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ABSTRACT: In this study, a simple and cost effective chemical sensor for hydrazine detection was developed using polyaniline (PAni).

PAni was synthesized via chemical oxidative method at different polymerization temperatures (210, 25, 0, and 25�C) in the presence of

sodium dioctyl sulfosuccinate (AOT) as dopant. The effect of polymerization temperature on the performance of the PAni sensor for

hydrazine detection was evaluated. The sensor response was analyzed using UV–Vis spectrometer, where there is notable decrease in

polaron peak at �780 nm after the PAni was exposed to hydrazine. The reduction in the polaron peak is attributed to the decrease in the

conductivity of PAni thin films owing to dedoping process by hydrazine. Fourier transform infrared analysis was carried out to study the

intensity ratio of quinoid/benzenoid peak to identify the changes in chemical structure of PAni upon exposure to hydrazine. Besides that,

all PAni sensors synthesized at different polymerization temperatures showed good reusability up to 10 cycles with respond and recovery

time of 0.12 min and 0.08 min, respectively. Data collected in this study indicate that PAni which was synthesized at 25�C could act as

sensitive sensor for hydrazine detection with a detection limit of 0.24 ppm. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41746.
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INTRODUCTION

In recent years, conducting polymers have gained much attention

due to their versatile applications in electronic devices, light emit-

ting diodes, sensors, actuators, corrosion protection coatings, and

microwave absorption.1–5 Among the conducting polymers, poly-

aniline (PAni) is one of the promising semiconductors due to its

ease of synthesis,6 high conductivity, low production cost, and

good environmental stability.7,8 However, some of the known dis-

advantages of PAni include low molecular weight and having

many defect sites when it was synthesized at room temperature.

These disadvantages could be critical as the defect sites and low

molecular weight could significantly depreciate the mechanical

and electrical properties. Fortunately, the disadvantages can be

overcome by manipulating the polymerization temperature.

There are several studies on the synthesis of PAni at sub-zero

temperature that reported great improvements in the molecular

weight and structure of the PAni. However, most of these

improved PAni were being synthesized in the powder form which

restricts its application in the field of sensing technology.6,8

Sensor is one of the crucial analytical technologies and tools in

detecting toxic chemicals in the environment. Hydrazine and its

derivatives are commonly known for fuels in explosives, antioxi-

dants, rocket propellants, blowing agents, photographic chemi-

cal, corrosion inhibitor, insecticides, and plant growth

regulators.9 Nevertheless, hydrazine is well known as neuro-

toxin, carcinogen, mutagen, and hepatotoxic.10 Besides that,

exposure to high level of hydrazine can cause irritation to nose,

eye, throat, dizziness, nausea, temporary blindness, pulmonary

edema, and coma, which will eventually endanger the liver, kid-

neys, and central nervous system of humans.11

Therefore, there is the need to have an effective and sensitive

method for hydrazine detection. Presently, several efforts have

been made in developing rapid, sensitive, and selective methods

for detection of hydrazine. The methods include using different

metal oxides, electrodes, and semiconductors.12,13 Electroanalyti-

cal technique is a direct and effective method for detection of

hydrazine.14 Unfortunately, hydrazine exhibits irreversible oxida-

tion which requires large overpotential at bare carbon electrodes.

Recently, various chemically modified electrodes (CMEs) have

been prepared and applied in the detection of hydrazine.15–19 The

modifications were able to significantly lower the overpotential

and increase the oxidation current response. However, the tedious

preparation method and expensive electrode modification techni-

ques have made this method cumbersome, and many are still

finding for an alternative methodology. The preference for a
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conducting polymer especially PAni over a conventional metal as

sensing material stems from several advantages such as it can be

operated at lower applied voltages and temperatures, unique

acid-base chemistry, and it interacts more favorably with both

organic and inorganic compounds.20

In this work, PAni were synthesized via chemical oxidation

method at different polymerization temperatures to optimize its

sensing performance by having higher molecular weight PAni

with lesser defect sites. The performance of the PAni sensor was

evaluated using ultraviolet-visible (UV-Vis) and supported by

standard four probe method (conductivity studies) and Fourier

transform infrared (FTIR) spectrometer.

