C for 24 h. Then the resultant
white gel suspension was filtered, washed several times with
deionized water and ethanol, and then dried at 80 °C for 24 h.
The obtained sample was thermally treated and calcined at
450 °C for 4 hours using a Muffle furnace with a heating rate of
5°C min ..

2.2.4. Catalytic experiments. In order to get rid of the
accumulated complex of AR94 with silver metal ions, the safe
and harmless mesoporous titanium dioxide was utilized effi-
ciently as an adsorbent for the removal of the formed complex.
The catalytic degradation of the AR94-Ag" complex solution was
performed by adding 0.01 g of mesoporous TiO, to 50 ml of
AR94-Ag" solution and increasing the radiation time using a UV
lamp at 365 nm. Before irradiation, the suspensions were stir-
red in a shaker water bath for a period of time to establish an
adsorption/desorption equilibrium. The lamp was turned on 15
minutes prior to the reaction in order to attain a constant
output of light intensity. The reaction mixtures in the flasks
were shaken with simultaneous illumination and aliquots were
drawn at regular intervals of time from 2 to 30 minutes, until
equilibrium was reached. The absorbance of both elements of
the complex after the adsorption process at equilibrium was

estimated using steady-state absorption and emission
techniques.
2.2.5. Instruments. The sensing process was investigated

and confirmed by means of various spectroscopic techniques.
UV-visible absorption spectra were recorded using a JASCO
spectrophotometer (model V-780) in the UV-visible-near
infrared region. Fluorescence spectra were recorded with
a JASCO spectrofluorometer (model FP-8300). FT-IR spectra
were recorded with JASCO FT/IR-4100 within the range of 400-
4000 cm ", The fast reactions of acid red dye with silver metal
ions were detected using stopped-flow techniques. Small-angle
powder X-ray diffraction (XRD) measurements were recorded at
room temperature using a GNR, APD 2000 PRO step scans X-ray
diffractometer, with Cu Ko radiation (40 kv, 30 mA), and
a scanning range of 0-8° (26), with a step of 0.02°. The pore
shape and ordering of the mesostructured materials were

This journal is © The Royal Society of Chemistry 2019
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examined and photographed using JEOL-JEM-100 SX trans-
mission electron microscopy (TEM). Nanosecond transient
absorption studies were performed using a nanosecond laser
flash photolysis technique (LP980, Edinburgh Instruments,
UK). The instrument was connected with a tunable laser source
(NT342B-10, Ekspla).

3. Results and discussion
3.1. Interaction of AR94 and Ag" metal ions

Fig. 1 shows the UV-visible absorption spectra of AR94 in the
absence and presence of metal ions. As shown, the UV
absorption spectrum of AR94 exhibited an absorption
maximum at ~520 nm. Upon addition of the examined metal
ions (K*, Hg>*, Ccd**, Ni**, Zn”", Ca®*, Cu®*, La*, and Mn”"), the
absorption spectrum of AR94 is kept almost the same suggest-
ing no interactions between AR94 and these metal ions (ESI,
Fig. S1-547). In the presence of AgNOj3, it was interesting to see
a rapid change of the color of AR94 from pink to violet color. In
addition, the absorption spectrum of AR94 showed a consider-
able decrease of the intensity at 520 nm, with an accompanying
increase of a new band at longer wavelength (~600 nm). This
observation suggests the formation of a ground state complex
(AR94-Ag). As seen from Fig. 2A, the absorption intensity of the
formed complex increases with increasing the concentration of
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Fig. 1 UV-visible absorption spectra of AR94 in the absence and

presence of lead and silver metal ions in water.
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Ag metal ions. The existence of an isosbestic point at 580 nm
confirms the formation of two species in equilibrium.

In a complementary experiment, the fluorescence spectra of
AR94 in the absence and presence of AgNO; were recorded in
water, and are shown in Fig. 2B. Upon addition of different
amounts of Ag" metal ions, it was found that the characteristic
emission of the singlet state of AR94 at ~560 nm is heavily
quenched with a considerable small blue shift suggesting the
formation of a non-emissive complex. Similar fluorescence
quenching features were observed with the interaction of AR94
and silver sulfate. The calculated quenching rate constant of
AR94-Ag,SO, was found to be higher than that of AR94-AgNO;.
This finding could be rationalized by the high negative charge
density and high hydration energy of sulfate ions compared
with nitrate ions.

