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ABSTRACT: The present work reported the polyaniline (PANI) and
multiwalled carbon nanotube (MWCNT)-based nanocomposite as a sensing
material for the determination of aqueous ammonia by the enhanced
fluorescence method. The excitation wavelength-dependent photolumines-
cence (PL) intensity has shown dual emission peaks at 340 and 380 nm that
correspond to two different excitation energy states. The pH-based PL
intensity and zeta potential variation were analyzed to optimize the suitable
medium for aqueous ammonia sensing. Zeta potential was found to shift from
4 to —21 mV upon changing the pH of the the solution from acidic to alkaline
medium. The fluorescence intensity of PANI/MWCNTSs was found to
increase upon increasing the pH from 3.0 to 6.0 (acidic region) and exhibits a
plateau upon further increasing the pH from 7.0 to 12 (basic region). The
PANI/MWCNT composite has shown a linear response to aqueous ammonia
concentration varying from 25 to 200 4M with a correlation coefficient (R?) of 0.99 and a limit of detection of 15.19 uM. The
presence of relevant interference molecules and physiological ions had no influence on the detection of aqueous ammonia. Field-
level study demonstrated that the level of aqueous ammonia can be determined selectively by using the PANI/MWCNT composite
for various applications. The mechanism for the selective detection of aqueous ammonia is deliberated in detail.
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1. INTRODUCTION commonly used methods (amperometric, resistive) to quantify

Ammonia has a very significant role in the global ecosystem, the aqueous ammonia for environmental, industrial, ancg

. . . . . 2—
specifically in the nitrogen cycle. However, excess emissions of biomedical purposes are cost-effective and time-consuming.

ammonia from domestic, industrial, and agricultural waste- The recently fluorescence-based detection system has been
water to the aquatic environment can cause water eutrophi- developed using various nanomaterials such as polymer
cation and damage ecosystems, leading to algae flourishing and nanoparticles and quantum dots because of their ultra-
aquatic organism poisoning. If we concern about aquatic life, sensitivity, rapidness, lower cost, higher portability, and easy
plants have more limited tolerance for aqueous ammonia operations.”” Fluorometric systems have been successfully
compared with animals (fish, insect, etc.). used for sensing gaseous analyte molecules.

The large amount of ammonia that is needed or more than Carbon nanotubes are one of the most important one-
permissible limit affects their growth and structural develop- dimensional nanomaterials due to its excellent electrical,
ment, and it can affect their tissues (gills), leading to skin, mechanical, and physical prop<er'cies.8'9 The polymer compo-
kidney, and liver damage that increase the possibility of death. sites, metal, metal oxide decoration, and different functional
The long period of time consumption of aqueous ammonia groups were introduced in carbon nanotubes to improve
affects the metabolism and acid—base equilibrium of body, selectivity and sensitivity for various applications.'’™"* PANT is
concerning the glucose tolerance level in the body and also the a very important conducting polymer, which is being
reducing tissue sensitivity to insulin. The ammonium level in investigated in recent years due to its low cost, nontoxicity,

the blood of healthy adults and children is approximately 30
uM, but these levels can be exceeded to 1 mM under
conditions of acute hyperammonemia (1—3 mM). The toxicity
of aqueous ammonia depends on both temperature and the pH

reversibility, good environmental stability, and high intrinsic
redox properties.'* Generally, the carbon nanotube/PANI

. 3 °
value of water. The allowed range of aqueous ammonia in Received:  September S, 2019
drinking water was from 14.04 to 640.44 uM.' Accepted:  March 26, 2020

Therefore, prevention and control of ammonia pollution by Published: April 10, 2020

monitoring dissolved ammonia in the environment are
significantly important for the environment where it can
directly accumulate and damage the aquatic life. The
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composite was studied for its unique optical, electrical, and
electrochemical properties.'> ™"’

