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A low cost eco-friendly method for the synthesis of gold nanoparticles (AuNPs) using guar gum (GG) as a
reducing agent is reported. The nanoparticles obtained are characterized by UV-vis spectroscopy, scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray diffraction (XRD).
Based on these results, a potential mechanism for this method of AuNPs synthesis is discussed. GG/AuNPs
nanocomposite (GG/AuNPs NC) was exploited for optical sensor for detection of aqueous ammonia based

on surface plasmon resonance (SPR). It was found to have good reproducibility, response times of ~10s
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and excellent sensitivity with a detection limit of 1 ppb (parts-per-billion). This system allows the rapid
production of an ultra-low-cost GG/AuNPs NC-based aqueous ammonia sensor.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, demands for robust ammonia sensing systems are
increasing (Timmer, Olthuis, & Van Der Berg, 2005). Particularly,
detection systems for continuous monitoring (Masserini & Fanning,
2000) are needed because ammonia is toxic to many aquatic orga-
nisms even in very low concentrations. One of the industrial gases
ofinterest is ammonia in the form of ammonium hydroxide because
of its toxic and polluting nature. Large quantities of ammonia are
released in the farming industries and also produced in the chem-
ical industry for fertilizers or in refrigeration systems. Leakage of
ammonia can lead to life-threatening situations. The safe allowed
limit in which people can work is 20 ppm (parts-per-million). High
concentrations (500 ppm or more) of ammonia can lead to severe
burns on skin, eyes, throat, or lungs causing permanent blindness
and lung disease (De laHoz, Schueter, & Rom, 1996). There is consid-
erable interest in measuring the amount of ammonia in the human
body, as it can be an indicator of disorder or diseases like kidney
and liver malfunction, asthma, diabetes, cancer, and ulcers (Ament
et al., 1999; Narasimhan, Goodman, & Patel, 2001).

Ammonia sensors based on ZnO, In, 03 and SnO, nanostructures
have been demonstrated (Rout, Hegde, Govindraj, & Rao, 2007).
Films from conjugated polymers such as polyaniline have also been
used to detect ammonia by changes of their conduction properties
(Koul, Chandra, & Dhawan, 2001). The major drawbacks associ-
ated with these sensors are their operation at high temperatures
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and sophisticated instrumentation along with the detection limit.
Room temperature ammonia sensors remain an area of continu-
ous interest. It has been shown that 3-Fe; O3 NPs can be used for
the detection of aqueous ammonia at room temperature (Rahman,
Jamal, Khan, & Faisal, 2011). Silver nanoparticles (AgNPs) as ammo-
nia sensor in 1-50 ppm have been reported (Pandey, Goswami, &
Nanda, 2012).It has been seen that the detection of ammonia can be
based on position and amplitude of the surface plasmon resonance
(SPR) band change with ammonia concentration.

Green synthesis of AuNPs by using hydroxyl propyl cellu-
lose, fungal proteins of Coriolus versicolor and by leaf extract of
Dalbergia sissoo has already been reported (Abdel-Halim & Al-
Deyab, 2011; Sanghi & Verma, 2010; Singh, Baboota, Naik, & Singh,
2012). But the synthesis of AuNPs by using guar gum (GG) has
not yet been reported so far. GG is a naturally occurring plant
polysaccharide produce in abundance. India generates about 80%
of the world’s total GG production. It is easily available, non-toxic,
eco-friendly, biodegradable and cost effective. GG is also a renew-
able and abundantly available industrial polysaccharide material
having backbone of (3-p-(1—4) mannopyranosyl units with a-D-
galactopyranosyl units as side chains. Many modified GG-silica
nanocomposites are known to act as efficient heavy metals adsor-
bents or as efficient flocculants (Singh, Pandey, Singh, & Sanghi,
2009; Tiwari, 2010, 2011; Tiwari, Mishra, Kobayashi, & Turner,
2012).