Powerful nanosecond laser photolysis will also be utilized to
examine the interaction between the excited AR94 and Ag ions in
water. As is well known, nanosecond transient absorption spec-
troscopy is useful in measuring the kinetics of a population and
decay of states following an initial excitation pulse.*”*® Fig. 3
shows the transient absorption spectrum of AR94 in an oxygen-
free water solution obtained using excited 576 nm laser light.
As shown, the transient spectrum exhibited absorption bands at
380 and 460 nm. The decay rate of the triplet excited state at
460 nm was determined to be 5.71 x 10* s~".2?° Upon addition
of different concentrations of AgNO;, it was found that the
transient spectra significantly decreased and the decay profiles of
the triplet state at 460 nm were getting much faster. These
findings confirm the interaction between the excited AR94 and
the silver ions in an aqueous solution.

By measuring the kinetics of the fast reaction between AR94
and Ag metal ions, Fig. 4 shows the following observations: (i) the
decay of the absorption band of AR94 is accompanied with the
formation of an AR94-Ag complex, (ii) the reaction between Ag
and AR94 is almost complete after 20 minutes, and (iii) the rates
of complex formation increase with increasing the concentration
of Ag metal ions. When increasing the concentration of added
AgNO; from 4.5 x 107° to 1.1 x 10> M, the reaction rates
increase from 6.0 x 1073 to 3.4 x 10~> min ", respectively.

The complex formation between AR94 and Ag' has been
evidenced using an FTIR technique. As seen from Fig. 5, the free
dye showed peaks at about 1547, 1492, and 1448 cm ™', which
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(A) UV-visible absorption spectra and (B) emission spectra of AR94 with the addition of different concentrations of AQNO3; Aex = 460 nm.

(C) Stern—Volmer plots for the fluorescence quenching of AR94 in the presence of Ag metal ions in water.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (A) Kinetics measurements of the rapid interaction of AR94 dye with Ag* metal ions. (B) Rate of reaction between dye and Ag* metal ions
measured at different wavelengths. (C) Relation between ks and concentration of silver nanoparticles.

are ascribed to the characteristic absorption of the vibration of
the aromatic ring frame of AR94. A peak at 1235 cm™' was
recorded and corresponds to C-O-C groups. The observed peaks
at 1613 and 1339 cm ™ could be attributed to the asymmetric and
symmetric stretching vibrations of COO™, respectively. The
characteristic absorption bands of C-Cl stretching vibrations and
Na-O bonds were observed at 759 and 1020 cm™*, respectively.
When turning to the AR94-Ag complex, new peak was recorded at
1110 cm ™" that can be assigned to the characteristic Ag-O bond,

confirming the formation of an AR94-Ag complex (Scheme 1).%***

3.2. Interaction of AR94 and Pb>* metal ions

The selectivity of AR94 for Pb>" metal ions has also been
investigated by measuring the absorbance and emission spectra

—— Complex
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— Dye
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Fig. 5 FTIR spectra of AR94 (lower panel) and the AR94-Ag complex
(upper panel).
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(Fig. 6). Upon adding different concentrations of Pb** metal
ions, the UV-visible absorption spectra of AR94 showed
a significant decrease in the absorption intensity, accompanied
with the formation of an isosbestic point at 580 nm and a new
peak around 600 nm. Additionally, an observable change in the
color from pink to violet by the addition of Pb*>" metal ions has
been noticed. These observations suggest the formation of a fast
ground state complex (AR94-Pb**). Similarly, the fluorescence
intensity of the singlet AR94 dye showed a significant quench-
ing was observed with the addition of various amounts of Pb>*
metal ions. The quenching follows the Stern-Volmer relation
(Io/I =1 + Ksy[Q]), where I, and I are the emission intensities of
AR94 in the absence and presence of a quencher of concentra-
tion [Q], respectively, and Ksy is the Stern-Volmer quenching
constant. The Stern-Volmer plots show an upward curvature,
especially at higher concentrations, confirming the static
quenching (Fig. 6). This higher quenching of AR94 in the
presence of lead acetate was found to be higher than that of
AR94/lead nitrate, which may be explained by the high pK, and
high protonation energy of acetate anions compared to nitrate
anions.* It is most likely that the high selectivity of Acid Red 94
towards Ag* and Pb>" metal ions may be related to the their
appropriate ionic radii (115 and 119 pm for Ag and Pb,
respectively).** In addition, the formation of the complex
between AR94 and Pb** has been confirmed by FTIR analysis. As
seen from Fig. 7, a new band centered at 716 cm ™" has been
observed that can be attributed to Pb-O bond vibrations and
confirms the formation of AR94-Pb complexes.**