The determination of aqueous ammonia has the potential
for water quality monitoring, environmental safety, and
biomedical diagnostic applications. The commonly used
methods to quantify the ammonia in blood are alkalization—
diffusion,” ion exchange,20 and enzymatic reactions” and use
gas sensing electrodes, which involve a complex operation
procedure, are less stable, and have poor selectivity. Most of
the demonstrated methods for detecting ammonia in the
aqueous medium lack selectivity and require combination of
extraction and analyzing processes. Therefore, we require a
compact, portable, ultrasensitive, rapid, lower cost, and simple
operation strategy-based method for the detection of ammonia
in aqueous solutions. As per our knowledge so far, no report is
available on PANI/MWCNT-based aqueous ammonia detec-
tion.There are many reports existing for the detection of
ammonia; however, the detection of aqueous ammonia is rare.
The fluorescence properties of PANI were rarely used for the
sensing application. Here, we demonstrate the detection of
aqueous ammonia by measuring the change in fluorescence of
the PANI/MWCNT nanocomposite. The nanocomposite was
formulated by using the amine group of PANI that has an
affinity toward the carboxyl group on the MWCNTs. The
physical properties of the sample were characterized by using
scanning electron microscopy, ultraviolet—visible absorption,
zeta potential, and spectrofluorometry. The optical properties
of the nanocomposite were investigated in different pH values
and at different excitation wavelengths. The sensing method-
ology was well evaluated by introducing various possible
interferences, and the sensing mechanism is elucidated in
detail.

2. EXPERIMENTAL SECTIONS

2.1. Materials and Reagents. Carboxyl-functionalized
MWCNTs were synthesized by the single-step pyrolysis
method using the tubular furnace at 870 °C. The character-
ization and properties were already reported in our previous
articles.”>™>* Liquor aqueous ammonia, lactose, lysine, sucrose,
uric acid, zinc chloride, sodium chloride, potassium chloride,
calcium chloride, magnesium chloride, glucose, succinic acid,
disodium phosphate, and potassium monophosphate were
purchased from Sigma-Aldrich. Phosphate buffer solution (0.1
M, pH 7.4 during sensing) and ultrapure water (18.2 MQ cm
at 25 °C) were used throughout the experiment.

2.2. Formation of Carboxyl-Functionalized MWCNTs
and PANI Nanocomposite. Carboxyl-functionalized
MWCNTSs were prepared by acid treatment to remove the
unwanted catalyst. To prepare PANI, 0.1 M ammonium
disulfate was dropwise added in HCI, which contains 0.1 M
aniline solution, and it was kept for 12 h at room temperature.
The deep green color of polyaniline was formed by a chemical
oxidation process that was purified by centrifugation at 8000
rpm for 10 min. The nanocomposite formulation was
optimized by varying the PANI concentrations (100, 20, and
10 mg/mL) with 1 mg/mL MWCNTs in an aqueous medium.
The samples were defined as Sp1 (100:1), Sp2 (20:1), and Sp3
(10:1) throughout the experiment. The mixture was stirred for
30 min and followed by probe sonication for 10 min for the
formation of the nanocomposite. From the characterization,
the combination of 10 mg/mL PANI and 1 mg/mL MWCNTs
has formed a suitable nanocomposite as anticipated, and it was
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used for further sensing studies (PBS, pH 7.4). The synthesis
process is shown in Figure 1.

APS Solution

Stlrrmg Preupltatlon
2 h RT Washlng
Aniline in HCI PANI in HCI PANI Powder
Vortex
+ \%+
Sonlcatlon
MWCNTs

PANI

PANI/MWCNTs in H,0

Figure 1. Schematic representation of the synthesis of the PANI/
MWCNT composite.

2.3. Instrumentation. SEM images were taken by an FEI
QUANTA 200 instrument using a 30 kV beam under vacuum.
The structure and morphology were examined using high-
resolution transmission electron microscopy (JEOL JEM-2010,
HRTEM, Japan) in-built with selected area (electron)
diffraction (SAED). X-ray diffraction (XRD) measurement
was performed by an X’pert Pro diffractometer with Cu Ka
radiation in the range 5 < 26 < 80 at 40 kV. Raman spectra
were obtained using an Ar ion laser (514 nm, HORIBA Jobin
Yvon). Thermogravimetric analysis (TGA) was done using an
STA 6000 SaturnA sensor. Emission spectra and sensing
studies were performed using a spectrofluorometer (HORIBA
Jobin Yvon FluroMax-4). Zeta potential was measured by a
zetasizer Malvern. Absorbance spectra were taken using a UV—
visible spectrophotometer (UV-VIS3600, Shimadzu). Emission
spectra and sensing studies were performed using spectro-
fluorometer (HORIBA Jobin Yvon FluroMax-4).

