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A facile, selective and highly sensitive method is proposed for colorimetric detection of manganese ions
using 4-mercaptobenzoic acid (4-MBA) and melamine (MA) modified silver nanoparticles (AgNPs). The
presence of Mn?* induces the aggregation of AgNPs through cooperative metal-ligand interaction,
resulting in a color change from bright yellow to purple. The cofunctionalized AgNPs showed obvious
advantages over the ones functionalized only by 4-MBA or MA in terms of selectivity. Mn®* could be
monitored by colorimetric response of AgNPs by a UV-vis spectrophotometer or even naked eyes. The
absorbance ratio (Asso nm/A4o0s nm) is linear with the concentration of Mn?* ranging from 5 x 10~ 7 mol/L
to 1x10~°>mol/L with a correlation coefficient of 0.993, and the detection limit is as low as
5 x 1078 mol/L. Particularly, this cost-effective process also allowed rapid and simple determination
of the Mn2?™ in drinking water.
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© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Some metal ions are crucial components of living organisms,
serving as cofactors for numerous proteins with diverse functions
[1]. Mn?~ is one of essential trace elements, and it is an important
component of several endogenous antioxidant enzymes, such as
catalase and superoxide dismutases [2]. It is significant for the
metabolism of our body and various biological processes below
certain amounts. However, uptake of high concentration of Mn?* is
harmful and causes central nervous system disorders, such as
Parkinson’s disease and so on [3]. Therefore it is necessary to
develop methods for detecting it at low concentrations in samples
with great precision and accuracy.

In recent years, various methods for the determination of
manganese have been reported, including electron spectroscopy
[4]. Diphenylphosphine (DPP) [5], chemical modifer-Electrother-
mal Atomic Absorption Spectrometry (ETAAS) [6], and crosslinked
chitosan-Flame Atomic Absorption Spectrometry (FAAS) [7]. More
recently, Goodwin and co-workers have proposed a method for the
detection of manganese in seawater by a cathodic stripping
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voltammetry using a boron-doped diamond electrode [8]. Robaina
reported a sensor for the direct determination of manganese in
waters extracted during petroleum exploitation by Electrothermal
Atomic Absorption Spectrometry (ET AAS) using Ir-W as permanent
modifier [9]. Jaime and co-workers proposed a spectrophoto-
metric method to quantify dissolved manganese in marine pore
waters, using Cadmium (II) meso-Tetrakis (4-sulfophenyl) porphyrin
(Cd-TSPP) complex as an indicator [10]. However, most of these
techniques need costly instruments or complex procedures, making
them inconvenient and time-consuming [11].

Colorimetric sensors have attracted increasing consideration
for their convenience of visual observation and simple operations
in recent years [12-17]. Compared with other assays, they allow
direct and on-site analysis of the samples with the naked eye.
Among colorimetric sensors, Ag nanoparticles-based colorimetric
sensors have many advantages over gold nanoparticles-based
ones, such as higher extinction coefficients and lower prices,
allowing detection with minimal material consumption [18].
Thus, glutathione-stabilized silver nanoparticles have been used
to determine Ni?* [19]. Bifunctionalized triazole-carboxyl AgNPs
have been used to recognize Co’* in aqueous solution [20].
However, the challenge to produce a colorimetric sensor for
metallic ions detections is to find a suitable mediator to modify
the surface of silver nanoparticles, which links AgNPs together
through metal-ligand interaction.

In this paper, Ag nanoparticles modified with 4-mercaptobenzoic
acid and melamine were used as selective colorimetric sensors for
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Mn?*. As far as we know, —SH of 4-Mercaptobenzoic acid and -NH,
of melamine can both interact with AgNPs. As a result, the group -
COOH of 4-Mercaptobenzoic acid and -NH, of melamine were
modified on the surface of Ag nanoparticles together. It has been
reported that both of the two groups have strong affinity to metal
ions [21,22]. Based on this fact, AgNPs capped with 4-MBA and
melamine aggregated in the presence of Mn?* because of the
ion-templated chelation. The cofunctionalized silver nanoparticles
with -COOH and -NH, can have a cooperative effect on the
recognition of Mn?™, resulting in appreciable changes in color by
naked eyes and absorption properties over other metal ions tested.
To the best of our knowledge, this is the first report of Mn?*
colorimetric sensor using Ag nanoparticles. To demonstrate the
practicality of the present approach, it has been successfully applied
to determine the concentration of Mn?* in drinking water.