We have for the first time reported the green synthesis of AuNPs
using aqueous solution of polysaccharide Cyamopsis tetragonaloba
commonly known as GG from plants as reducing agent. Here the
main efforts are focused on synthesis, characterization and appli-
cation in detecting the aqueous ammonia concentration in liquid
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phase by monitoring the absorbance spectra. Sensitivity, stability
and reproducibility studies reveal excellent properties that can be
explored as ammonia sensor for practical applications at room tem-
perature. Our main focus has been ammonia detection at sub-ppm
level.

2. Experimental
2.1. Materials

Gold (III) chloride hydrate (HAuCly-3H,0, 99.9%) purchased
from Aldrich (USA) and used without further purification. GG and
sodium hydroxide was purchased from Merck, Germany. All aque-
ous solutions were made using ultrahigh de-ionized (DI) water
purified using a Mill-Q Plus system (Millipore Co.).

2.2. Preparation of GG/AuNPs NC using GG

All glassware used was cleaned in a bath of freshly prepared
aqua regia solution (HCI:HNOs, 3:1), and rinsed thoroughly with
H, O prior to use. For the synthesis of AuNPs, a stock solution of
10mM was prepared by adding gold (III) chloride hydrate in DI
water. Then, the gold (III) chloride hydrate solution was mixed with
GG solution followed by the addition of few drop of very dilute solu-
tion of sodium hydroxide (0.01 M) at room temperature. Then, the
solutions were stirred gently at the desired temperatures (80°C)
for 160 min to yield AuNPs. Here the yellow color solution was
converted to the characteristics pink-red color solution indicating
the formation of GG/AuNPs NC. It was observed that the aqueous
solution of AuNPs was stable for more than eight months at room
temperature.

2.3. Characterization of synthesized GG/AuNPs NC

The nanostructured materials are characterized by X-ray diffrac-
tion (XRD) using Bruker D8 Advance powder diffractometer
operating in the reflection mode with CuKa radiation. The size
of the NPs were determined with transmission electron micro-
scope (TEM) using a TECHNAI T20 microscope operating at 200 kV
equipped with an EDS (energy dispersive spectrum) detector.
UV-vis spectroscopy was used to ensure the formation of NPs.

3. Results and discussion
3.1. UV-vis and TEM analysis of GG/AuNPs NC
It is well known that the optical properties of AuNPs depend

strongly on the size, shape, interactions between the nanoparti-
cles and their adsorbed species on the surface of the nanoparticles.
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Fig. 1A shows the UV-vis spectra of the GG/AuNPs NC formed
at different molar concentrations of HAuCls-3H,O0. In this experi-
ment, AuNPs synthesized under conditions of lower concentration
of HAuCl,-3H,0 (1 mM), GG (2.5%, w/v) gave a brown suspension
(a), whereas at higher molar concentration of gold salt (10 mM)
the suspension was purple red (b). The color of the gold colloid
arises because of the SPR absorption of AuNPs (Mulvaney, 1996).
The sample solutions of AuNPs prepared here show an intensive
SPR band around 539 nm. In general, the AuNPs often show an
intense SPR band from 500 to 600 nm at the UV-vis (Szunerits &
Boukherroub, 2006). According to the reported literature, the posi-
tion of SPR absorption of AuNPs depends on their size and shape
as well as their surrounding medium (Prasad, Stoeva, Sorensen, &
Klabunde, 2003; Rechberger et al., 2003).

The formation of AuNPs was evidenced with the change in color
of the solution after addition of gold salt from the yellowish to
pink red color solution. The formation of GG/AuNPs NC was moni-
tored through UV-vis spectrophotometer at time intervals from 10
to 160 min (Fig. 1B). The intensity of the peak increases gradually
with increase of time. The spectrum obtained at 160 min shows the
absorption maximum as 539 nm.

