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In this contribution, chemical sensor for the detection of aqueous ammonia has been fabricated using
UV-curable polyurethane acrylate (PU) and nanohybrids (NH-1, NH-3 and NH-5). PU has been prepared
by reacting polycaprolactone triol (PCLT) and isophorone diisocyanate (IPDI) while the nanohybrids,
NH-1, NH-3, and NH-5 have been synthesized by solution blending method using PU with 1, 3, and
5 wt% loading levels of C-20B. PU and their nanohybrids showed higher sensitivity investigated by I-V
technique using aqueous ammonia as a target chemical. All the nanohybrids showed higher sensitivity

Keywords: as compared to neat PU. The sensitivity increased with increase in clay content and the nanohybrid
Polyurethane acrylate (PU) . o . . 2 IR L. .

Cloisite 20B containing 5 wt% of clay showed the highest sensitivity (8.5254 A cm~2 mM~!) with the limit of detection
Nanohybrid (LOD) of 0.0175 £ 0.001 .M, being 7.8 times higher than pure PU. The calibration plot for all the sensors

was linear over the large range of 0.05 wM to 0.05 M. The response time of the fabricated sensor was
<10.0s. Therefore, one can fabricate efficient aqueous ammonia sensor by utilization of nanohybrid as an
efficient electron mediator.

Ammonia sensing

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Environmental pollution is one of the serious problem intro-
duced by thermal process, agricultural runoff and effluents
discharged by industries. These environmental pollution attracted
the attention of environmentalists, technologists, and others [1,2].
Ammonium hydroxide is the common pollutant which effects the
environment due to their toxic, hazardous, corrosive and pollut-
ing nature. Ammonium hydroxide has toxic nature and cause lung
disease, burning of skin and permanent blindness [3-5]. Hence for
environmental safety, early detection of ammonium hydroxide is
needed [5]. Alot of efforts have been devoted to the development of
sensitive chemical sensor but most of the chemical sensors are only
concerned about the detection of ammonia in gas phase. Detec-
tion of ammonia in solution phase is desirable for industrial and
environmental applications and therefore, solution phase ammo-
nia sensors have attracted significant attention to detect low level
of ammonia solution in environment at room temperature [6-9].
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Metal oxide nanostructures have widely been used as a chemi-
cal sensors for the detection of ammonia but all these materials are
synthesized by hydrothermal methods at high temperature [10,11].
Here we are introducing PU synthesized by UV-curing technology
which has gained increasing interest due to their environmental
safety. UV-curing technology have advantage over thermal curing
because of low energy consumption, high curing speed, cost effi-
cient, low temperature and enhanced performance [12-15]. Due
to environmental pollution, thermal curing technology losses their
importance because of its high energy consumption, low curing
speed and a lot of gasses and effluents discharge to the environ-
ment. As it has interesting physical and chemical properties, being
an attractive material for many applications [12-19], it is needed
to improve its sensing properties. We made an attempt to fabri-
cate PU and PU/organoclay nanohybrids to improve their sensing
properties and extend their usage as sensors.

Clay has wide range of applications in catalysis, sensing,
drug delivery and polymer/clay nanocomposites. Polymer/clay
nanocomposites present unusual properties especially enhanced
anti-water sorption, thermal, mechanical and sensing properties
[20]. Clay plays an important role in the environmental sciences
as an electrode modifier because of their ion exchange property
[21]. This application is particularly useful for the development of
electrochemical sensors because they can accumulate electroactive
ions within the clay layer. Delamination of clay plays an impor-
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Scheme 1. Synthetic pathway of polyurethane acrylate.

tant role in charge transport. Various methods have been used for
the achievement of delamination of clay, one of that is intercala-
tion of molecules (surfactants or polymers). Nanocomposition of
conductive polymer with clay also enhances charge transport [20].

In this contribution, PU and PU/C-20B nanohybrids with 1, 3,
and 5wt% clay loadings were synthesized and characterized by
FT-IR spectroscopy, X-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM). PU and PU/C-20B nanohybrids were then
applied for ammonia sensing which is very important from appli-
cation point of view in environmental science.