EXPERIMENTAL

Chemicals

Chemicals such as aniline (Ani) monomer, dioctyl sodium sul-

fosuccinate (AOT) dopant, ammonium peroxydisulfate (APS),

and lithium chloride (LiCl) were purchased from Sigma Aldrich

and used as received. Hydrochloric acid (HCl) 37% and analyti-

cal grade toluene were purchased from Lab Scan Sdn. Bhd. and

Starform Sdn. Bhd., respectively. Distilled water was used

throughout the research. All the chemicals and reagents were

used without purification unless noted.

Synthesis

PAni was synthesized via chemical oxidation method at 25�C.

First, 1 mmol of AOT was dissolved in 1M of HCl followed by

the dropwise addition of 1 mmol of Ani. Then, 15 mmol of

APS solution was slowly added into the solution mixture and

the polymerization was allowed to continue for 24 h. After that,

the product, PAni was washed with distilled water for three

times and subsequently dissolved (3 wt %) in toluene. Then,

PAni solution in toluene was deposited on a well-cleaned glass

substrate prior to spin coating technique. This was done in a

three-step process (acceleration for 10 s at 1000 rpm, steady-

state coating for 10 s at 5000 rpm followed by deceleration for

10 s at 1000 rpm) on a spin coater (Model: Spin 150, Ger-

many). This technique yielded PAni thin film with a uniform

coating, and it was subjected to 30 min drying in oven to

remove remaining toluene solvent from the thin film. The same

approach was used to synthesize PAni at 25, 210, and 0�C.

PAni at 0�C was synthesized in ice bath. For synthesis at sub-

zero temperature (25 and 210�C), optimized amount of LiCl

was added to prevent the freezing of PAni reaction mixture.

Characterizations

The characterizations of PAni films were carried out using FTIR

(Perkin Elmer RX1 FT-IR ATR) spectrometer in the range of 400–

4000 cm21 and UV-Vis (UV-1650 PC) spectrometer in the range

of 300–900 nm. X-ray diffraction patterns were obtained using

Empyrean X-ray diffractometer (XRD), equipped with a Cu target

at 40 kV and 40 mA. The measurements were performed within a

2h range of 5–80� at scan speed of 2�/min. Conductivity charac-

terization were performed by using four point probe, Loresta HP

in the conductivity range of 1027 to 107 S/cm.

Set-up for PAni Thin Film in Hydrazine Detection

PAni film was immersed in hydrazine solution (1–100 ppm) in

cuvette cell to determine the response of PAni against hydrazine

as shown in Supporting Information Figure S1. The measure-

ments were taken before and after immersion into hydrazine

solution using UV–Vis, standard four point probe, and FTIR

spectrometer.

RESULTS AND DISCUSSION

Characterizations

Figure 1 shows the FTIR spectra of PAni synthesized at different

polymerization temperatures (210, 25, 0, and 25�C). All PAni

showed a broad transmission band at wavenumbers higher than

2000 cm21 which is the typical form of conducting PAni.21,22

The bands observed in the range of 2800–3600 cm21 are attrib-

uted to the H-bonding to the adjacent molecules in PAni

chains. Typically, the bands observed at 3161 cm21 and

3489 cm21 belong to the NAH stretching and OAH stretching,

respectively.23 The band at 1752 cm21 corresponds to the C@O

which arose from the AOT dopant.24 Meanwhile, peaks at

1565 cm21 and 1468 cm21 contributed to the stretching vibra-

tion mode of quinoid and benzenoid rings, respectively, which

are characteristic peaks of conducting PAni.25 A characteristic

band at 1217 cm21 was found to be the feature of conducting

protonated form, and it is interpreted as a CAN1• stretching

vibration in the polaron structure.26 The lower region such as

900–700 cm21 represents the aromatic ring and out-of-plane

deformation vibrations. Typically the band at 810 cm21 is

attributed to CAC and CAH stretching for the benzenoid unit

of PAni.27 In general, FTIR spectra of PAni synthesized at

Figure 1. FTIR spectra of PAni synthesized at various polymerization

temperatures.
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various polymerization temperatures exhibit identical character-

istic bands in the range of 400–4000 cm21.

