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In this work, a rapid, sensitive and low-cost colorimetric method for detection of quaternary ammonium
surfactants using citrate-capped silver nanoparticles (Ag NPs) was developed. The quaternary ammo-
nium surfactants induce the aggregation of Ag NPs through the hydrophobic effect, which is a novel
aggregation mechanism of Ag NPs. The addition of cationic surfactant results in color change of Ag NPs
solution from yellow to red and finally to colorless, which is due to the broadening of the surface
plasmon band. The color change was monitored using a UV-vis spectrophotometer. The LOD of different
cationic surfactants was in the range of 0.5-5uM. More importantly, this detection method was
successfully utilized to the disinfectant residual sample.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

The quaternary ammonium surfactants are widely used in
industrial applications and pharmaceutical/cosmetic preparations.
For example, Myristyltrimethylammonium Bromide (TTAB) is an
important component of eye drops and Benzalkonium Bromide
(BZKB) is the main component of the disinfectant fluid. However
an allergic reaction or inflammation could be induced by them
in some sensitive people. What is worse, surfactants become
environmental pollutants when they are deposited on land or into
water systems [1]. Therefore, the detections of TTAB, BZKB and
other quaternary ammonium surfactants are very important.
The reported methods include capillary electrophoresis (CE) [2],
two-phase titration [3], reversed-phase high-performance liquid
chromatographic (RP-HPLC) [4,5], gas chromatography (GC) [6],
gas chromatography-mass spectrometry (GC-MS) [7] etc. These
methods require large and expensive equipments, complicated oper-
ating steps and are time-consuming, and they are quite inconvenient
for outdoor detection. So it is necessary to develop simple, rapid
and sensitive methods for the detection of quaternary ammonium
surfactants.

In recent years, colorimetric detection has attracted much
attention because of its low cost, simplicity and practicality [8,9].
Compared to other assays, it allows direct and on-site analysis of
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the samples with the naked eye [10]. Gold nanoparticles (Au NPs)
and silver nanoparticles (Ag NPs) have been widely used to
develop high sensitivity colorimetric sensors for biological and
chemical detection due to their special optical properties and
biocompatibility [11,12]. Varieties of colorimetric sensing based on
Au NPs and Ag NPs for different analytes including bacteria [12,13],
DNA [14], proteins [15,16], growth factor [17,18], small molecules
[19-21] and metal ions [10,22-24]| have been developed. For
colorimetric assays, Ag NPs have some attractive advantages over
Au NPs since they possess higher extinction coefficients relative to
Au NPs of the same size and they detect analytes at less material
consumption and lower cost than Au NPs [25].

The mechanisms of colorimetric sensing by Au NPs and Ag NPs
were based on the aggregation of metal nanoparticles. The
aggregation could be induced by electrostatic interaction between
negative ion and positive ion [26], complexation with ligand
[27-30], the charge transfer interactions between an electron
donor and electron acceptor [31], thiolated or disulfide modified
ligands [32], antibody-antigen associations [33], and streptavidin-
biotin binding [34]. However, to the best of our knowledge, the Ag
nanoparticles' aggregation induced by the hydrophobic interaction
has not been reported before.

In this paper, a rapid, sensitive and low-cost colorimetric method
for detection of cationic surfactants based on the hydrophobic
effect is developed. The strategy is illustrated in Scheme 1. Qua-
ternary ammonium surfactants were adsorbed onto the surface of
citrate-capped Ag NPs by electrostatic attraction and the surface of
Ag NPs became hydrophobic. Then Ag NPs aggregated through the
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Scheme 1. Schematic mechanism for TTAB inducing the aggregation of citrate-
capped Ag NPs.

hydrophobic interaction. The color of Ag NPs solution changed from
yellow to red then colorless in the presence of cationic surfactants,
which indicated different degrees of the aggregation. This is the
first report about the detection of cationic surfactants based on
the colorimetric method using Ag NPs. What is more, it has been
successfully applied to determine the concentration of BZKB in
disinfectant residual sample.