2. Experimental
2.1. Chemicals and materials

All reagents were of analytical grade and used without further
purification. Solutions were prepared using high pure water with a
resistance of 18 MQ.cm. 4-MBA was bought from Tokyo Chemical
Industry Co., Ltd (Japan). Melamine was purchased from Sigma
(USA). AgNO3, NaBH4, MnSO4 and other metal ions were purchased
from Beijing Chemical Company (Beijing, China). UV-vis absorption
spectra were acquired on a UV-2550 spectrophotometer (Shimadzu,
Japan), using 1-cm path length quartz cuvettes for measurements.
IR spectra were measured with FT-IR spectrometer (Avatar 360, ESP).
Transmission electron microscopy (TEM) measurements were made
on an H-7500 (Hitachi, Japan) at 80 kV. The pH of the solution was
measured with PB-10 pH meter (Sartorius, 91 Germany).

2.2. Probe preparation

AgNPs were prepared by the reduction of AgNO3 with NaBH,.
Under vigorously magnetic stirring, 0.010 g NaBH, was added
rapidly into 100 mL aqueous solution of AgNO3 with final con-
centration of 1x10~%mol/L, producing a light yellow colored
solution. After stirring for 10 min, AgNPs solution was prepared.

To obtain 4-MBA-MA-AgNPs, 2 mL of 1 x 10~% mol/L 4-MBA
and 4 mL of 1 x 10~* mol/L MA were both added to the prepared
AgNPs and left to stir for about 0.5 h to make sure self-assembly
of the 4-MBA and MA onto the surface of silver nanoparticles.
4-MBA-AgNPs were obtained by adding 2mL 1x 10~4 mol/L
4-MBA aqueous solution into the AgNPs with stirring for 0.5 h.
MA-AgNPs were obtained by the same method. All of the experi-
ments were prepared at room temperature.

3. Results and discussion
3.1. Characterization

To investigate the modification of 4-MBA-MA-AgNPs, FT-IR
spectroscopy was performed. From Fig. 1, the characteristic
absorption peak of -SH at 2559 cm™! in pure 4-MBA had dis-
appeared in the FT-IR spectra of 4-MBA-MA-AgNPs, indicating that
4-MBA had been successfully modified onto the surface of silver
nanoparticles via the —-SH group of 4-MBA. Comparing with MA,
the 3000-3500cm~' peaks correspond to —NH vibrations, and
these vibrations were shifted in the FT-IR spectra of 4-MBA-MA-
AgNPs, revealing that MA interacted with AgNPs through -NH,
group. The spectroscopy also showed that the -COOH group of
4-MBA at 1681 cm~! appeared in 4-MBA-MA-AgNPs. From all of
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Fig. 1. FT-IR spectra of (A) MA, (B) 4-MBA and (C) 4-MBA-MA-AgNPs.
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Fig. 2. The UV-vis spectra of 4-MBA-MA-AgNPs solutions modified with different
ratio of 4-MBA and MA when adding 1 x 10~ mol/L Mn?™* solution.

the above results, it can be concluded that -SH group and -NH,
group are responsible for the formation of the cofunctionalized
4-MBA-MA-AgNPs. The FT-IR results further prove the fact that the
function groups of —-COOH and -NH, have been successfully
attached onto the surface of AgNPs.

3.2. Effect of the ratio of the two modifiers

To investigate the effect of the ratio of the two modifiers (MA
and 4-MBA) on the selectivity and sensitivity of the probe, the
two modifiers were added to the AgNPs solutions in different
proportion. Then Mn?* solution was added, making the concen-
tration of Mn?* be 1 x 10> mol/L. As shown in Fig. 2, when the
ratio of 4-MBA and MA was 1:2 (2 mL of 1 x 10~ mol/L 4-MBA
and 4 mL of 1 x 10~ mol/L MA), Ag nanoparticles show obvious
UV-vis spectroscopy absorption change since the absorbance
ratio (Asso nm/A40s nm) increased apparently, while obvious
change in the UV-vis spectroscopy absorption could not be
observed when the ratio of 4-MBA and MA was 1:0.5, 1:1, 1:3
or 1:4. Based on these results, the ratio of the two modifiers
(MA and 4-MBA) was chosen to be 1:2 in the following
experiments.
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3.3. Effect of pH