The UV-vis absorption spectra of AuNPs prepared using GG in
different concentrations (0.125-3.5%, w/v), at initial pH of 8 and
temperature of 80 °C for 160 min was measured. It was found that
there is a gradual increase in the absorption intensity, by increasing
the GG concentration up to 3.5% (w/v). It is worthy of mention here
that the least amount of GG in the reaction medium (1%, w/v) is
enough for full reduction of the Au3* to Au® nanoparticles.

Investigation of the morphologies of the as-prepared GG/AuNPs
NC was performed using TEM (Fig. 2A). NPs with spherical shapes
are observed in Fig. 2A. The EDS equipped with TEM instrument
confirms the presence of Au in the sample (Fig. 2B). A high-
resolution TEM (HRTEM) image (shown in Fig. 2C) with clear lattice
fringes having a d-spacing 0of 0.23, 0.20 and 0.14 nm reveals that the
fcc crystal lattice with (111), (200) and (22 0) planes (JCPDS 46-
1045). Fig. 2D shows the selected area electron diffraction (SAED)
pattern of AuNPs. The clear lattice fringes in high resolution TEM
image and the typical SAED pattern with bright circular rings corre-
spond to the (111),(200),(220) and (31 1) planes. Fig. 2E shows
the particle size distribution histograms of AuNPs formed after
160 min. The average particle size is found to be ~6.5 nm.

3.2. XRD studies

The XRD spectrum, for the synthesized GG/AuNPs NC is pre-
sented in Fig. 2F. It shows intensive characteristic peaks of metallic
Au. Four main characteristic peaks for gold at 38.35, 44.36, 64.73
and 77.63 corresponding to Miller indices (111),(200),(220)and
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Fig. 1. (A) UV-vis spectra of AuNPs formed at different molar concentration (a) 1 mM; (b) 10 mM of HAuCl,. (B) UV-vis spectra at different time interval.
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Fig. 2. (A) TEM of AuNPs. (B) HRTEM image with clear lattice fringe. (C) SAED pattern of AuNPs. (D) Particle size histogram of AuNPs. (E) EDS of AuNPs. (F) XRD pattern of

AuNPs.

(311) were observed which confirmed the fcc crystalline geometry
of AuNPs (JCPDS file no. 4-0784) based on the above XRD data.

3.3. Ammonia sensing of GG/AuNPs NC

The sensing study of ammonia solution was performed by opti-
cal measurements. To understand the optical properties of AuNPs,
it is important to consider not only their composition, shape, and
size but also the local environment (Kreibig & Vollmer, 1995).
The local dielectric environment includes both solvent molecules
as well as other NPs. When the electromagnetic fields from two
different NPs interact, a complex SPR is produced (Ghosh & Pal,
2007). An important implication of NPs aggregation is shifting of
the SPR to lower energies versus isolated NPs. In order to pre-
vent uncontrolled aggregation, NPs surfaces have been modified
with capping molecules that form an electrostatically induced
steric barrier between NPs (Hunter, 1993). Alternatively, to allow
controlled nanoparticle aggregation in specific environmental con-
ditions, capping molecules can be assembled onto the surface of
the NPs. Here GG is acting as a capping agent for stabilization of
NPs. The hydroxyl groups in GG reduce the gold ions. A plausible

mechanism for the formation of AuNPs has been shown in Fig. 3A.
It appears that the AuNPs are encapsulated by the GG polymeric
networks or Au-GG core-shell structure. The formed GG polymer
networks facilitate the excellent stability of the NPs through elec-
trostatic and steric effects and the hydroxyl groups of the polymeric
chains, which further promote the stabilization of AuNPs. Because
of the complexation ability of the polymer with AuNPs through the
hydroxyl groups of the polymeric chains and networks, they sur-
round and protect the particles over longer periods (Fig. 3A). On the
other hand, a strong physical adsorption of the GG polymer onto
the surface of the AuNPs is also an indication of better stabilization.