2. Experimental

The entire chemicals such as closite 20B, monosodium phos-
phate, disodium phosphate, ammonia solution (25%), dibutyltin
dilaurate (DBT, Mw: 631.56 g/mol), polycaprolactone triol (PCLT,
average Mn: 900 g/mol) and polyol, 2-hydroxyethyl acrylate (2-
HEA, Mw: 116.12 g/mol) were purchased from Aldrich. TCI Korea
provided isophorone diisocyanate (IPDI, Mw: 222.28 g/mol) while

the trimethylolpropane triacrylate (TMPTA, Mw: 296.32 g/mol)
was purchased from Miwon Commercial Co. Ltd. (Korea). The pho-
toinitiator, 1-hydroxycyclohexyl phenyl ketone (Irgacure 184 D,
Mw: 204.26 g/mol) was purchased from Ciba Specialty Chemicals.
All the chemicals were of reagent grade and used without further
purification. Double distilled water was used throughout the study.
The chemical structure of trifunctional polyols used in this study is
shown in Scheme 1.

In a typical PCLT-IPDI (hyperbranched urethane acrylate
oligomer) synthesis process, 1.0 mol of PCLT was added to 2.5 mol
of IPDI and mixed perfectly by mechanical stirring at 80 °C for 3 h.
2HEA was then added drop wise at same temperature and main-
tained the stirring for further 2 h. The resulting mixture was cooled
down to 60 °C and approximately 200 ppm of DBT was added and
continued the stirring for additional 2 h. At last, tipping of NCO-
termination was carried out by 1 h stirring with HEA at below 60 °C
(Scheme 1). The mixture of urethane acrylates, 5 wt% photoinitia-
tor, TMPTA and MMA (methyl metacrylate) was heated slightly
above an ambient temperature and mixed homogeneously, fol-
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lowed by casting on a glass plate. UV-curing was carried out by
exposing samples to metal halide UV lamp (1000 W/cm), high pres-
sure mercury UV lamp (1000 W/cm), and finally metal halide UV
lamp (1000 W/cm) for 30, respectively [ 14]. After peeling off from
the glass plate, the cured films were stored in desiccators at room
temperature for further studies.

Nanohybrids (PU/C-20B) with three different composition
(99/1, 97/3 and 95/5) were synthesized by solution intercalation
method. First, PU was dissolved in 30 ml of MMA followed by drop
wise addition of dispersed solution of C-20B (C-20B in MMA). The
resulting solution was stirred for 24 h at room temperature [14].
After terminating the reaction, the resulting precipitate was casted
on a glass plate and cured by UV. Films of ~2 mm thickness were
used to test the properties.

For the detection of ammonium hydroxide by I-V technique, a
cell is constructed consisting film of PU and all nanohybrids as a
working electrode (directly) and Pd wire is used a counter elec-
trode. Ammonium hydroxide (25%) solution is diluted at different
concentrations in DI water and used as a target chemical. Amount
of 0.1 M phosphate buffer solution was kept constant as 20.0 ml
throughout the investigation. Solution is prepared with various
concentrations of ammonium hydroxide from 0.05 M to 5.0 M.
The sensitivity is calculated from the ratio of voltage and current of
the calibration plot. 0.1 M phosphate buffer solution is used at pH
7.0 which has been prepared by mixing 0.2 M NaHPO4 and 0.2 M
NaH;PO4 solution in 100.0 ml de-ionized water.

The characterizations of all samples were carried out by
using various techniques. The composition of the synthesized PU
and nanohybrids were analyzed by Fourier transform infrared
spectrometer (FT-IR) (Excalibur Series FT-IR). The structural char-
acterizations were performed by X-ray diffraction (XRD) pattern
by using Rigaku diffractometer using the Ni-filtered Cu-K,1 radi-
ation (A =1.5405 A). The general morphologies of the synthesized
nanohybrids were examined by transmission electron microscopy
(TEM) by using LIBRA 120 energy-filtering transmission electron
microscope (EF-TEM). The samples for TEM study were prepared
by dissolving the sample in ethanol and a carbon-copper grid was
dipped into the mixture. Then the sample adhering on the grid was
cured by UV. Chemical sensing performance of PU and nanohybrids
was analyzed by electrometer (Kethley, USA) using I-V technique
in two electrode system.