The pH condition for colorimetric detection of Mn?* was
optimized over the range from 7.0 to 11.0. When the pH value
was less than 7.0, 4-MBA-MA-AgNPs were unstable and aggre-
gated easily, which could be attributed to the formation of
intermolecular hydrogen bonding between 4-MBA and MA in
acidic solution. As shown in Fig. 3, when 1 x 10~> mol/L Mn2?™*
solution was added, Ag nanoparticles show obvious UV-vis
spectroscopy absorption change at pH=8, as Mn?" induces the
aggregation of Ag nanoparticles. However, at the neutral pH, the
absorption showed little change. 4-MBA-MA-AgNPs were also
nearly dispersed at pH=9, 10 and 11, this phenomenon showed
Mn?*-induced aggregation of the cofunctionalized Ag nanoparti-
cles is blocked at the high pH value. Therefore, pH=8 was
selected for further experiments considering the preferable
sensitivity.

3.4. Colorimetric detection of Mn?™*

To further demonstrate the assay for the direct colorimetric
visualization of Mn?*, different amounts of Mn?* were added to
aqueous suspensions of 4-MBA-MA-AgNPs and tested after mixed
for about 5 min. Fig. 4A reveals that the presence of Mn?" led to
red-shift of the peak at 408 nm and a new peak appeared at about
550 nm by UV-vis spectroscopy. The increase of Mn?* concen-
tration would induce a decrease of AgNPs’ maximal absorption at
408 nm accompanying an obvious enhancement of the new peak
at 550 nm, which indicated that the aggregating of AgNPs has a
relationship with the concentration of Mn?*. Under the optimum
conditions, the colorimetric assay was processed using AgNPs to
detect a series of Mn?* with different concentrations ranging
from 1 x 10~ mol/L to 1 x 107> mol/L, a clear color progression
from yellow to orange to purple with increasing Mn?* concen-
tration was observed (Fig. 4B). In other words, we can probably
discriminate the concentration of Mn?* with the naked eye
compared with the stand colorimetric picture. A direct evidence
for Mn2*-stimulated aggregation of the AgNPs could be further
supported by transmission electron microscopy (TEM) measure-
ments. Fig. 5 showed the TEM images of AgNPs in the absence and
presence of 1 x 10~°> mol/L Mn2™. In the absence of Mn?*, AgNPs
were well dispersed in aqueous solution (Fig. 5A). On the other
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Fig. 3. The UV-vis spectra of 4-MBA-MA-AgNPs solutions with different pH
ranging from 7.0 to 11.0 when adding 1 x 10~° mol/L Mn?* solution.
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Fig. 4. (A) The UV-vis spectra of 4-MBA-MA-AgNPs solutions with various
concentrations of Mn?* ranging from 5 x 10~3 mol/L to 1 x 10~> mol/L. (From a
to i, the concentrations of Mn?* are a: 0, b: 5x 1078, ¢c: 1x1077,d: 5x 1077, e:
1x1075 f:25x107% g: 5x107% h: 7.5x 1075, i: 1 x 107> mol/L.) and plot of
the absorbance Asso nm/A4os nm Of the AgNPs versus the Mn?* concentrations:
5x1077, 1x107% 25%x1075 5x 1075 7.5x 1075, 1 x 10~> mol/L. (B) Photo-
graphs of a solution of 4-MBA-MA-AgNPs in the absence (a) or presence of
Mn2* (e-i).

hand, irreversible aggregation occurs when added in Mn?*
(Fig. 5B). These results clearly indicate that the addition of trace
Mn2* could readily lead to the aggregation of AgNPs.
Quantitative analysis was performed by adding different
concentrations of Mn?* into AgNPs and monitoring the max
absorption by UV-vis spectra. We obtained a linear correlation
existed between the absorbance ratio (Asso nm/A40s nm) and Mn?*
concentration ranging from 5x10~7mol/L to 1x 10> mol/L
with a correlation coefficient of 0.993 (inset to Fig. 4A). The
detection limit for Mn?* ions was approximately 5 x 108 mol/L
(S/N=3). Although the detection limit is not as low as those
obtained by some other methods [9], our assay has distinctive
advantages such as simplicity, rapidness and low cost.

