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ABSTRACT

Nanocomposites of polyaniline (PANI) with three different concentrations of micrometre-
sized sawdust are prepared in aqueous media via chemical casting method at room temper-
ature. Thereafter, the removal efficiency of the obtained composites for lead (Pb) ion from
aqueous solutions is studied. The influence of sawdust concentrations on chemical structure
and morphology of the composites is investigated by Fourier transform infrared spec-
troscopy and scanning electron microscopy. In order to investigate the removal efficiency of
nanocomposites, a number of studies are performed, such as influence of pH, contact time,
metal loading and nanocomposite concentrations. Our investigation suggests that the opti-
mum conditions to obtain the highest efficiency are 5% of sawdust in nanocomposite, pH 5
and 3 min equilibrium time. A novel method of positron annihilation measurement is per-
formed in order to study the mechanism behind adsorption of PANI and composites.
Results obtained from positron annihilation are also consistent with that of adsorption
experiments. Furthermore, the adsorption kinetic has been studied using the Langmuir
adsorption isotherm and the Freundlich adsorption isotherm models; among the two mod-
els, Freundlich adsorption isotherm model is found to be better with respect to equilibrium
aspect.
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1. Introduction

Water pollution has continuously become a key
threat to the ecosystem, especially in developing coun-
tries, due to the steep growth in industrialisation.
Heavy metal ions, such as chromium (Cr), lead (Pb),
cadmium, (Cd), mercury (Hg), zinc (Zn), nickel (Ni)
and cobalt (Co) deposited in both surface water and
ground water beyond the acceptable limit is highly

toxic to the human body. Lead is considered as one of
the most toxic pollutants released into natural water
bodies from the waste of several industrial activities,
such as oil refining, metal plating and battery manu-
facturing [1]. The removal of these toxic metal ions
from water is a major challenge for pollution control
of water. Despite having numerous ways to separate
Pb from water bodies, the adsorption process is usu-
ally preferred due to some of its versatile characteris-
tics, such as low cost, easy preparation. Polymers,
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polymer composites and nanocomposites have drawn
significant interest from the research community in
recent years and are successfully used as adsorbents
for heavy metals [2,3]. There have been numerous
attempts reported on the adsorption of metal ions by
functionalised polymers based on amine derivatives,
such as polyacrylonitrile fibres, ethylenediamine and
polyacrylamides [4–6]. Furthermore, conductive poly-
mers, such as polyaniline (PANI), polypyrrole (PPY)
and polythiophene (PT), are used as ion exchangers
and have attracted a wide range of research interests
due to their extensive applications, such as recharge-
able batteries [7], electromagnetic shielding, gas sen-
sors and the removal of heavy metals [8–11]. PANI
has several potential applications because of its unique
electrical and optical properties [9]. However, the pos-
sible commercial applications of PANI are hindered
by its lack of processability. To overcome this prob-
lem, various efforts have been made, such as the addi-
tion of side groups to the polymer backbone [12],
polymer grafting to a non-conducting polymer [13],
composites of conducting polymers [14] and copoly-
merisation [15,16]. In the recent years novel use of
agricultural waste such as rice husk ash, wood saw-
dust and wheat straw have been successfully made to
adsorb dyes and dye mixtures from effluent of textile
industries [3,17–20]. Among the various cellulosic
materials that have been studied, sawdust is com-
monly used as an adsorbent for heavy metal ions
being agricultural by products with no economical
values [21,22].

In this research, we present a novel approach to
remove heavy metals from wastewater by PANI–saw-
dust (SW) nanocomposites. The properties of the
PANI–sawdust nanocomposites, especially their Pb-
ion adsorption property, are studied using several
characterisation techniques. A novel technique of posi-
tron annihilation lifetime spectroscopy has been imple-
mented to study the mechanism of adsorption on the
surface of nanocomposities.

2. Materials and methods

This section describes the materials used in this
experiment, method of preparation and methods
adopted for the characterisation of polymer and poly-
mer composites.

2.1. Materials

Materials used in this work are aniline (extra
pure > 99%, Sigma-Aldrich), ammonium peroxydisul-
phate (APS) and sulphuric acid from BDH. All reagents

are used without any further purification. Pb(NO3)2 salt
is obtained from Sigma-Aldrich and distilled water is
used in this work.

