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Here we propose luminescent ZnO QDs synthesized by a simple method in an unusual, powerful and ‘green’
solvent at low temperature, for the detection of aniline (e.g. 4-nitroanilina) compounds in water environment.
To provide aqueous stability, ZnO QDs have been capped by (3-aminopropyl)triethoxysilane (APTES). The
synthesized ZnO QDs have been characterized using X-ray diffraction, Transmission Electron Microscopy,
Raman, UV-visible, Photoluminescence and Infrared Spectroscopy. This study demonstrates that the as
synthesized ZnO QDs are highly luminescent, emitting yellow colour when exposed to UV radiation. Under UV
radiation the nanoparticles exhibit high sensitivity to the presence of nitro-compounds in solution when they
have a zwitterionic structure, even at very low concentration. In particular, this property makes APTES capped
ZnO QDs very effective as sensor for p-nitroaniline.

1. Introduction

Zinc oxide (ZnO) is a white inorganic compound insoluble in water, and the bulk form is widely used as
additive in rubbers, plastics, ceramics, glass, cement, lubricants, paints, ointments, adhesives, sealants,
pigments, foods, batteries, ferrites, fire retardants, and first-aid tapes (Kotodziejczak-Radzimska
and Jesionowski, 2014). In the last years, the synthesis of zinc oxide structures with nano dimension, for
example nanorods, nanowires, tetrapods and nanoparticles, has been reported (Xu and Wang, 2011). When
Zn0O dimensions shrink in the nano domain the material gains new and remarkable physical, antimicrobial and
optoelectronic properties that can be useful for electronic, sensoring and biosensoring, spintronic,
piezoelectronic applications (Vladimir A Fonoberov, 2006). Among its application, ZnO can be combined with
gallium nitride for LED (Bakin et al., 2010), it is the most promising candidate in the field of random lasers to
produce an electronically pumped UV laser source (Lu et al., 2015), it is already been used in form of
nanorods for gas sensoring of dangerous species like H2 and CO (Idriss and Barteau, 1992) and is usually
used as field emitter (Li et al., 2004). Moreover, ZnO quantum dots (namely nanoparticles of diameter of the
order of some nanometers) show strong luminescence and have emerged as a new class of strong
fluorescent sensors (Bera et al., 2008). Singh (2012) has studied the effect of ammonia gas on the emission of
ZnO decorated luminescent graphene. Various aromatic aldehydes have been selectively detected by Jana
(2005) using ZnO QDs. Sharma (2013) have fabricated imine linked ZnO QDs for the detection of Co®" ions.
Mg** ion sensor has been successfully fabricated using ZnO QDs capped with Schiff base (Sharma et al.,
2012).

In the last decades, the increasing use of noxious compounds led to devastating effect not only for the
environment but also for human health (Kutz et al., 1992). Among various organic and inorganic pollutants,
aniline derivatives (e.g. nitroanilines) are suspected carcinogens and are highly toxic to aquatic life. They are
toxic by inhalation, in contact with skin and if swallowed. In particular, it has been demonstrated that p-
nitroaniline causes methemoglobinemia (B S Kulkarni, 1969), chronic cumulative liver damage (OSHA), and
eventually dead (A. Bakdash, 2006). Nevertheless, p-nitroaniline and the other aniline derivatives are widely
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used in the polymer, pharmaceutical, rubber and dye industries (Booth, 2000; Experimental Organic
Chemistry, 2010).

There are several methods (Gu et al., 1997; Sahori Takeda, 1993) for determination of aniline derivatives, the
most common techniques being gas chromatography (GC) (Chiang and Huang, 2008) and high-performance
liquid chromatography (HPLC) (Jen et al., 2001). However, these methods involve serious drawbacks such as
requirement of drastic conditions, derivatization steps, time consuming and complicated procedure and
analysis in non-aqueous medium. Therefore, it is certainly desirable to develop a sensor, easy to be prepared,
stable in aqueous media and sensitive to nitroaniline contamination.

Here we report a facile and “green” synthesis of a highly luminescent ZnO-based sensor, stable in water and
sensitive to nitroaniline.
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Figure 1: (a) ZnO nanopatrticles under UV lamp (b) UV-vis spectrum of ZnO NPs

2. Experimental

2.1 Reagent and Apparatus

Zinc acetate dihydrate (Zn(OAc)2:2H20, Sigma Aldrich)), 3-aminopropyl triethoxysilane (APTES, Sigma
Aldrich), 2-propanol (isopropanol, LC-MS CHROMASOLV®, Sigma Aldrich), ethanol (ACS reagent, 299.5%,
Fluka Analytical), heptane (anhydrous, 99%, Sigma Aldrich) were used as obtained. 0.05 M NaOH buffer was
used for the experiment. Solutions were prepared in double distilled water. TEM images were acquired using a
FEI Tecnai electron microscope operating at 200 kV with a LaB6 filament as source of electrons. The samples
for TEM observation were casted from volatile solutions on the TEM grid. XRD measurements were performed
with a Bruker D8 X-ray diffractometer using CuKa radiation. The KBr technique was applied for determining
the FT-IR spectra of the samples, in the scanning range from 4000 to 400 cm™, by using Vertex 70 instrument
(Bruker Corporation). UV-visible spectra were obtained with a Thermo Scientific UV-vis spectrometer.