Figure 2 shows the UV–Vis absorption spectra of PAni synthe-

sized at different polymerization temperatures (210, 25, 0, and

25�C). Typically, all PAni spectra have shown three characteristic

peaks at �340–350 nm, �426–433 nm, and �775–786 nm. The

absorption peak at �340–350 nm arose from p–p* transition of

the benzenoid rings, while the peaks at �426–433 nm and

�775–786 nm are attributed to the polaron–p* and p–polaron

transitions, respectively.28–32 In addition, the peaks at �426–

433 nm and �775–786 nm can be related to the doping level

and formation of polarons.29,30 According to Xia and Wang, the

extent of doping level can be estimated from the absorbance

ratio of �775–786 nm (p–polaron) to ��340–350 nm (p–p*

transition), where the higher the absorbance ratio value, the

higher is the doping level in the PAni emeraldine salt struc-

ture.32 Table I shows the UV–Vis characteristic peak assign-

ments and absorbance ratio of PAni synthesized under different

polymerization temperatures. The results indicate that PAni,

25�C possess the highest degree of doping extension, followed

by PAni, 0�C, PAni, 210�C, and PAni, 25�C. Even though PAni,

210�C was synthesized at the lowest sub-zero temperature, the

addition of LiCl in excess during the polymerization to prevent

the freezing of reactants could have adversely affect the PAni,

210�C structure which caused ring chlorination and reduced

the degree of doping.33 As for the PAni, 25�C presumably the

high number of defect sites and less polarons throughout the

PAni chains has led to reduction in the degree of doping.34

In this study, X-ray diffractogram of PAni synthesized at differ-

ent polymerization temperatures is shown in Figure 3. In gen-

eral, crystallinity and predilection of conducting polymers with

highly ordered system could display a metallic-like conductive

state.35 Sharp peaks at 2h 5 35�, 40�, and 53� are visible only in

PAni, 210, 25, and 0�C. Therefore, it indicates that the degree

of crystallinity is related to molecular weight.36 Similar phe-

nomenon observed by Stejskal and his coworkers, that as the

polymerization temperature decreases, it increases the molecular

weight of PAni. While the molecular weight reflects the macro-

molecular structure of PAni, it improves the degree of

Figure 2. UV–Vis spectra of PAni synthesized at various polymerization

temperature.

Table I. The Assignments of UV–Vis Absorption Peaks for PAni Synthesized at Various Polymerization Temperatures

Sample p–p* transition (nm) Absorbance
p–polaron
transition (nm) Absorbance

Absorbance ratio
A775–786/A340–350

PAni, 25�C 350 0.775 786 1.351 1.743

PAni, 0�C 340 0.627 775 1.019 1.625

PAni, 210�C 347 0.550 779 0.847 1.540

PAni, 25�C 340 0.533 782 0.663 1.244

Figure 3. XRD of PAni synthesized at different polymerization

temperatures.

Table II. Conductivities of PAni Synthesized at Various Polymerization

Temperatures

PAni
Conductivity
(S/cm)

PAni, 210�C 0.232

PAni, 25�C 1.813

PAni, 0�C 0.816

PAni, 25�C 0.006

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4174641746 (3 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


crystallinity that associated with the supramolecular structure.37

Figure 3 exhibits two broad peaks in the range of 2h angles 14–

17� and 18–23� which are similar to those of the PAni reported

elsewhere.38,39 These peaks arose due to the repetition units of

regular aniline monomers, and it indicates the densely packed

phenyl rings which rise to a planar conformation. Besides that,

there is another broad peak centered on 2h 5 20–21� which is

obtained from the AOT dopant. The results show that all the

resulting PAni is in the form of highly doped emeraldine

salt.40,41 The obtained X-ray diffractogram is well supported by

the conductivity characterization as shown in Table II.

The conductivity of PAni synthesized at various polymerization

temperatures are shown in Table II. PAni, 25�C recorded the

highest conductivity (1.813 S/cm), followed by PAni, 0�C, PAni

210�C, and PAni 25�C with conductivities of 0.816, 0.232, and

0.006 S/cm, respectively. The conductivity of PAni depends on

the degree of doping, oxidation state, and molecular weights.42

PAni, 25�C that was synthesized at sub-zero temperature may

possess less defect sites, high crystallinity, and long polymer

chain with numerous polarons and maximum inter or intra-

chain interactions which resulted in high conductivity.37 Besides

that, according to Table I, absorbance ratios (A775–786/A340–350)

of PAni synthesized at different polymerization temperatures are

in good agreement with the degree of doping extension in PAni

chains that explains conductivity behavior of PAni as discussed

earlier.