3. Results and discussion

Spectral investigations of the synthesized PU are in accordance
with the proposed structure. Polymerization of monomers was
confirmed by the disappearance of the sharp NCO vibration at
2265cm~!. Fig. 1 (PU) shows the typical FTIR spectra of the UV-
cured polyurethane acrylate. PU showed absorption band at 3390,
2900, 1720, 1530 and 1100cm~! [14]. These absorption bands for
pure PU are due to stretching vibration of N-H, C=0, C-N, C-0 and
C-H.

In the spectrum of the C-20B (Fig. 1), the absorption bands
at 1050 and 914 cm™! results from stretching vibrations of Si-O
and Al-AI-OH stretching mode in octahedral layer [14,20]. The
peaks for silanol groups appeared in the region of 3400-3600 cm™!
[20] while the peaks appeared at 2926, 2852 and 1470cm™! are
due to C-H stretching vibrations of CH3, CH, and CH, bending,
respectively which come from the alkylammonium present in the
organophilic clay [14,20].

FT-IR spectra of NH-1, NH-3 and NH-5 are depicted in Fig. 1.
All the characteristic peaks of clay and PU were detected in the
spectrum of NH-1, NH-3 and NH-5, suggesting the formation of
nanohybrids. The characteristic absorption bands appeared in the
nanohybrids spectra are due to stretching vibration of N-H at
3400-3350cm~!, C=0 at 1720cm~!, C-N at 1530cm~!, C-0 at
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Fig. 1. Typical FT-IR spectra of (a) NH-5, (b) NH-3, (c) NH-1, (d) PU, and (e) C-20B.

1100 cm~1, and C-H at 2800-2900 cm~'. The data is in good agree-
ment with the data reported by Bonilla et al. [14,20,22].

The quality, structural geometry and nanohybrid formations
were investigated by X-ray diffraction (Fig. 2) which generally
presents information about the increase in basal spacing of organ-
oclays used. C-20B was used in order to get nanohybrids with
improved ammonia sensing property. C-20B is an organoclay hav-
ing increased basal spacing and organophilic character and thus PU
can more easily enter into the sheet of the clay. The basal spac-
ing of the clay and synthesized nanohybrids were calculated from
the dyg1 peak using the Bragg’s equation. XRD spectrum of C-20B
shows an intense peak at 27.4 A which shift to 40.1 A after treat-
ment with PU in acetone at room temperature. The XRD curves of
NH-1, NH-3 and NH-5 shifted to lower 26 values of 2.32, corre-
sponding to a basal spacing of 38.05 A. These significant increase in
the basal space confirm that PU chains have been intercalated into
the sheets of the clay and increased the basal spacing of the sheets.
When clay loading level is high, a more obvious peak appears in
the XRD patterns which may be due to the higher amount of clay
[14,20].
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Fig. 2. Typical powder XRD patterns of (a) NH-5, (b) NH-3, (c) NH-1, (d) PU, and (e)
C-20B.
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(NH-1)

Fig. 3. TEM images of (a) NH-5, (b) NH-3 and (c) NH-1.

Fig. 3 shows the typical TEM micrograph of NH-1, NH-3 and NH-
5. TEM images shows that PU chains are successfully intercalated
into the layer of C-20B. TEM images confirm that NH-1 and NH-
3 exhibit intercalated morphology whereas NH-5 shows partially
delaminated structure. NH-1 and NH-3 images show that C-20B
exist in stacked and flocculated form in PU matrix (Fig. 3), whereas
NH-5 image shows 5-10 multilayer aggregates of C-20B in polymer
matrix. NH-5 shows the highest degrees of nano-dispersion in PU
and thus has a higher level of delamination and a better degree of
dispersion in PU nanohybrid than NH-1 and NH-3. Examinations of
many TEM images confirm that the degree of clay dispersion in the
PU nanohybrids follow the order: 5wt%>3 wt%>1 wt%. Thus it is
found that with increasing C-20B content, the dispersibility of clay
increases and aggregation decrease. The data is in good agreement
with the data reported by Zhang et al. [14,23].