3. RESULTS AND DISCUSSION

1. Morphological Observation. The microstructure
and morphology of MWCNTSs and PANI/MWCNTSs were
studied by SEM (Figure S1). MWCNTs have a denser network
with 0.1—5 pm in length (Figure Sla). Figure S1b shows the
granular morphology of PANI. The average diameter of PANI
was 0.5 ym, which helps the formation of the nanocomposite.
The carbon nanotube is properly embedded in the PANI
matrix due to interfacial bonding between MWCNT's and the
PANI matrix. The greater amount of PANI totally covers
MWCNTs and forms the PANI/MWCNT composite (Figure
Sic).

Figure 2a—c shows HRTEM images of the PANI composite
under different magnifications. The aggregation of the
MWCNT network in the polymer matrix was observed (Figure
S2a—d). The diameter and length distribution of synthesized
close-ended (Figure S2) MWCNTs are about 40 nm and a
length of 0.2 to 1.6 mm, respectively, with an 1nner ? and
wall thickness around 8 and 16 nm, respectively.””
selected area (electron) diffraction pattern (SAED) of PANI/
MWCNTs gives three rings corresponding to (002), (100),
and (004) planes of MWCNTs (Figure 2d).

3.2. X-ray Diffraction (XRD) Analysis. Figure 3a displays
the X-ray diffraction (XRD) pattern of MWCNTs, PANI, and
PANI/MWCNTs. MWCNTSs show well-defined peaks at
26.10, 43.68, 53.78, and 78.11° (26) those correspond to the
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Figure 2. (a—c) HRTEM images of the PANI/MWCNT nano-
composite and (d) corresponding SAED pattern.

(002), (101), (004), and (110) planes of MWCNTSs,
respectively, and they are well matched with JCPDS card
nos. 75-1621 and 41-1487.>° The spectra of PANI show lower
crystalline peaks at 25.50° that corresponds to the (200) plane
due to periodicity perpendicular to the polymer chain, which is
similar to HCl-doped PANI XRD patterns.”*~>* The PANI/
MWCNT composite shows crystallinity peaks of both
MWCNTs and PANL

3.3. Raman Analysis. Raman spectroscopy is a well-known
method of characterization to check configuration, purity, and

crystallinity of MWCNTSs. Raman peaks were observed at
1350, 1580, and 2700 cm ™! due to the disordered D band, the
degree of graphitization of the G band, and phonon resonance
of the G’ band.”® The calculated I,/I; ratio from the Raman
spectrum of MWCNTs is 0.498. The Raman spectra of PANI
at 1579,1476, and 1330 cm ™! are due to C=C of the quinoid
rings from PANI where 1397 and 1180 cm™' are due to the
branch structure of PANI with tertiary nitrogen groups.’"*>
The C=C of quinoid of PANI and the G band of MWCNTs
were superposed each other. The intensity of G and 2D peaks
was reduced due to the coverage of PANI on MWCNTs.

3.4. Thermogravimetric Analysis. The thermal stability
of MWCNTs, PANI, and the PANI/MWCNT nanocomposite
was analyzed by thermogravimetric analysis in 20 mL/min N,
atmosphere, as shown in Figure 3c. MWCNTSs have shown a
single-step weight loss process beyond 600 °C due to the well
graphitic structure of the nanotubes. The TGA curve of PANI
shows weight loss at a lower temperature due to its moisture
content. The major weight loss at 350—600 °C is due to the
decomposition process of PANI. However, the slow weight
loss was observed for the PANI/MWCNT composite up to
350 °C that was due to the loss of co-intercalated water
molecules and the release of co-intercalated HCI. The
decomposition of the PANI/MWCNTSs occurs at 400 to 600
°C (50%) that might be associated with the decomposition of
amine-based groups of PANI, and remaining weight loss was
due to oxygenated groups of MWCNTs those have not reacted
with an amine. It was observed that the major weight loss of
the PANI/MWCNT starts at 400 °C, which occurs earlier than
that of the MWCNTs.
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Figure 3. (a) X-ray diffraction pattern, (b) Raman analysis, (c) TGA analysis, and (d) UV—Vis spectrum of the prepared MWCNTSs, PANI, and