2.2 Synthesis of ZnO nanoparticles

A ‘green’ and easy method to prepare ZnO nanoparticles (ZnO NPs) was used. ZnO NPs were synthetized by
alkaline hydrolysis of a zinc salt in a non aqueous medium, as described by Hale et al. (2005). We used zinc
acetate di-hydrate as metal precursor, and 2-propanol as dispersing phase, as the synthesis of ZnO
nanoparticles in isopropanol is easy to control and reproducible, allowing the production of nanoparticles with
controlled size. Furthermore, the interactions of the hydroxyl groups of 2-propanol with the surface of the
quantum dots hinders nanoparticles agglomeration (Nebukina et al., 2011). In a typical synthesis, 0.1 g of
Zn(CH3CO2)2:2H20 was dissolved in 150 ml of isopropanol with heating in a fume hood. Then, the solution
was placed in an ice bath, and 15 ml of a chilled solution of NaOH (0.05 M) was added dropwise to
isopropanol under stirring. Then, the final solution was placed in a hot bath (50-75 °C). Initially, a solution will
contain a large number of small particles or crystals. Because of surface tension, small particles are much
more soluble than large particles. The small particles will be precipitated onto larger particles. The small
particles therefore act as “nutrients” for bigger particles and the average particle size will increase. The rate of
this process, called Ostwald ripening, decreases as the particles grow and the particle size distribution
becomes narrower (Hale et al., 2005). After 1 h, a white suspension was obtained, which was centrifuged for
30 min at 7500 rpm to separate the precipitate and then redispersed in isopropanol. To remove impurities from
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ZnO NPs, the precipitation-redispersion method proposed by Meulenkamp (1998) in ethanol was first
performed in isopropanol. Heptane was added to the ZnO isopropanol colloids. The volume ratio of heptane
and isopropanol was 1:1. White ZnO nanoparticles precipitated after a centrifugation of 1 min at 7500 rpm or
after a night at 4 °C. After the centrifugation and the removal of the supernatant, the ZnO precipitate was
redispersed, again, in a 1:1 mixture of isopropanol and heptane. The above operations were repeated 3 times
to reach a small amount of impurities (Sun et al., 2007). To provide aqueous stability to ZnO NPs: (i) 0.015 g
of precipitates obtained after washing were dispersed in 19 ml of ethanol; (ii) 2 ml of ethanol containing 0.2 g
of APTES, were added dropwise to the suspension; (iii) 0.1 ml of bidistilled water was immediately mixed with
the suspension; (iv) the solution was stirred for 1 hour at room temperature, allowing the long-chained APTES
molecules to cap ZnO nanoparticles. The APTES capped ZnO NPs were washed by centrifugation and
dispersed in water. The solutions obtained gave a yellow emission under UV light (figure 1a).

2.3 Sensoring evaluation

Sensoring properties were evaluated at 25 °C using a UV-spectrometer. The APTES capped ZnO NPs were
dispersed in water with a concentration of 0.3 mg/ml. 1 mM p-nitroaniline solution was prepared in bidistilled
water. This two solutions were mixed with different volume ratio in order to keep ZnO NPs concentration
constant and the concentration of p-nitroaniline ranging from 5 to 37.5 uM and tested.

3. Results and discussion

3.1 UV-vis Spectroscopy

UV-vis spectrum of ZnO NPs (figure 1b) clearly shows shoulder at arounf 350 nm, while the bulk peak of ZnO
is located around 380 nm (Wahab et al., 2010). The shoulder position gives evidence that the as-prepared
particles are in the nanometer range. In particular, the particle size can be determined from the absorption
spectrum using the effective-mass model (Brus, 1992)

-1
h?m? 1 1 1.8e? 0.124¢* 1 1
E* = EbuU( + + — — +
I 2r2 \m;m, mym,) Amegyr h2(4megy)? \mim, m;m,
where E, is the band gap energy for the particle, E;”"* is the bulk band gap energy (for ZnO, E>M" =3.44 ev),
h is the reduced Planck’s constant (h/2m), r is the particle radius, me is the effective mass of electrons, m;, is
the effective mass of holes, me is the free electron mass, e is the electron charge, € is the permittivity of free

space, and ¢ is the relative permittivity of the solid. The band gap energy, Eg*, can be determined from the cut-
off wavelength:

E*_hc
Q_/lc

Where h is the Planck’s constant and c is the speed of light. The cut off wavelength, A; equal to 352 nm is
obtained by the peak positions (indicated by the arrow in figure 1b). With this procedure, the evaluated
average radius of ZnO NPs is around 4 nm.