UV–Vis Sensor Measurements

Effect of Response Time. PAni synthesized at different polymer-

ization temperatures (210, 25, 0, and 25�C) were used as sen-

sors to detect 1 ppm of hydrazine at different time intervals.

Figure 4 demonstrates the UV–Vis responses of all different poly-

merization temperatures of PAni against time for 1 ppm of

hydrazine. The y-axis is the normalized absorbance (Af/Ai), where

Ai is the initial absorbance at polaron peak (�775–786 nm) of

the PAni before immersion in hydrazine while Af is the time-

dependent absorbance of the PAni after exposed to hydrazine. In

general, all PAni synthesized at different polymerization tempera-

tures showed decrease in normalized absorbance upon exposure

to 1 ppm of hydrazine. PAni 25�C exhibits the most significant

decrease in normalized absorbance compared to other PAni thin

films (210, 0, and 25�C). The decrease in normalized absorbance

of PAni upon exposure to hydrazine is mainly due to the dedop-

ing of PAni by the hydrazine (reducing agent) to change the

emeraldine salt (ES) of PAni to be the leucoemeraldine (LE).43

Effect of Hydrazine Concentration. Figure 5 shows the

response of PAni synthesized at various polymerization temper-

atures against different hydrazine concentrations (1–100 ppm).

Figure 4. Normalized absorbance responses of PAni in hydrazine detection

(1 ppm) against time in terms of UV–Vis investigation.

Figure 5. Normalized absorbance responses of PAni against different con-

centrations of hydrazine (1–100 ppm). (Inset: Absorbance of PAni before

and after immersion in hydrazine).

Figure 6. Reusability study of PAni upon dedoping by hydrazine and

redoping by HCl.

Figure 7. Selectivity study of (a) PAni, 25�C and its immersion in (b) 2-

propanol, (c) formic acid, (d) sodium hydroxide, (e) combination of

hydrazine and interfering species and (f) hydrazine.
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All the PAni thin film experience reduction in normalized

absorbance (Af/Ai) when immersed in hydrazine solution. The

reduction becomes more apparent when higher concentration

hydrazine solution was used. This is not totally unexpected as

the solution with high concentration of hydazinium ions could

easily dedope the PAni ES and consequently reduces the number

of polarons from PAni backbone which resulted in significant

decrease in polaron intensity, as shown in the inset of

Figure 5.43

Reusability Study. Since, PAni, 25�C thin film has shown sen-

sitive detection toward hydrazine, it has been chosen to study

the reusability and selectivity of PAni, 25�C sensor. The reus-

ability of PAni, 25�C thin film was investigated using UV–Vis

spectrometer. ES possesses polarons (free moving electrons)

that can be dedoped by hydrazine to form LE with predomi-

nating benzenoid units that will record the lowest possible

absorbance value at polaron peak (�780 nm), and LE can be

redoped back by an acid to reproduce ES that will increase

polaron peak absorbance.43 The conversion between ES and LE

of PAni, 25�C is reversible and can be promoted with the

help of reducing agent (hydrazine) and oxidizing agent

(acid).44 Figure 6 shows normalized absorbance values for the

reusability study undertaken on PAni with 1 ppm hydrazine

and 1M HCl. ES showed the highest absorbance at �780 nm,

and the absorbance decrease during the hydrazine detection.

Then LE redoped with HCl acid and the absorbance increased

but it never attained the initial absorbance value of ES. Pre-

sumably the heavy reaction products did not leave the inter-

face of polyaniline backbone immediately after the

reaction.45,46 The response of PAni, 25�C thin film after

immersion in 1 ppm hydrazine was recorded at 7 s while

redoping measurement was taken in 5 s after immersion in

1M HCl. The PAni, 25�C thin film showed good reusability

up to 10 cycles.