PANI/MWCNTs.
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3.5. Optical Properties. The UV—vis spectrum (Figure
3d) of the carboxyl-functionalized MWCNTSs shows a strong
absorbance band at 273 nm. The chemically synthesized PANI
has two absorbance peaks at 343 and 442 nm due to polaron
n—m* transition of benzenoid rings and polaron—7* transition,
respectively.”*** The optical absorption spectra of the PANI/
MWCNT nanocomposite sample show an increase in
absorption at 273 nm, and two characteristic absorbance
peaks (343 and 442 nm) indicate the presence of both
MWCNTSs and PANI

3.6. Fluorescence Properties of PANI/MWCNTs. The
photoluminescence spectra of PANI/MWCNTSs were meas-
ured at different excitation wavelengths (250—350 nm) those
have given the emission in the range of 300—500 nm (Figure
4). The bi emission spectra were observed at 344 and 380 nm
based on excitation wavelengths.

PL Intensity (a.u.)

400 450 500

Wavelength (nm)

)
350

300

Figure 4. Photoluminescence spectra of the PANI/MWCNT
composite.

The first emission peak at 340 nm was due to the z—n*
transition of a benzenoid unit of PANI The emission peak
positions have not shown peak shifting, but the intensity was
gradually increased with excitation wavelength up to 285 nm.
The second emission peak was observed at 380 nm when
excitation wavelength goes beyond 300 nm due to lighter
dopant chlorine ions in PANI that is from HCL

3.7. pH-Dependent PL Intensity and Zeta Potential.
The pH-dependent PL intensity of the PANI/MWCNT
composite was investigated in the wide range of pH in
phosphate buffer solution, as shown in Figure Sa,b. Intrinsic
inhomogeneity and the electronic structure of PANI/
MWCNT composites led to different PL intensities depend
on pH and excitation Wavelength.35’36

The maximum intensity was observed at 340 nm in the
range of 6—7 pH. The fluorescence intensity of PANI/
MWCNTSs was found to increase upon increasing the pH from
3.0 to 6.0 and exhibits a plateau upon further increasing the pH
from 7.0 to 12. The pH-dependent PL property of the PANI/
MWCNTSs may be attributed to the protonation of the amino
groups of PANT surfaces.”” Protonation (by H* ions) of PANI
results in a decrease in the PL intensity of PANI At acidic
medium (pH 3), the degree of protonation of PANI is higher
due to the presence of larger number of background H" ions,
which results in a lower PL intensity of PANI/MWCNT
composites. Upon increasing the pH from 3 to 7, the
background H" ions reduced, thereby decreasing the degree
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of protonation of PANI results in an increase in the PL
intensity of PANI Also, the background H' drastically
decreases upon further increasing the pH from 7 to 13,
which reduces the probability of protonation, and thus, there is
no change in the PL intensity observed in the basic medium.

The zeta potential of PANI/MWCNT was found to vary
from S to —21 mV that corresponds to the change in the pH
(3—12) of the medium, as shown in Figure Sb. The isoelectric
point was observed at pH 3.5. The highly negative surface
charge was maintained in an alkaline medium and helps to
prevent the agglomeration. Based on the results, it can be
concluded that the pH 7.4 and an excitation wavelength of 285
nm that gives a high PL intensity at 345 nm were found to be
optimum for sensing applications.

3.8. Aqueous Ammonia Sensing Performance of
PANI/MWCNTSs. Fluorescence-based aqueous ammonia sens-
ing by the PANI/MWCNT composite is shown in Figure S¢,d.
From the 3D contour plot, it was observed that the PL
intensity has been increased sharply around 500% in the
presence of 0.5 mM aqueous ammonia. The PL emission
intensity was shown as the Gaussian maximum at 340 nm
when excited by 285 nm at pH 7.4 in phosphate buffer
solution. The fluorescence spectra of PANI/MWCNT
composites are shown in Figure 6 upon the addition of
different concentrations of aqueous ammonia (500 pxM).
There was neither a shift in the emission peak nor change in
full width at halfmaximum in the presence of aqueous
ammonia. The PL intensity of PANI/MWCNTs has linearly
increased in the presence of aqueous ammonia concentration
ranges from 0 to 200 M in phosphate buffer solution.