2. Experimental
2.1. Chemicals

Silver nitrate, trisodium citrate, sodium borohydride (NaBH,4),
sodium chloride (NaCl), sodium sulfate (NaySO4), sodium sulfite
(NazS0s), sodium phosphate (NasPO,4), sodium nitrate (NaNO3), hydro-
chloric acid, nitric acid and sulfuric acid were purchased from Nanjing
Chemical Reagent Co. Ltd. (Nanjing, China). Sodium perchlorate
(NaClO4) was purchased from Tianjin Kemiou Chemical Reagent Co.
Ltd. (Tianjin,China). Dodecyl Trimethyl Ammonium Bromide (DTAB),
Myristyltrimethylammonium Bromide (TTAB), Cetrimonium Bromide
(CTAB), Trimethylstearylammonium Bromide (STAB) and Benzalk-
onium Bromide (BZKB) were purchased from Sigma-Aldrich
(Milwaukee, WI). All the chemicals were analytical-grade reagents
and used without further purification. The water used throughout
all experiments was purified by an Elix 5 Pure Water System
(Millipore, USA).

2.2. Apparatus

UV measurements were performed with a UV-3600 spectro-
photometer (Shimadzu, Japan). Transmission electron microscopy
(TEM) was recorded by a JEM-2100 electron microscope (JEOL,
Japan) operating at 200 kV. The Zeta potential measurements were
performed by a Nano-Z system (Malvern Instruments Ltd., UK).

2.3. Preparation of citrate-stabilized Ag NPs.

Ag NPs were prepared using a simple method. 100 mL of
0.1 mM trisodium citrate was added into 100 mL of 0.1 mM AgNO3
under stirring. Then 9 mg NaBH,4 was added rapidly into the above
aqueous solution under vigorous stirring. This solution was further
stirred for 2 h at room temperature. The resulting bright yellow
colloidal silver nanoparticles were finally obtained.

2.4. Spectral studies and cationic surfactant detection

In a typical titration, cationic surfactant solution with a given
concentration was added to Ag NPs solution containing 10> M
HNOs at room temperature. The absorbance spectra and photo-
graphs of the solution were recorded 4 min after the addition of
analytes.

3. Results and discussion
3.1. Characterization and aggregation of Ag NPs

The citrate-capped Ag NPs were prepared by NaBH, reduction
of AgNOs with sodium citrate. The TEM images of the dispersed Ag
NPs and the aggregated Ag NPs are shown in Fig. 1. From Fig. 1A,
it can be seen that the size of Ag NPs is ca. 10 nm. As shown
in Fig. 1B, after the addition of 10 uM TTAB, Ag NPs distinctly
aggregated.

The citrate-capped Ag NPs turned out to be highly sensitive
to TTAB. As shown in Fig. 2A, when 10 uM TTAB was added to
the citrate-capped Ag NPs solution, the color of the suspension
obviously changed from yellow to nearly colorless within one
minute indicating the aggregation of Ag NPs. Detailed study was
carried out with UV-vis spectroscopy. As can be seen in Fig. 2B, the
characteristic absorption wavelength of Ag NPs at 400 nm was
sharply decreased and the absorbance spectrum gradually broa-
dened to a long wave with the addition of 10 uM TTAB.

3.2. Optimization of conditions

3.2.1. Reaction time
To investigate when the aggregation reached equilibrium, the
time-dependent UV-vis spectra were recorded. The increase of the

Fig. 1. TEM images of citrate-capped Ag NPs (A) before and (B) after addition of
TTAB (10 pM).



92 L.-Q. Zheng et al. / Talanta 118 (2014) 90-95

0.35 -
0.30 A
0.25 1
0.20 A
0.15 - b

Absorbance

0.10 -
0.05 A a

0.00 T T T . T |
300 400 500 600 700 800
Wavelength / nm

Fig. 2. (A) The color change of the Ag NPs solution with the addition of 10 uM TTAB. (B) The corresponding absorption spectrum of the Ag NPs solution before (a) and after

(b) the addition of 10 uM TTAB.
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Fig. 3. Time-dependent absorbance changes of the Ag NPs solution with addition
of 10 uM TTAB.

absorbance ratio Asso/A400 indicates the aggregation of Ag NPs
[35]. In Fig. 3, the absorbance ratio Assg/Asoo increases as the
reaction time is prolonged, and it levels off to a saturation value
after ca. 4 min. Therefore all the photographing and measurements
were carried out after the addition of the analyte for 4 min.

322. pH

Since the pH values and ionic strength of the solution have
effects on the aggregation of Ag NPs, the optimization of the
experiment conditions for colorimetric sensing was carried out.
The absorbance ratios Asso/A400 of Ag NPs solutions with addition
of 1 uM TTAB under different pH conditions are shown in Fig. 4.
It can be seen that the absorbance ratio Asso/Asoo reached the
maximum value at pH 3, which indicated the most aggregation of
Ag NPs. Thus pH 3 was chosen as the optimal pH for this
experiment.