Selectivity Study. The ability of a chemical sensor to differenti-

ate the target species in the presence of other species is known

as selectivity.46 In this study, selectivity measurement was per-

formed by using UV–Vis spectrometer since PAni, 25�C can

exhibit peaks at different wavelengths according to the nature

of reacting species (acid, base, reducing agent, oxidizing

agent).28 Since, hydrazine is a weak base and strong reducing

agent, these characteristic have been used to select other inter-

fering species such as sodium hydroxide (base), 2-propanol

(reducing agent), and formic acid (reducing agent). Figure 7

shows the UV–Vis spectra of (a) PAni 25�C and its spectra

after immersion in (b) 2-propanol, (c) formic acid, (d) sodium

hydroxide, (e) combination all interfering species with hydra-

zine, and (f) hydrazine. The wavelength shift was focused in

the region of 450–900 nm only. From the UV–Vis spectra,

PAni 25�C has formed a strong absorption peak at 578 nm

upon immersion in sodium hydroxide. As we know, PAni

25�C (ES) will change into its emeraldine base (EB) form

upon interaction with base which will yield absorption peak in

the range of �550–580 nm. On the other hand, significant

decrease in the absorbance of polaron peak is expected upon

the interaction of PAni with reducing agents.28 Figure 7 clearly

shows that, such a significant decrease at polaron peak absorb-

ance was obvious for (f) hydrazine compare to interfering spe-

cies (reducing agent) such as (b) 2-propanol and (c) formic

acid where it showed 13% and 15% of changes from the origi-

nal PAni 25�C spectrum. Meanwhile Figure 7(e) showed the

combination of all analytes in the sensing environment which

exhibited a peak with 54% changes that is almost similar to (f)

hydrazine detection peak with 55% of changes from the initial

absorbance of PAni 25�C. Therefore, PAni 25�C showed good

selectivity in the hydrazine detection compare to other base

reagents and reducing agents.

Determination Study. Figure 8 shows calibration plot of 2log

Absorbance against different concentrations of hydrazine from

0.05 to 5.00 ppm. In this case, 2log Absorbance was used to

obtain positive gradient (slope) in the calibration plot. It can be

Figure 8. Calibration curve for PAni, 25�C thin film in a linear concen-

tration range from 0.05 to 5.00 ppm.

Table III. Comparison of the Proposed Sensor for Hydrazine Detection with Some Sensors Reported in Literature for Determination of Hydrazine

Sensor for hydrazine detection LRa (ppm) LODb (ppm) Ref.c

Cobalt phthalocyanine 4.00–31.00 2.00 [47]

Nickel hexacyanoferrate 12.00–128.00 3.00 [50]

Para-dimethylaminobenzaldehyde 2.00–40.00 1.00 [51]

Zinc oxide nanorod 0.0096–9.60 16.5 [52]

Polyaniline/graphene 0.00032–3.21 493.00 [53]

Polyaniline (PAni, 25�C) 0.05–5.00 0.24 This work

a Linear range.
b Limit of detection.
c References.
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seen from the Figure 8 that the 2log Absorbance response

increase linearly as the concentration of hydrazine increased.

This method exhibits good linear regression equation of

y 5 0.0105x 1 0.3771 with a correlation coefficient of 0.9929.

The limit of detection (three times the standard deviation of

blank/slope of the calibration plot)47 obtained was 0.24 ppm,

which is lower than Occupational Safety and Health Adminis-

tration (OSHA) standard (1 ppm),48 meanwhile limit of quanti-

fication (10 times the standard deviation of blank/slope of the

calibration plot)49 was 0.82 ppm. The repeatability of the data

obtained with PAni, 25�C thin film was tested in 0.5 ppm and

1.0 ppm of hydrazine with a series of 10 measurements, and the

relative standard deviation resulted to be 0.25% and 0.22%,

respectively which showed that the precision of the proposed

sensor material for hydrazine detection is good.

A comparison between proposed sensor (PAni, 25�C thin film)

and other sensors for the determination of hydrazine are presented

in Table III. For instance, the reported sensors need to undergo

tedious preparation steps, expensive electrode modifications, and

complicated setups meanwhile PAni, 25�C thin film can be syn-

thesized in bulk and can be spin coated into many thin films in

terms of production and moreover, the monomers for synthesis of

polyaniline is considerably cheaper than the inorganic particles

that reported elsewhere.50,51 Besides that, the proposed method has

better or comparable limit of detection and linear range of concen-

tration values compared with a variety of materials reported in lit-

erature for the determination of hydrazine.