The normalized PL intensity of the sample is calculated from
the measured change in the intensity in the presence of a
solution (F,) and initial PL intensity value (F;) using eq 1

E-F
sensitivity%(S) = ———2 X 100
F, (1)

The PL intensity was increased linearly in the presence of
different concentrations of aqueous ammonia (Figure 6). The
slope values of Spl, Sp2, and Sp3 samples were 0.126, 1.000,
and 0.091, respectively. For Spl, Sp2, and Sp3 composite
samples, the correlation coefficients were found to be 0.995,
0.994, and 0.991, respectively. The lower detection limit values
(LOD S/N = 3) for samples Spl, Sp2, and Sp3 were 14.70,
15.19, and 18.57 uM, respectively. It was observed that there is
a significant alteration in the limit of detection (LOD) and PL
intensity when there is an increment in PANI percentage in a
composite.

The increase in the PL intensity is due to the breaking of
PANI/MWCNT bonding by delocalization of trapped charge
carriers in the presence of NH,". The available PANI/
MWCNT interface associated with the samples (Spl, Sp2,
and Sp3) is important for the change in the observed PL
intensity. The slope has almost nine times enhancement for the
Sp2 sample when compared to the higher and lower
concentrations of PANI in composites Spl and Sp3. This
significant enhancement indicates that the Sp2 composite has
higher sensitivity than other composites in the presence of the
same amount of aqueous ammonia. The fraction of PANI/
MWCNTs in the samples are given by Spl (100:1), Sp2
(20:1), and Sp3 (10:1), and this is evident from the
corresponding PL intensities. However, the sample Sp2
shows a larger change in fluorescence due to the availability
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Figure S. (a) pH-dependent and (b) zeta potential-dependent PL intensity of the PANI/MWCNT composite. (c, d) Emission spectra of PANI/
MWCNT composites at pH 7.4 (3D contour plot) at different excitation wavelengths in the (c) absence of aqueous ammonia and (d) presence of

aqueous ammonia.
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Figure 7. (a) PL spectra and (b) calibration of the PANI/MWCNT-based ammonium sensor against relevant interference. (c) Reproducibility of
ammonium sensing for seven different samples and (d) stability of the PANI/MWCNT composite.

of relatively larger area of the PANI/MWCNT interface. The
sample Spl contains large fraction of PANI (100 times)
compared to MWCNTSs, which might result in covering most
of MWCNTs, and leaves a very measurable area of the PANI/
MWCNT interface for ammonia sensing. In the case of Sp3, it
posseses very less fraction of PANI and results in less number
of PANI/MWCNT interface sites for ammonia sensing. A
moderate amount of PANI/MWCNTs (20:1) in Sp2 allows
the exposure of larger area of the PANI/MWCNT interface for
ammonia, which could results in a higher change in the PL
intensity, in other words, higher sensitivity. It can be concluded
that the proper composition of each compound of a composite
could make an efficient sensor platform for liquid aqueous
ammonia.

3.9. Selectivity and Stability Study. It was observed
from Figure 8 that the PL intensity of the PANI/MWCNT
composite was increased to 200% in the presence of 200 uM
aqueous ammonia.

The selectivity of the sensor was analyzed with the following
possible interferences such as lactose, lysine, sucrose, maltose,
Zn**, Ca®, K, Mg*, glucose, and succinic acid. All the
interference compounds were taken an equal amount of
ammonium (200 gM). Figure 7a,b shows that the interference
molecules have a negligible impact toward the detection of
aqueous ammonia. From this study, it can be concluded that
the PANI/MWCNT composite has high selectivity and can be
applied to the direct determination of aqueous ammonia in
field-level samples. Further, we investigate the reproducibility
of ammonium sensing performance of the PANI/MWCNT
sensor, as shown in Figure 7c. The sensor shows excellent
reproducibility with a 6.37 standard deviation for seven sets of
the sample in the presence of 200 M aqueous ammonia. The
stability of the composite was analyzed up to 8 weeks of
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continuous measurement (Figure 7d). The PL intensity of the
PANI/MWCNT nanocomposite decreased by about 10.3%
after 8 weeks, where only 1.6% change was observed for first
week.