To investigate the influence of different acid on the aggregation
of Ag NPs with TTAB, UV-vis spectra of Ag NPs suspension in the
presence of 107> M different acids with addition of TTAB were
recorded. As shown in Fig. 5, the characteristic absorption wave-
length of Ag NPs at 400 nm was obviously decreased upon the
addition of 10> M H,S0,, indicating the aggregation of Ag NPs.
In 10>M HCl or 103>M HNO; solutions Ag NPs could not
aggregate and then the absorption of the solution at 400 nm did
not change. Compared with HCl and HNOs, results showed that
the absorption of Ag NPs suspension containing 10> M HCI at
400 nm decreased slightly than the one which contained 10> M
HNO; upon the addition of 10® M TTAB. The decrease of the
absorption of the solution at 400 nm is ascribed to the aggregation
of Ag NPs induced by TTAB, because of the strong size-dependent
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Fig. 4. Absorbance ratio Asso/A400 of the Ag NPs solutions with addition of 1 uM
TTAB against pH.

SPR properties of nanoparticles [36,37]. The molecular volume of
NO3 ™ is more than Cl~, so the hydrophobicity of the ion pair
formed by NO3~ and cationic ammonium surfactant is stronger
than that formed by Cl- and cationic ammonium surfactant.
Therefore it is easier for TTAB to induce the aggregation of Ag
NPs in the 10~ M HNOj; solution. So 10> M HNO; was chosen as
the optimal experiment condition.

3.2.3. Effect of ionic strength

The influence of NaClO4 NaCl, NaNOs, Na,SOs3;, Nas;PO, and
Na,SO4 on the aggregation of Ag NPs was also studied. The results
showed that 10 M ClO,~, CI, NO3 ~, SO32~ and PO,>~ did not
interfere with the detection, while 10°*M SO4%~, 102M Cl-,
Clos~,NO3 ~, SO3%~ and PO,>~ could interfere with the detection
(Fig. S1).

3.3. Determination of different cationic surfactants

3.3.1. Myristyltrimethylammonium Bromide (TTAB)

To verify this simple assay for the direct colorimetric visualiza-
tion of cationic surfactants, the sensitivity was evaluated and the
results were displayed in Fig. 6. With the increase in concentration
of TTAB in the solution of Ag NPs, the color of the solution changed
from yellow to red then finally to nearly colorless. The LOD of TTAB
is 3 uM. In addition, as seen in Fig. 6B, with the increasing
concentration of TTAB, the characteristic absorbance of Ag NPs
at 400 nm gradually decreased; meanwhile, the absorbance spec-
trum gradually broadened to long wave, which indicated that
more and more Ag NPs aggregated. The concentration of TTAB
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Fig. 5. UV-vis spectra of Ag NPs suspension in the presence of 10~ M different acid
with addition of 10" M and 10> M TTAB. (A) 10~> M HCI, (B) 10> M HNOs, and
(C) 10 M H,S0,.

could be quantified by employing an absorption ratio of Asso/A400-
A typical plot of this extinction ratio versus TTAB concentration
was shown in the inset.

3.3.2. Cationic surfactants with different lengths of the alkyl chain
The cationic surfactant had many homologs with different lengths
of the alkyl chain. The response of Ag NPs upon the addition of
different cationic surfactants including Dodecyl Trimethyl Ammo-
nium Bromide (DTAB), Cetrimonium Bromide (CTAB) and Stearyl
Trimethylammonium Bromide (STAB) was investigated and the
pictures were shown in Fig. 7. It can be seen that these cationic
surfactants responded differently to Ag NPs. The LODs of DTAB, TTAB,
CTAB and STAB were 5 pM, 3 uM, 1 uM and 0.5 pM, respectively. The
LODs of these surfactants decreased with increase of the length of
the carbon chains in surfactant molecules. This should be ascribed to
the change of their hydrophobicity. The hydrophobicity of surfactants
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Fig. 6. (A) Colorimetric visualization of TTAB using citrate-capped Ag NPs. TTAB
concentrations varied from 1077 M to 5 x 107> M. (B) UV-vis spectra of the Ag NPs
suspension (pH=3.0 HNOs) in the presence of different concentrations of TTAB.
Inset: plot of Asso/As00 against log[TTAB]. In the picture, a-i corresponded to the
addition of 0,107 M, 5 x 1077 M, 107 M, 3 x 10°° M, 5x 10°M, 7 x 10°° M, 10> M
and 5 x 10> M TTAB.