The stability of GG/AuNPs NC colloidal solution has been studied.
No change in colors and visual aggregation has been observed even
after eight months of storage. Besides, the absorbance spectrum
of silver nanoparticles showed hardly any change in the position of
SPR peak and intensity values. Hence, AuNPs formed by this method
is highly stable and well dispersed in nature (Fig. 3B). The sensing
property of NPs solution against increasing ammonia concentra-
tion in the range of 1-100 ppm by monitoring the changes in SPR
position and amplitude with a UV-Visible spectrophotometer has
been reported (Dubas & Pimpan, 2008; Pandey et al., 2012). In order
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Fig. 3. (A) Mechanism for stabilization of NPs. (B) Stability of AuNPs. (C) Plot of change in spectral absorbance as a function of ammonia concentration. (D) Ratio of absorbance
of wavelength (A408/A539) as a function of ammonia concentration. (E) Variation in absorbance at As39 and A40s (inset) as a function of ammonia concentration.

to study the ammonia sensing behavior, the GG/AuNPs NC solution
was mixed with an aqueous ammonia solution at different concen-
trations of 1-2000 ppb by diluting with 25% ammonia solution in
DI water immediately before the experiment. The initial ammo-
nia concentration of 25% ammonia solution is calculated to be
227,500 ppm. From the original ammonia solution of 227,500 ppm,
the desired ammonia concentration in the range of 1-2000 ppb can
be easily prepared by dilution method.

The absorbance spectra of GG/AuNPs NC colloidal solution
with different ammonia concentrations (0-2000 ppb) are shown in
Fig. 3C. No blue shift is observed in the spectral absorbance. How-
ever, the absorbance peak intensity around 539 nm continuously
decreases with increasing concentration of ammonia. A new peak
at408 nm appears when ammonia is added to the colloidal solution.
Because of association of ammonia with Au3* or Au* ions lead to
the formation of [Au(NH3),]** and [Au(NH3);]* coordination com-
plexes. Similar coordination complex formations with Ag NPs are
reported earlier (Dubas & Pimpan, 2008). It has been shown for
Ag NPs that the SPR shifts with ammonia concentration (Dubas &
Pimpan, 2008; Pandey et al., 2012; Peng, McMahon, Schatz, Gray,
& Sun, 2010). The blue shift in the SPR peak can be understood in

terms of Mie theory (Shen & Liou, 2008). According to this theory,
when an adsorbate donates electron to the NPs the SPR peak blue
shifts which is given by

2
2 _ (27c)"'m 5
A = Irn.e? (&0 + 2ng)

where g is the high frequency dielectric constant of the metal and
ng is the refractive index. This equation indicates that the SPR wave-
length is proportional to the inverse square root of the electron
density. Butin our case, no shift in the SPR peak position is observed
for Au NPs colloidal solution by the addition of ammonia which is
believed to be due to the local environment.

It is recognized that the optical property of metallic nanoma-
terials from SPR is caused by the collective oscillation of surface
conduction electrons by light (Hutter & Fendler, 2004), thus the
changes in the peak intensity of GG/AuNPs NC colloidal solution
after the addition of different ammonia concentration (0-2000 ppb)
are shown in Fig. 3C, which can also be explained based on varia-
tions in refractive index as the result of the binding of ammonia
molecules to the GG/AuNPs NC. The results are in agreement with
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Xacbolr‘;:)arative table of few reported ammonia sensors with GG/AuNPs NC.
Working medium Lower Response Temperature References
detection limit time range (°C)
Au (0.8 wt.%)-Mo05 (5 wt.%)-WOs3 1-50 ppm - 400-500 Xu, Miura, Ishida, Matsuda, and Yamazoe (2000)
Pt/AlGaN/GaN Schottky-type ammonia gas sensor 35ppm - 150 Chen, Chen, Liu, Huang, and Hsu (2011)
Metal oxide (WOs) 1ppm 5min 400 Xu et al. (2000)
WOs; loaded with 1 wt.% metal oxides 30ppm 350 Wang, Miura, & Yamazoe (2000)
ZnO nanorod 1-800 ppm 26s 300 Rout et al. (2007)
Catalytic metal (palladium) 1 ppm 1 min 600 Winquist, Spetz, & Lundstrom (1984)
GG/Ag NPs NC 1ppm ~s RT Pandey et al. (2012)
PMA/Ag NPs 5ppm - RT Dubas and Pimpan (2008)
GG/Au NPs NC 1ppb ~10s RT Present study