The PU, NH-1, NH-3 and NH-5 were employed for the detection
of ammonia in liquid phase. The thin film of PU, NH-1, NH-3 and
NH-5 was used as working electrode where ammonium hydroxide
was selected as a target chemical. The electrical response of ammo-
nia has been measured using I-V technique [11,24-26]. Fig. 4(a)
shows electrical response of the NH-5 thin film without ammo-
nium hydroxide (gray-dotted line) and with 100.0 pl ammonium
hydroxide (dark-dotted line)in 0.1 M phosphate buffer solution (pH
7.0). The pH of the solution is kept constant because increase in pH
affects the efficiency of the electrochemical experiment which may
be due to the increase in ion carriers [27].

It is observed from Fig. 4(a) that by injecting the target chem-
ical, PU shows a significant increase in the electrical current
which reflects the sensitivity of PU to ammonium hydroxide
[11,24]. Thus by injection of ammonium hydroxide, increase
in electrical response suggests that PU has rapid and sensitive
response to the target chemical. The fast electron exchange and
good electro-catalytic oxidation properties are responsible for the

high electrical response of PU sensor to ammonium hydroxide
[11,24].

The standard electrode potential (E?) of NH4OH is equal to zero
and thus easily undergoes catalytic dissociation reaction by apply-
ing to [-V technique as shown in Eq. (1). The catalytic reaction of
NH4O0H produces NH4* and OH~ (increase the carrier ions) which
increases the conductivity of the host material by providing excess
electron to the conduction band of the material [24].

NH4OH — NH4* +OH- 1)

According to the microscopic model reported earlier [28-30],
the subsequent emission of an electron takes place from the
chemisorbed oxygen species into the conduction band of the sensor
and cause change in the electrical conductance of sensor. Mecha-
nistically, atmospheric oxygen molecules physically adsorb on the
surface and produces anion 0,45~ (O~ or O, ™) (Eq. (2)) by extract-
ing an electron from the conduction band of the sensor. This 0,45~
react with ammonium ion produced by the catalytic reaction of
ammonium hydroxide and discharge the trapped electron to the
conduction band of PU and enhances the conductivity of PU.

Oy +2e™ — 20,45~ (2)

The concentration of ammonia was varied from 0.05uM to
5.0 M by adding de-ionized water to liquor ammonia in different
proportions and investigated the effect of ammonium hydroxide
concentration on the electrical response of PU thin film. Ammo-
nium hydroxide was successively added in the range of 0.05 uM to
5.0 M into continuously stirred 0.1 M PBS solution (pH 7.0) and the
graph is depicted in Fig. 3(b). Each I-V response of PU to varying
concentration of liquor ammonia shows current of PU as a func-
tion of ammonium hydroxide concentration at room temperature.
It is observed that at lower to higher concentration of target com-
pound, the current increases gradually. Increasing electrical current
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Fig. 4. [-V curves of (a) with and without ammonium hydroxide, (b) concentration variation of ammonium hydroxide, (c) calibration curve of ammonium hydroxide using

NH-5, and (d) comparison of sensitivity.

with increasing ammonium hydroxide concentration indicates that
with increase in the concentration of ammonium hydroxide, the PU
film conductivity increased which is ascribed to the increase in ions
providing excess electron to the conduction band of the material
[11,24-27].