2.2. Sample preparation

2.2.1. Preparation of PANI

PANI is obtained using dispersion polymerisation
by a conventional method described in the literature
[23,24]. The process of polymerisation is initiated by
adding ammonium persulphate dropwise to the solu-
tion of aniline in aqueous HCl under constant stirring.
The bath temperature is maintained at 0–5˚C and pH
4. The reaction is retained under constant stirring for
24 h. The reaction mixture turns into a bluish green
homogeneous mixture indicating the completion of
the polymerisation reaction. The resulting precipitate
is filtered and washed with deionised water and
methanol until the filtrate becomes colourless to
remove any oligomer or unreacted oxidant. The pow-
der of PANI salt is dried under reduced pressure at
40˚C for 24 h. In order to prepare PANI base, the
PANI salt is first dissolved in NaOH solution (0.2 M)
and stirred for 4 h. Then the base form of PANI is fil-
tered and dried at 40˚C for 24 h.

2.2.2. Crushing and sieving sawdust

Sawdust powders are collected using a Retsch
micro-sieve shaker with a pore size of 43 m. Then, the
Retsch Cryomill is used in a nitrogen environment to
crush sawdust and acquire very fine particles of
approximately 5–14-μm diameter, as is evident by the
results of scanning electron microscopy (SEM) micro-
graph analysis (shown in Fig. 1).

2.2.3. Preparation of PANI–sawdust composites

The PANI–sawdust composite preparation is
accomplished using casting method, where mixtures
of PANI base with three different weights percentages
(10, 5 and 3%) of sawdust are constantly stirred in
20 ml of formic acid solution at room temperature for
4 h. The desired composites are stored in a Petri dish
overnight to make them dry and they are further
dried by heating the same at 50˚C for 3 h.

2.3. Characterisation methods

The characterisation techniques used to characterise
PANI and its composites are UV–vis spectroscopy,
Fourier transform infrared spectroscopy (FTIR), SEM,
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differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). UV–vis spectra are
obtained using a Perkin Elmer Lambda EZ 210 spec-
trometer. SEM is performed to study the surface mor-
phology, grain size of PANI and its composite using a
Nano-SEM Nova 450 instrument. FTIR (8101 M, Shi-
madzu) is used for the study of chemical interaction
between the polymers. To study the thermal properties
of the PANI, TGA and DSC are performed using a Per-
kin Elmer Pyris TGA instrument and a Perkin Elmer
Precisely Jade DSC instrument, respectively. Quantita-
tive determination of Pb is performed using atomic
absorption spectroscopy and inductively coupled-
plasma atomic emission spectroscopy (ICP-MS). Posi-
tron lifetime spectroscopy is also used to probe any
structural changes in the PANI and its composites by
detecting vacancy-like defects formed in the material.

2.4. Adsorption measurements

For the adsorption test, a glass column with
dimension 1 cm × 10 cm (diameter and length,

respectively) equipped with a glass frit is employed
for column adsorption experiments. A solution made
of various concentrations (ppm) of Pb ion in distilled
water obtained from lead nitrate salt is used as the
synthetic polluted water for the test. The adsorption
experiments are performed to study the effect of the
experimental conditions on Pb adsorption and deter-
mine the conditions that lead to the maximum amount
of Pb removal. The efficiency of Pb removal is
calculated as follows:

Removal % ¼ Ci � Cf

Ci
� 100 (1)

where Ci is the initial concentration (mg/L) and Cf is
the final concentration (mg/L).

2.5. Positron annihilation measurements

The PANI and its composites obtained in pow-
dered form are compressed by conventional uniaxial

Fig. 1. SEM images of PANI–sawdust nanocomposites: (A) 3% sawdust, (B) 5% sawdust, (C) 10% sawdust and (D) pure
PANI.
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cold pressing at room temperature using Masada Jack
to prepare cylindrical pellets of diameter 14 mm and
thickness 2–25 mm under a pressure of 15–20 MPa.

2.5.1. Positron annihilation measurements

Positron lifetime measurements are performed
using a fast–fast coincidence spectrometer with a time
resolution (full width at half maximum) of 350 ps. The
spectrometer consists of two plastic scintillation detec-
tors and the related electronics for processing the sig-
nals and collecting the lifetime spectra. The measured
samples are pure PANI, three PANI–sawdust compos-
ites with sawdust of different concentrations (3, 5 and
10%). The samples are measured before and after lead
(Pb) extraction. The collected lifetime spectra are anal-
ysed using the LT 9 program [25]. The effect of the
adsorption mechanism of Pb by PANI and its compos-
ites is investigated.