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (A) UV-visible absorption spectra and (B) emission spectra of AR94 in the absence and presence of Pb>* metal ions in water. (C) Stern—
Volmer plots for the fluorescence quenching of the singlet AR94 in the presence of lead metal nitrate and lead acetate in water.

3.3. Interaction of AR94 with silver and lead nanoparticles

3.3.1. Characterizations of silver and lead nanoparticles.
Fig. 8A shows the X-ray diffraction pattern of the synthesized
PbNPs. The XRD peaks correspond to the face-centered cubic
crystal structure of Pb standard diffraction (JCPDS card number:
02-0799)."* The (26) peaks positioned for Pb at 30.34, 37.33, 52.32
and 65.36° correspond to the reflection lattice planes of (111),
(200), (220) and (222), respectively. From the Scherrer equation, it
seems that the size of the PbNPs is about 45 nm. Fig. 8B shows
the absorption spectra of the synthesized PbNPs and AgNPs. As
can be seen, the UV absorption spectra for PbNPs and AgNPs
exhibit an intense peak at 230 nm and 415 nm respectively,
confirming the formation of NPs. Fig. 8C shows a scanning
electron microscope image which confirms the spherical shape of
PbNPs and their purity has been confirmed by the EDX picture
shown in Fig. 8D. It was found that PbNPs are 92.49% of the

— Pb complex
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4000 35’00 30’00 25‘00 20‘00 15‘00 10‘00 560

Wavenumber / cm-1

Fig. 7 FTIR spectra of the AR94—Pb complex.

This journal is © The Royal Society of Chemistry 2019

sample and the other 7.5% was the carbon grade of the test. TEM
images showed the spherical shape of AgNPs with an average size
of about 18 nm (Fig. 8E), while the size of the PbNPs was deter-
mined to be in the range of 18 to 25 nm with the effect of the
surfactant Triton-X-100 (Fig. 8F).

3.3.2. Effect of AR94 with AgNPs and PbNPs. Fig. 9 shows
the absorption and emission spectra of AR94 in the absence and
presence of different concentrations (0.25-4.7 x 10~ '° M and
0.5-5.3 mM) of AgNPs and PbNPs, respectively. Upon increasing
the concentrations of AgNPs, the absorption spectra decrease
gradually accompanied by the formation of a new absorption
band of AR94-AgNPs in the visible region at 580 nm. Addi-
tionally, two isosbestic points at 470 and 570 nm were observed
with an instantaneous color change to violet. Similar absorption
features were recorded for the interaction of AR94-PbNPs,
where the absorption band of AR94 decreases accompanied by
the complex formation in the range of 600-800 nm. Two iso-
sbestic points at 535 and 560 nm were recorded, along with
a quick color change from pink to violet, confirming the
complex formation. Compared to the corresponding absorption
spectra measured in the case of Pb** metal ions, dramatic
changes in the shape and position of the formed complex have
been noticed, which may be due to strong electromagnetic
coupling between the metal and the dye, induced by PbNPs
plasmonic effects.

However, as the concentration of Ag*/Pb** metal ions and/or
NP quencher increases, the positions of the fluorescence bands
do not change despite the substantial decrease in the fluores-
cence intensities. This indicates the absence of significant
molecular interactions under the prevailing experimental

RSC Adv., 2019, 9, 8355-8363 | 8359
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Fig. 8 (A) XRD pattern of lead NPs,

(B) UV-visible absorption spectra of lead and silver NPs, (C) SEM image of lead NPs, (D) EDX of lead NPs, (E)

TEM image for silver NPs, and (F) TEM image of lead NPs.

conditions. Generally, from the notable spectral and fast color qualitative and quantitative detection of the used metal ions
changes of the investigated acid dye upon addition of the and could be used as a visual indicator.