Fig. 4(c) shows the corresponding calibration curve of the PU
sensor which is plotted from the variation of target concentra-
tion. Initially current response increases as the concentration of
ammonium hydroxide increases and after certain concentration
electrical response become constant and thus saturation takes
place at high concentration above 0.05 M. Calibration curve depicts
two sensitivity regions; region at lower concentrations is linear
up to 0.05M with correlation coefficient (R) of 0.6223. The sen-
sitivity is calculated from the slope of the lower concentration
region of calibration curve, which is 1.0901 wA cm—2 mM~!. Thelin-
ear dynamic range of this sensor exhibits from 0.05 uM to 0.05M
and the detection limit was estimated, based on signal to noise
ratio (S/N), to be 0.031+0.001 wM. Above 0.05M concentration

the sensor become saturated. This sensor shows higher sensitiv-
ity at low concentration region and would be useful at lower
ammonium hydroxide concentration at room temperature. The
saturation region at higher concentration might be due to the
unavailability of free PU sites for ammonium hydroxide adsorption.
The higher sensitivity of PU at lower concentration is due to avail-
ability of the free surface for physisorption process which plays a
major role in sensitivity of the sensor. The saturation of the sensor
takes place due to chemisorption process which remains domi-
nant at higher concentration and effects the sensor performance
[11,24].

To check the effect of clay on the performance of PU for the
detection of ammonia, NH-1, NH-3 and NH-5 were studied as a
chemical sensor for ammonium hydroxide detection. NH-1, NH-
3 and NH-5 based ammonia sensor showed sensitivity of 3.4103,
5.6485 and 8.5254 pA cm—2 mM~! with a response time <10s. The
sensing results demonstrate that NH-5 shows the highest sen-
sitivity with low detection limit (0.0175+0.001 wM) which was

Table 1

Sensing performance of PU and PU/C-20B nanohybrids and their comparison with other nanocomposites in literature.
Analyte Clay LoD (uM) Sensitivity (WAcm =2 pM-1) Reference
PU Cloisite 20 B (5 wt%) 0.0175 8.5254 Present work
PU Cloisite 20 B (3 wt%) - 5.6485 Present work
PU Cloisite 20 B (1 wt%) - 3.4103 Present work
PU - 0.031 1.0901 Present work
Fe3* Montmorillonite 4.0 - 32
Cu?* Laponite 80.0 - 33
Ca%* Montmorillonite 4.0 - 34
Methyl viologen Laponite 5.0 - 35
Nitrobenzene Sepiolite 1.6 - 36
Amitrole Nontronite 3.0 - 37
Lactate Laponite 1.0 - 38
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estimated based on signal to noise ratio (S/N) (Fig. 4(d)). Thus
the nanohybrid containing 5 wt% of clay significantly increased the
sensitivity (8.5254 wAcm~2 mM~1) which is 7.8 times higher than
that of pure PU (1.0901 pAcm—2 mM~1). Similarly the introduc-
tion of 1 and 3 wt¥% of clay into PU increased the sensitivity of PU
from 1.0901 wAcm~—2 mM~! to 3.4103 and 5.6485 pAcm~2 mM~1,
respectively. The increase in sensitivity of PU by addition of clay
may be due to the accretion of electroactive ions within the clay
layer which can act as matrices for electroactive ions because they
are usually able to incorporate ions by an ion-exchange process.
Further the highest sensitivity of NH-5 may be due to high concen-
tration and delamination of clay within the polymer matrix which
enhance charge transport and increase the electrical response [21].

In addition to this, performances of NH-5 based aqueous
ammonia sensors was compared with the previously reported
nanocomposites and summarized in Table 1. NH-5 showed much
higher sensitivity and lower detection of limit than those of pre-
viously reported ammonia sensors [31-37]. Moreover, it can be
considered that the clay delamination plays an important role in
the performance of the sensors. Therefore, one can conclude that
the PU nanohybrid with 5wt% of C-20B is a good candidate, com-
pared to other polymers and nanomaterials for the fabrication of
efficient and highly sensitive aqueous ammonia sensors.

4. Conclusion

PU and PU/C-20B nanohybrids with various clay contents
were prepared and characterized by FTIR, XRD and TEM.
Both PU and nanohybrids were applied for aqueous ammonia
sensing using [-V technique and studied the electrical behavior
at different NH4OH concentrations. Nanohybrids showed higher
sensitivity and lower LOD value as compared to PU which indi-
cates that the sensing property of PU was improved by adding
C-20B into PU matrix. Thus nanohybrid provides an efficient way to
improve the sensing property of PU to widely expand its applica-
tion and consequently can make suitable sensor for use in chemical
industries.
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