3. Results and discussion

3.1. SEM results

The morphological study of pure PANI and its
sawdust composites performed by SEM are shown in
Fig. 1(A)–(D). HCl-doped PANI shows predominantly
fibrous morphology with fibres of uniform diameter of
93 nm. On the other hand, composites show some par-
ticle like morphology with variation in sawdust con-
centration. For the 3% sawdust composite, the
sawdust particles are uniformly distributed in the
PANI matrix and the composite particles are very
loosely bonded because of low concentration. There is
a decrease in pore size between the composite parti-
cles with increasing sawdust concentration, as can be
observed in the SEM results. For the 10% sawdust
composite, the particles are tightly bonded that may
lead to reduction in adsorption sites of Pb. Among the
three, 5% sawdust composites seem to have the opti-
mum pore size necessary for adsorption process.

3.2. Infrared spectroscopy

A study on chemical interaction among the com-
posite materials is executed by FTIR technique. Fig. 2
represents the FTIR spectra of pure PANI, pure saw-
dust and PANI–sawdust composites. The appearance
of new peaks in the composites FTIR spectra, along
with changes in existing peaks, directly indicates of
chemical composite formation. The position of few sig-
nificant peaks and observed characteristic bands of all

samples are marked in the figure. The obtained values
are in good agreement with theoretical prediction [23].

3.3. UV–vis spectroscopy

UV–vis spectroscopy is a very sensitive tool for
studying PANI protonation and more precisely, for
the elucidation of the interactions between the solvent,
doping anion and the polymer chain. The UV–vis
spectrum of PANI shows two absorption peaks at 280
and 400 nm (Fig. 3) that are assigned to the π–π* tran-
sition and polarans band transitions, respectively.
Another broad absorption shoulder is observed at the
beginning of 630 nm that is ascribed to an excitonic
transition in the quinoid ring [23].

Fig. 2. FTIR spectra of pure PANI, pure sawdust and
PANI–sawdust composites.
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3.4. DSC measurements

Fig. 4 describes the DSC thermograms of pure
PANI and PANI–sawdust composites with 3, 5 and
10% sawdust. The DSC measurement is performed in
three steps: (1) all of the polymers and their compos-
ites are heated from room temperature (RT) until
100˚C, (2) the sample is cooled from 100˚C to RT and
(3) the sample is heated from RT to 250˚C. The ther-
mograms of step 1 show an endothermic peak below
100˚C due to the elimination of water and impurities;
this peak also appears in the TGA thermograms. No
significant changes are observed during the second
step of DSC, whereas significant peaks with difference
in regard to position and height are observed in the
final step. Pure PANI shows two endothermic peaks,
one at approximately 130˚C, and the other at 240˚C.

No melting peak is observed for PANI although it can
exhibit some crystallinity and PANI’s degradation
temperature is lower than its melting temperature
[23]. It is clear from the data that the composite films
exhibit the combined physical properties of the
polymer components.

3.5. TGA measurements

Fig. 5 illustrates the TGA of pure PANI and 3, 5
and 10% PANI–sawdust composites. The measure-
ments are performed in the range of 30–700˚C at a
heating rate of 10˚C/min. The TGA of pure PANI salt
shows a three-step weight loss. The weight loss in the
first step starts at approximately 70˚C and continues
up to 135˚C due to the presence of moisture, which is
used as a solvent in the preparation of PANI, free HCl
and unreacted monomers. The second step may be
attributed to the loss of dopants from deeper sites in
the material. The major weight loss of chemically syn-
thesised PANI–HCl at approximately 150–220˚C is
attributed to HCl loss. In the third step, the slow and
gradual weight loss profile observed for the PANI salt
at 220–380˚C is due to polymer backbone degradation
[26–28]. The TGA studies of sawdust reveal that the

Fig. 3. UV–vis spectrum for the conducting form of pure
PANI.

Fig. 4. DSC thermograms for pure PANI and for 3, 5 and
10% PANI–sawdust composites.

Fig. 5. TGA thermograms for pure PANI and for 3, 5 and
10% PANI–sawdust composites.
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sawdust backbone is stable up to 275˚C; its degrada-
tion commences near 300˚C and completes at approxi-
mately 470˚C. The TGA data of all of the composites
show a four-step weight loss including the ranges sim-
ilar to those of pure PANI.

3.6. Adsorption test

Adsorption tests for pure PANI and PANI–
sawdust composites are performed and the results are
listed in Table 1. The results indicate that PANI–5%
sawdust composite has the best Pb removal efficiency;
consequently, the remaining adsorption studies are
accomplished for this particular composite only.