synthesized NPs, we conclude

that the investigated dye can Despite the importance of AR94 acting as a sensor for metal

potentially become a sensitive and selective sensor for the ion detection, there must be a way to get rid of the accumu-

lated complex (AR94-Ag), which will negatively affect the
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Fig.9 UV-visible absorption spectra and emission spectra of AR94 in the absence and presence of different concentrations of the synthesized
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Fig. 11 UV-visible absorption spectra of removing AR94-Ag* complexes using mesoporous TiO, under continuous UV radiation.

water. Therefore, we have synthesized mesoporous titanium
dioxide, which is a safe and harmless material, in order to
remove these complexes. Fig. 10A shows a representative XRD
pattern of mesoporous TiO,. As can be seen, all peaks can be
indexed to the pure structure of TiO, without any impurities
and the broadening of the peaks is due to the small size of the
nanoparticles. The (26) peaks positioned for TiO, at 25.02,
37.05, and 47.82, correspond to the reflection lattice planes of
(101), (004), and (200), respectively.* Fig. 10B shows a TEM
image that further reveals the porous nature of the materials.
The pores in the mesoporous spheres (~5 nm) are clearly
observed. The mesoporous spheres are composed of a lot of
interconnected nanoparticles with sizes around 10 nm, which
is compatible with results calculated theoretically using
Scherrer’s equation.

Fig. 11 shows the degradation of the AR94-Ag complex
solution on adding 0.01 g of mesoporous TiO, with increasing
the radiation time using UV lamp at 365 nm. Before irradiation,
the suspensions were stirred in a shaker water bath for a period
of time to establish the equilibrium. As can be seen, the
absorption of AR94-Ag complex decreases gradually with time.
This can be rationalized by the adsorption of the complex on the
surface of mesoporous TiO,. The removal efficiency was deter-
mined to be 91% at 30 min. The high and fast efficiency of using
mesoporous TiO, to remove the free AR94 could be rationalized
by the generated electrons and holes in the conduction band
and valence band of TiO,, generated by UV irradiation,

This journal is © The Royal Society of Chemistry 2019

respectively. The electrons in the conduction band can react
with oxygen to produce superoxide radical anions O, " .***
These superoxide radical anions further produce hydroxyl
radicals as well as reacting with a proton to form hydroperoxyl
radicals (HO,"). The positive hole can oxidize hydroxide ions (or
water molecules) adsorbed on the surface of TiO, particles to
produce hydroxyl radicals.*® The generated radicals are usually
reacting with AR94 followed by the formation of several inter-
mediates, and it is most likely that it is finally mineralized into
carbon dioxide and water.

The observed rate constants for the photocatalytic degrada-
tion of this complex with mesoporous TiO, were determined
using the relation: In(C/C°) = —kopst, where C° (mg L") is the
initial concentration and k,,s depends on the initial concen-
tration (C°).***° From the linear plot of In(C/C°) with irradiation
time, the degradation rate (k) of the complex in the presence of
mesoporous TiO, was found to be 0.063 min.

4. Conclusion

Herein, we report the utilization of the commercial AR94 dye
as a sensor for the detection of toxic lead and silver metal ions
in water. The interaction between AR94 and both metal ions
was proved quantitatively by the absorption and fluorescence
spectral changes, and qualitatively by the rapid color change
from a pink color (for AR94) to a violet color (for the AR94-Ag
complex). The removal of the accumulated complex (AR94-Ag)
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was successfully performed using safe and harmless meso-
porous titanium dioxide with an adsorption capacity of 91% at
30 min. The high and fast efficiency of mesoporous TiO, was
due the generation of radicals which usually react with the
free dye particles followed by the formation of several inter-
mediates which are finally mineralized into carbon dioxide
and water. So, the removal process in water was easy and safe
as the complex is adsorbed on the mesoporous TiO,.
Furthermore, the interactions between AR94 and the fabri-
cated Ag and/or Pb nanoparticles have been examined.
Compared to the corresponding UV-visible absorption spectra
measured in the case of Ag” or Pb*>" metal ions, dramatic
changes in the shape and position of the formed complex have
been noticed, which may be due to strong electromagnetic
coupling between the metal and the dye, induced by NPs
plasmonic effects. From the notable spectral changes and fast
color changes of AR94 with the addition of silver, lead and
their nanoparticles, we conclude that AR94 can potentially
become a sensitive and selective sensor for the qualitative and
quantitative detection of the used metal ions and could be
used a visual indicator.
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