3.10. On Field Evaluation of Developed Sensing
Methodology. Field applicability of the developed fluores-
cent nanocomposites was evaluated by detecting aqueous
ammonia in human serum. The ammonium level in the blood
of a healthy human is approximately 30 uM, and in
hyperammonemia condition, it may exceed to 1 mM. The
experimental results obtained by the standard addition method
in dilute human plasma are shown in Table 1. The recovery

Table 1. Detection of Aqueous Ammonium in Human
Serum

sample spike (uM) found (nm) recovery % RSD (n =3)
human serum 40 37.12 92.80 5.93
60 56.62 94.36 5.93
80 74.67 93.33 3.12
100 96.34 96.34 6.93
200 191.03 95.15 2.34

experiments were carried out as a preliminary evaluation to
illustrate the real application. The recovery percentage range
was obtained 92 to 96 with less than 7 relative standard
deviations, indicating an acceptable level of accuracy of our
proposed sensor.

3.11. Mechanism of Sensing. The fluorescence off-to-on
mechanism of the PANI/MWCNT composite probe for the
detection of aqueous ammonia is represented in Figure 8. The
interactions between PANI and carboxyl-functionalized carbon
nanotubes take place due to the electrostatic interaction
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Figure 8. Mechanism of aqueous ammonia sensing by the PANI/
MWCNTSs composite.

between —COO™ groups of carbon nanotubes and —NH" of
PANI, the hydrogen bonding between —OH groups on the
carbon nanotubes and the —NH group of PANI, and also a
small amount of —z stacking between the z-bonded of the
carbon nanotube and the quinoid ring of PANL*™*' Due to
the bonding formation of the PANI/MWCNTSs complex, the
fluorescence efliciency of PANI was effectively quenched by
localization or trapping of charge carrier (Figure S3).

The aqueous ammonia (NH,") donated a proton to PANI
and delocalized the trapped charged carrier again to restore the
fluorescence of PANI This resulted in the sensitive and
selective detection of aqueous ammonia by measuring the
change in the fluorescence properties.*

Although there are a large number of literature reports
available for the detection of gaseous phase sensing of
ammonia, there is a research gap for the detection of aqueous
ammonia. The detection of aqueous ammonia has potential for
water quality monitoring and environmental safety concern.
Most of the literature has not covered elaborated information
about the effect of pH and selectivity, and as per our
knowledge so far, no report is available based on PANI/
MWCNTs for the detection of aqueous ammonia. Com-
parative study of available literature report is listed in Table 2.
It is clear that our aqueous ammonia detection protocol was
compact and has a systematic investigation when compared to
other literature. These results suggest that PANI/MWCNT-
based new fluorescence sensing methodology would be
beneficial in the detection of aqueous ammonia for various
applications.

4. CONCLUSIONS

This study successfully demonstrated the novel approach for
sensing of aqueous ammonia by the PANI/MWCNT

composite through fluorescence methods. The characteristic
teatures of the PANI/MWCNT composite were studied by
using scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), ultraviolet—
visible absorption (UV), zeta potential, and spectrofluorom-
etry. The pH-based PL intensity analysis was helpful to
optimize an exact pH for aqueous ammonia sensing. The
optimization of various concentrations of PANI to formulate a
nanocomposite was an appealing factor to elevate the sensing
performance. The developed sensing platform was highly
sensitive and selective toward aqueous ammonia among the
pool of possible interferences. The linear responses for
different concentrations of aqueous ammonia range from 25
to 200 uM with a high correlation coefficient (R* = 0.99) and
an LOD of 15.19 uM by the nanocomposite gave a platform
for the sensitive detection of diseases in real sample analysis.
The composite stability under UV exposure for a longer
duration of period and the possible mechanism of sensing were
clearly elucidated in detail. This PANI/MWCNT composite is
free of metal organic dyes, cost-effective, and easily
reproducible. The present approach had extended a new
path for the selective and sensitive detection of aqueous
ammonia, which is essential in the biomedical, environmental
monitoring, and chemical industry fields.
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