3.6.1. Adsorption mechanism

The principle of adsorption mechanism can be
demonstrated as: in PANI, the molecular structure of
nitrogen acts as a connector between alternating ben-
zenoid and quinoid rings. These nitrogen atoms in
PANI behave as adsorption sites for Pb ions. The sche-
matic diagrams in Figs. 6a and 6b describe the proba-
ble formation of different number of adsorption cites
due to addition of various percentages of sawdust
during composites formation. For the 3% composites,
the interparticular gaps are quite large. As a result,
most of the Pb-contaminated waste water passes
through the system unfiltered and has the least
removal efficiency (Table 1). In the cases of 5 and 10%
PANI–sawdust composites, the pore sizes are big
enough so that whole filtration of the Pb-contaminated
wastewater goes assessed through the composite sys-
tem. However, for 10% PANI–sawdust composites,
most of the adsorption sites are covered; as increased
content of sawdust significantly reduces exposed
active surfaces for adsorption, so the removal effi-
ciency has gone down consequently. Composite with
5% PANI–sawdust does have the highest number of
exposed adsorption cites showing the highest adsorp-
tion efficiency. The results presented in Sections 3.1
and 3.7 justify the above arguments. Another

schematic diagram presented in Fig. 6b describes the
anticipated adsorption mechanism of Pb ions on the
surface of PANI–sawdust composite. The process of
ion exchange between Pb ions and amine group of
anilinium ion is observed to be responsible for
adsorption.

In order to explore adsorption process of heavy
metal ions, a systematic study on the variables affect-
ing the process are conducted further. The effects of
various parameters such as time, pH, metal loading
and composite dosages are taken into consideration.

3.6.2. Effect of contact time

The effect of time on the adsorption process of
PANI–5% sawdust nanocomposite is obtained by plot-
ting the Pb removal efficiency as a function of time
(shown in Fig. 7), where we take 0.2 g of PANI compos-
ites and 50 ppm Pb-contaminated solution with pH 5. It
is found from the results that within 3 min of contact
time, maximum adsorption is reached and this has the

Table 1
Results of the adsorption tests

Sample Removal efficiency (%)

Pure PANI 47
PANI–3% sawdust 53
PANI–5% sawdust 81
PANI–10% sawdust 56

Fig. 6a. Schematic diagram of the mechanism of the com-
posite formation and adsorption sites for lead ions on dif-
ferent PANI–sawdust composites.
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potential to remove up to 80% of the metal ion. The
kinetics of metal ion adsorption is related to the interac-
tion between metal ions and polymer composite matrix.

3.6.3. Effect of pH

The study highlighting the effect of pH on adsorp-
tion process of the nanocomposites is illustrated in

Fig. 8, in which removal coefficient is plotted over the
pH (pH range 2–9) using 0.2 g of PANI nanocompos-
ite and 50 ppm Pb solution. From the result, it is
observed that the maximum adsorption of metal ions
has occurred in case of solution with pH range 2–6
and decreased with further increase in pH. The pH of
the solutions has shown a significant effect on the
adsorption process. In this experiment, we keep the

Fig. 6b. Schematic diagram showing ion exchange process between Pb and amine ions.
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Pb solution’s pH value as 5 in all these studies
(Sections 3.6.2–3.6.4).

3.6.4. Effect of metal loading

In order to investigate the polymer nanocomposite
threshold limit of metal removal efficiency, the solu-
tions with different concentrations of metal ions are
analysed. The concentration range of metal ion chosen
for this purpose varies from 30 to 100 ppm. The
adsorption curve, shown in Fig. 9, indicates rapid
increase in the removal efficiency for lower concentra-
tions of Pb until 80 ppm. Beyond this concentration,
the rate of increase is slow; the reason might be due
to saturation of adsorption sites.

3.6.5. Effect of composite dosage

Fig. 10 illustrates the weight effect of PANI com-
posites on the adsorption of the metal ions. Varying
amounts (0.1–0.5 g) of adsorbent are added in 100 mL
of 50 ppm Pb solution under optimised conditions.
From the graph, it is evident that the removal effi-
ciency increases with increase in composite weight; it
is an obvious fact because the increase in adsorbent
concentration provides greater surface area for adsorp-
tion and as a result, it can hold more metal particles.
In order to fit these data in two different mathematical
models (described in next section), the action of
adsorption isotherms on metal adsorption is studied.