Conductivity Measurement

In this study, sensor measurements of PAni with different poly-

merization temperatures have been further investigated in terms

of conductivity and FTIR measurements to understand the

interactions occurred between PAni and hydrazine. Thus,

response of all PAni synthesized at different polymerization

temperatures against different concentrations of hydrazine as a

function of conductivity is shown in Supporting Information

Figure S2, where ri is initial conductivity of PAni, 25�C thin

film (before immersion), while rf is time dependent conductiv-

ity of PAni, 25�C thin film after immersion in various concen-

tration of hydrazine (1–100 ppm). Among all PAni films, PAni,

25�C exhibited the highest sensitivity to hydrazine. The differ-

ences in the responses and sensitivities could be attributed to

the difference in the molecular weight and structure of PAni

achieved from different polymerization temperature.33,45 Those

with high molecular weight and less defect sites encourage bet-

ter doping process, and subsequently better dedoping process

during reaction with hydrazine. PAni, 25�C which have the

most active sites (doped sites) and increased molecular weight

with less defect sites due to the sub-zero polymerization tem-

perature54 is able to interact rapidly with hydrazine and readily

undergo conversion from ES state (high conductivity) to LE

state (low conductivity).55

FTIR Measurement

Supporting Information Figure S3 shows the FTIR spectroscopy

of (a) PAni, 25�C before immersion and (b) after immersion

in 1 ppm of hydrazine. This is important to validate the struc-

tural changes that took place during the immersion of PAni,

25�C thin film in hydrazine. The intensity ratio of quinoid (Q)

to benzenoid (B) (IQ/IB) are taken into account to justify the

extent of oxidation state of PAni, 25�C, which resembles the

availability of the quinoid diimine and benzene ring structure

in the PAni, 25�C backbone.56,57 The IQ/IB ratio of the PAni,

25�C film has decreased from 1.0 to 0.91 after the immersion.

The result is in agreement with the dedoping reaction which

took place during the immersion.58,59

Interaction of PAni with Hydrazine

Typically, PAni, 25�C is suitable to be used as sensing material

as it could exhibit different oxidation states when exposed to

base, reducing and/or oxidizing agents. Based on the reported

UV–Vis, conductivity and FTIR measurements, we have pro-

posed the possible interaction that took place during the

immersion of PAni, 25�C thin film into the hydrazine solution

in Scheme 1. Before immersion in hydrazine, PAni, 25�C in the

ES state possesses both benzenoid and quinoid structures

together with free charge carriers which give rise to the polaron

absorbance at �775–786 nm and high conductivity. During

immersion, hydrazines (hydrazinium [N2H5]1 ions) tend to

wash away the AOT2 dopants from the ES backbone. Subse-

quently, electron re-arrangement takes place to produce PAni,

25�C with predominating benzenoid units and LE is formed

which results in depreciation of polaron absorbance and con-

ductivity values. PAni, 25�C could serve as an effective hydra-

zine sensor as the half oxidized state of ES can be reduced to

LE upon exposure to hydrazine.55

CONCLUSION

In this study, PAni chemical sensors with different polymeriza-

tion temperatures (210, 25, 0, and 25�C) were prepared via

chemical oxidative polymerization. Based on our knowledge,

this simple and cost-effective PAni sensor set-up for hydrazine

detection is novel and is being reported for the first time. PAni

thin film was used for hydrazine detection in the concentration

range from 0.05 to 5.00 ppm which showed a tolerable limit of

detection of 0.24 ppm and lower when compared to the stand-

ard set by OSHA. PAni, 25�C could exhibit significant response

to hydrazine in as fast as 0.12 min (7 s). Thus, preparation of

PAni, 25�C is highly recommended as an effective chemical

Scheme 1. Schematic representation of the interaction between PAni and hydrazinium ions [N2H5]1.
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sensor in hydrazine detection with shortest response and recov-

ery time of 0.12 min (7 s) and 0.08 min (5 s), respectively with

good reusability up to 10 cycles.
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