Fig. 7. The visual color change of the Ag NPs solution (pH=3.0 HNOs) with the
addition of a series of concentrations of different quaternary ammonium surfac-
tants. (A) DTAB, (B) CTAB, and (C) STAB.

improved with increase of the length of the carbon chains, and then
it was easier to induce the aggregation of Ag NPs. Furthermore, the
color of Ag NPs solution changed from yellow to red and then
colorless by addition of these four surfactants. However for CTAB and
STAB, the color of Ag NPs solution further changed back to yellow
from colorless. This could be ascribed to the reversal of the surface
charge of Ag NPs with the increasing concentration of CTAB and
STAB. When the concentration of cationic surfactants achieved a
certain degree, the external anion of citrate-capped Ag NPs was
neutralized to saturation, then Ag NPs were modified by cation
in turn; thus Ag NPs dispersed again due to the electrostatic
repulsion [38,39]. To verify it, the Zeta potential of Ag NPs suspension
containing different concentrations of cationic surfactant was eval-
uated. As is shown in Fig. 8, by increasing the concentration of
different cationic surfactants, the Zeta potential values of Ag NPs
changed from negative to zero then to positive. The surface of
dispersed citrate-capped Ag NPs was negatively charged; thus the
Zeta potential of Ag NPs is negative. With the addition of TTAB, the
cationic surfactants absorbed onto the surface of Ag NPs and
decreased the negative charge of Ag NPs. Meanwhile, Ag NPs began
to aggregate. Further with an increase in the concentration of TTAB,
the Zeta potential changed to zero and then to positive. This could
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Fig. 8. The plot of Zeta potential against log[concentrations] for the Ag NPs solution (pH=3 HNO3) with addition of a series of concentrations of different cationic surfactants.

(A) DTAB, (B) TTAB, (C) CTAB, and (D) STAB.

well demonstrate the reversal of the surface charge and redispersion
of Ag NPs.

What is more, Fig. 9 shows the plots of Asso/A400 against log
[concentrations] for the Ag NPs solution (pH=3 HNOs) with the
addition of a series of concentrations of different cationic surfac-
tants. For CTAB and STAB, the plots increased to maximum and
then decreased, which indicated the aggregation and deaggrega-
tion of Ag NPs. Also the aggregation of Ag NPs by CTAB and STAB
occurred at much lower concentration than by DTAB and TTAB.

3.3.3. Benzalkonium Bromide (BZKB)

BZKB is a cationic surfactant with dodecyl group which is the
same as DTAB. BZKB could be obtained by displacing one methyl
group of DTAB by benzyl group. Compared to DTAB, the hydro-
phobicity of BZKB is stronger. The response of Ag NPs solution to
BZKB is more sensitive. As can be seen in Fig. 10, the LOD of BZKB
is 3 uM which is lower than that of DTAB.

3.4. Selectivity

According to the aggregation mechanism of the citrate-capped
Ag NPs, anion and neutral surfactants could not induce its
aggregation, which was identified with the experimental results
(Fig. 11).

3.5. Real sample analysis

In the real sample assays, the disinfectant residual sample
containing BZKB was added into Ag NPs suspension with different
dilution multiples. As shown in Fig. 12, a clear color change from
yellow to red then to colorless and finally to yellow again was
observed. According to this color change of Ag NPs solution, the
concentration of BZKB is about 6x 107 M in the disinfectant
residual sample. This indicated that it could be used as a semi-
quantitative analysis method for BZKB detection.
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Fig. 9. Plots of Asso/A400 against log[concentrations] for the Ag NPs solution (pH=3
HNOs3) with addition of a series of concentrations of different cationic surfactants.

Fig. 10. Colorimetric visualization of BZKB using citrate-capped Ag NPs. BZKB
concentrations varied from 10 M to 107> M.

Fig. 11. Colorimetric response of Ag NPs solution (pH=3 HNOs) upon the addition
of 10 uM various surfactants.

4. Conclusions

In this paper, a low-cost, sensitive, simple and rapid colorimetric
method using citrate-capped Ag NPs to detect cationic surfactants
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Fig. 12. Colorimetric response of the Ag NPs (pH=3.0 HNOs) upon the addition of
different dilution multiple of the disinfectant residual sample containing BZKB. In
the picture, 1-6 corresponded to the sample dilution multiple of 2, 4, 20, 40, 66 and
200 times.

was developed. It is the first time that hydrophobic effect of cationic
surfactant to induce the aggregation of Ag NPs is reported. The
LODs of different cationic surfactants were in the range of 0.5-5 uM.
These advantages are likely to provide a promising application for
the simple, on-site detection of cationic surfactants. This detection
method was successfully utilized to the disinfectant residual sample.
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