3.5. Selectivity of 4-MBA-MA-AgNPs

To investigate the selectivity of 4-MBA-MA-AgNPs, metal ions
of the same concentration with 1 x 10> mol/L were added into
the solution of AgNPs. As shown in Fig. 6B, in the presence of
Mn2*, a dramatic increase in the absorbance ratio (Assg nm/
Asos nm) Was clearly observed, whereas no obvious change was
obtained in the presence of other metal ions. In Fig. 6A, c
displayed the photographic images of 4-MBA-MA-AgNPs solution
after adding various metal ions for 5 min, only the presence of
Mn2* jon induces a distinct color change from yellow to deep
purple. The results demonstrated that this sensing system is
specific to Mn?* ions.

To further demonstrate the assay for the selected colori-
metric visualization of Mn?*, we had employed MA-AgNPs and
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Fig. 6. A: Photographic images of (a) MA-AgNPs, (b) 4-MBA-AgNPs, and
(c) 4-MBA-MA-AgNPs solution in the presence of 1 x 10> mol/L different metal

ions. B: UV-vis spectra of 4-MBA-MA-AgNPs in the presence of 1x 10~> mol/L
Mn2* or other interferences.

4-MBA -AgNPs NPs as a control. From Fig. 6A, we can see the
presence of most metal ions resulted in obvious color change of
MA-AgNPs (Fig. 6A a) and 4-MBA-AgNPs (Fig. 6A b). However,
only the presence of Mn?™* resulted in the color change of 4-MBA-
MA-AgNPs, demonstrating that cofunctionalized AgNPs decorated
with carboxyl and amino groups exhibited an excellent selectivity
for the recognition of Mn?*. The possible mechanism may be
carboxyl and amino groups have a cooperative effect to form ion-
templated chelation with Mn?*. As shown in Fig. 7, the carboxyl
group in the 4-MBA and amino in the MA can form a six-
coordinated structure with manganese, which is similar with
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Fig. 7. Schematic of Mn?* induced 4-MBA-MA-AgNPs aggregation.

the reported literatures [23-25]. Therefore, the cofunctionalized
AgNPs showed an excellent recognition of Mn?*

3.6. Drinking water sample analysis

To validate the applicability of our proposed sensing strategy
for the analysis of real samples, standard addition method was
used to detect drinking water according to most relative publica-
tions [20,26,27]. A series of Mn?* standard solution was added
into the drinking water, and then detected utilizing 4-MBA-MA-
AgNPs based colorimetric method and Flame Atomic Absorption
Spectrometry, respectively. The results were shown in Table 1, the
recovery obtained by colorimetric method was in good agreement
with these obtained by FAAS. Therefore, 4-MBA-MA-AgNPs probe
is a practical tool for the determination of Mn?"* in drinking water
samples.



Y. Zhou et al. / Talanta 97 (2012) 331-335 335

Table 1
Comparison of recovery between flame atomic absorption spectrometry and the
proposed colorimetric method for the detection of Mn?* in drinking water.

Sample Added Found(pmol/L) Recovery
(pmol/L) mean + SD (%)

FAAS 1 6 5.86 +0.0037 97.7

2 8 7.85 +0.0016 98.1

3 10 10.18 £0.0021 101.8
Colori- 1 6 5.76 +0.0020 96.0
metric 2 8 8.25+0.0018 103.1
Method 3 10 10.27 + 0.0009 102.7

4. Conclusions

In summary, a colorimetric sensor for the detection of manga-
nese ions using 4-MBA-MA modified silver nanoparticles (AgNPs)
was proposed. The presence of Mn?* induced the aggregation of
AgNPs through cooperative metal-ligand interaction, resulting in a
color change from bright yellow to purple. The cofunctionalized
AgNPs showed obvious advantages over the ones functionalized
only by 4-MBA or MA in terms of selectivity. Mn®* could be
monitored by colorimetric response of AgNPs by a UV-vis spectro-
photometer or even naked eyes. The absorbance ratio (Asso nm/
Asos nm) is linear with the concentration of Mn?* ranging from
5x 107 mol/L to 1 x 10~> mol/L with a coefficient of 0.993, and
the detection limit is as low as 5 x 10~8 mol/L. Particularly, the
proposed method could be successfully applied to determine
Mn?* in drinking water. Therefore, this efficient and convenient
colorimetric detection of Mn?* at ambient temperature allows
colorimetric sensors to be developed for widespread use.
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