the earlier reports (Bendikov, Rabinkov, Karakouz, Vaskevich, &
Rubinstein, 2008; Haes & Van Duyne, 2002; Hiep, Yoshikawa, Saito,
& Tamiya, 2009; Hong, Lee, & Yi, 2011; Karakouz, Vaskevich, &
Rubinstein, 2008). Thus we can conclude that the absorption peak
and intensity can change drastically if the dielectric constant and
refractive index of the medium is changed.

We have shown that the variation in the intensity of absorbance
spectra can be used for the ammonia detection. The absorbance
ratio as a function of ammonia concentration at two different
wavelengths (abs4og/abss3g) as shown in Fig. 3D reveals a linear
relationship with a correlation factor R? equal to 0.991 for the range
of 1-1000 ppb. It is also clear that beyond 1000 ppb ammonia con-
centration, the ratio of the values (abs4pg/abss3g) remains constant.
We have also plotted the absorbance at individual wavelengths as
a function of ammonia concentration (Fig. 3E and the inset). It is
seen from Fig. 3E that the absorbance at both 539 and 408 nm varies
logarithmically with ammonia concentration below 1000 ppb. Over
all, the colorimetric method described here cannot be used beyond
1000 ppb.

We believe this is one of the simplest methods to detect the
ammonia concentration in an aqueous solution by measuring the
individual absorbance as well as the ratio of absorbance at two dif-
ferent wavelengths. Though the results are highly reproducible, the
process is not reversible which indicates that GG/AuNPs NC col-
loidal solution can be used once for each ammonia concentration.
However, the shelf-life of GG/AuNPs NC colloidal solution is more
than eight months as discussed earlier. This indicates that the Au
NPs prepared once can be used at least for eight months. Response
time is measured based on the kinetic of color shift. It was found
that the change in color was extremely fast and requires ~10s. Thus
the present studies on GG/AuNPs NC demonstrate the fast response
and high sensitivity of the sensor.

A few reported ammonia sensors are summarized in Table 1.
It can be noted that some of them are based on resistance mea-
surements which work at high temperature. The sensors based on
optical studies have also been reported mainly with AgNPs that
can be used for detection at ppm level. But in the present study we
have reported the use of cheap and easily available polysaccharide
for AuNPs, which reduces the cost of sensor to many fold and sec-
ondly since it works at room temperature, so we do not need any
external power supply for enhancing the sensor temperature. Fur-
thermore, AuNPs can be used for the detection of ammonia at ppb
levels.

Usually the presence of different compounds interferes with the
sensitivity of the sensor. Interfering studies with different com-
pounds for the amperometric detection of NO, gas are reported
earlier (Tiwari & Gong, 2008a, 2008b). In order to understand
the effect of interfering substances ethanol and methanol was
added during ammonia sensing through optical measurement into

GG/AuNPs NC ammonia solution. No change in the shift of SPR peak
is observed. This clearly confirms that these two compounds are not
interfering in the sensing of ammonia.

4. Conclusion

The present study reports the green synthesis of AuNPs. GG act
as a reducing and capping agent. The stability study of AuNPs due
to GG is found to be excellent. This is a low cost and eco-friendly
method to synthesize the GG/AuNPs NC. Colorimetric assays based
on the unique SPR properties of AuNPs have showed to be very
useful due to their simplicity, high sensitivity, low detection limit
of 1ppb, low cost, fast response time and great reproducibility. It
may be noted that we have reported room temperature detection
of aqueous ammonia at ppb level by AuNPs based optical sensor.
Keeping these significant properties in mind, in the near future we
can use our room temperature optical ammonia sensor for clini-
cal and medical diagnosis for detecting ultra low ammonia level in
human.
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