3.2 TEM characterization

TEM images of ZnO nanoparticles are presented in figure 2. The particle diameter are in the range 4 - 9 nm,
with an average size of 8.3 nm, standard deviation ¢ =1.7 nm, that fits the results obtained with the effective
mass model.

3.3 XRD characterization

The crystallinity of ZnO NPs was confirmed by XRD analysis (figure 3a). In the XRD spectrum of dry ZnO
nanoparticles, 7 clear and broad peaks are observed, at 32.17 (001), 34.74 (002), 36.55 (101), 47.94 (102),
56.97 (110), 63.13 (103) and 68.46 (112), respectively. The XRD pattern fits well with a wurtzite structure
(Wahab et al., 2010). The average crystal (diameter), evaluated by the Scherrer equation:

d kA
~ Bsiné
where kK is structural constant, A is the wavelength of X-Ray, d is the size of the nanoparticle and (8 is full width
at half maximum, 6 is the Bragg angle. For our evaluation we used the signal of the (102) with 26 = 47.94°,

and the diameter was found to be equal to 8.6 nm. Therefore, the results of TEM, UV-vis, and XRD
characterization allow to conclude the ZnO nanoparticles have a radius of around 4 nm.
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Figure 3: (a) XRD spectrum of ZnO NPs, (b) IR spectra of APTES capped ZnO, (c) UV-vis spectrum
comparison of p-nitroaniline, ZnO NPs and ZnO NPs with p-nitroaniline, (d) UV-vis spectrum at different p-
Nitroaniline concentration as obtained by baseline subtraction in the range 300-400 nm, (e) UV peak
absorbance vs p-Nitroaniline concentration
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3.4 FT-IR analysis of APTES capped ZnO NPs
FT-IR spectra have been carried out to detect the capping state of APTES molecules on ZnO nanoparticles

(Figure 3b). The signals at 3431 and 1595 cm™ correspond to N-H stretching vibration of primary amines on
the outer surface of the nanoparticles, the peak at 2922 cm™ is due to the asymmetric stretching vibration of
C-H bond, the peak at 1110 cm™ confirms the presence of Si-O-Si groups (polymerization of APTES
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molecules), while the peak at 1010 cm™ is due to the presence of C-N bonds, that at 1384 cm™ is attributed to
C-H bonds vibration, the peak at 669 cm™ to in plane bending of C-C-C groups, and, finally, the signal at 460
cm™ is due the Zn-O bond (S. Gunasekaran, 2009; Shimanouchi, 1972; Wang et al., 2003). TEM images, not
shown here, show the presence of a SiO, capping layer around ZnO nanoparticles.

3.5 Interaction of p-nitroaniline with ZnO NPs
UV-vis spectrophotometry has been used to evaluate the effect of p-nitroaniline on the UV absorbance of

ZnO. Keeping constant the concentration of ZnO NPs (0.3 mg/ml), the concentration of p-nitroaniline has been
varied from 5 to 37.5 yM. Figure 3d shows that the ZnO UV absorbance increases with increasing the aniline
concentration. The effect is linear with the analyte concentration as shown in figure 3e:

4 1=K"[C]

A,
where Ay is the absorbance evaluated at the shoulder (360 nm) of the spectrum of APTES capped ZnO, A is
the absorbance of the contaminated system and C is the concentration of p-nitroaniline. K, evaluated with a
regression, has a value of 0.038 pM'1. This behavior is due to the interaction between the zwitterionic structure
of p-nitroaniline (stabilized in polar solvent) and the protonated group of APTES shell that allows nanoparticles
to retain a larger amount of radiation, indeed figure 3¢ shows how, at low concentration of p-nitroaniline, the
spectra of ZnO NPs with p-nitroaniline does not depend on p-nitroaniline one. On the contrary, this interaction
hinders the photoluminescence of ZnO NPs, as shown in figure 4.
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Figure 4: UV emission (under UV lamp) of samples with different concentration of p-nitroaniline on the left and
comparison between ZnO luminescence without contaminat (1) and ZnO luminescence with a contaminant
concentration of 37.5 uM.

4. Conclusion

APTES-capped ZnO nanoparticles have been tested to detect p-nitroaniline in water. The energy transfer from
ZnO NPs to p-nitroaniline results in enhancing the absorbance and quenching the luminescence emission of
ZnO NPs. The proposed sensing system has a linear response in the concentration range explored, 5 - 40 yM
p-nitroaniline. It is a simple, fast, inexpensive and non-toxic method for trace determination of p-Nitroanilinine
in water.
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