3.6.6. Adsorption isotherms

The adsorption isotherm for removal of Pb ion is
studied using adsorbent dosage between 100 and
500 mg in 100 mL of aqueous solution containing
50 ppm Pb ions. The adsorption isotherms illustrate
adsorption data that correlate with the relationship
between two parameters at constant temperature, the
amount of solute adsorbed per unit mass of adsorbent
(ae) and the amount solution at equilibrium (ce). The
adsorption data have been fitted using two adsorption
isotherms, namely Freundlich adsorption isotherm
and Langmuir adsorption isotherm.

3.6.6.1. Freundlich adsorption isotherm. The Freundlich
adsorption isotherm is represented by the following
equation:

ae ¼ kFc
1=n
e (2)

Fig. 7. Plot of removal efficiency vs. time for the PANI–5% sawdust composite.

Fig. 8. Plot of removal efficiency vs. pH for the PANI–5%
sawdust composite.
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where kF and 1/n are the Freundlich constants corre-
sponding to the adsorption capacity and intensity of
adsorption, respectively [29,30]. The logarithmic form
of Eq. (2) inorder to get its linear form is:

log ae ¼ log kF þ 1

n
log ce (3)

A linear Freundlich plot is shown in Fig. 11 with R2

value of 0.98 justifying the validity of the system. The
values of the Freundlich constants are obtained from
the straight line plot, 1/n from the slope and log kF
from the intercept. The values are found to be 1.9 and
0.3, respectively. The fractional value of (1/n) indi-
cates that the surface of adsorbent is of the heteroge-
neous with an exponential distribution of energy sites
in other words, it indicates favourable adsorption of
Pb on the surface of PANI nanocomposites. Further-
more, a relatively big value of kF, justifies the high
affinity of Pb species for the PANI nanocomposite
conditions.

3.6.6.2. Langmuir adsorption isotherm. The parameters
such as the quantity of solute adsorbed per unit mass
of adsorbent (ae) and the amount of solution at equi-
librium (ce), are fitted to the Langmuir adsorption iso-
therm for the monolayer [28–31]. Following equation
represents the isotherm:

ce
ae

¼ 1

bqm
þ ce
qm

(4)

From the linear plot of ce/ae vs. ce shown in Fig. 12,
value of the Langmuir constants such as maximum
amount of metal ions adsorbed qm (mg/g) and capac-
ity of free energy of adsorption b (L/mg), are obtained
from the slope and intercept of the fitted curve.

All the results of Freundlich and Langmuir iso-
therm are summarised in Table 2. From the results it
is clear that the experimental values of ce and ae fits

Fig. 9. Plot of removal efficiency vs. metal loading for the
PANI–5% sawdust composite.

Fig. 10. Plot of removal efficiency vs. nanocomposite
dosages for the PANI–5% sawdust composite.

Fig. 11. Freundlich plot for the adsorption of lead by 5%
PANI–sawdust composite.

Fig. 12. Langmuir plot for the adsorption of lead 5%
PANI–sawdust composite.
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well for the Freundlich isotherm then the Langmuir
isotherm indicating that nanocomposite system has
heterolayered structure.

3.7. Positron annihilation

The analysis of the collected positron lifetime spec-
tra shows one main lifetime component in all samples
(pure PANI and PANI–sawdust composites) with a
high intensity in the range 97–99%. This lifetime
ranges from 0.31 to 0.34 ns and it is possible due to
positron annihilation in PANI matrix. Another lifetime
(long) component having values between 1.1 and
1.3 ns with intensity (low) of 0.74–2.6% also appears in
the analysis of the spectra. No significant change in
lifetime components is observed in both the cases,
before and after Pb removal from aqueous solutions.
However, changes are observed in the intensities of
these lifetimes as shown in Fig. 13 for the intensity of
the long-lived component. Before Pb removal, the
intensity that is linked with the concentration of open
volumes in the sample increases with increase in con-
centration of sawdust particles to reach maximum
value in case of 5% sawdust composite and then it

decreases for 10% sawdust composite. This behaviour
is consistent with the morphology of samples revealed
by SEM (Fig. 1) results, where more vacancies are
observed in 5% sawdust composite as compared with
the large but less open areas in 3% sawdust composite
or the homogenous structure of the well-bounded
sawdust particles with PANI matrix in the 10% saw-
dust composite.

However, the intensity of same long lifetime com-
ponent after Pb removal is slightly higher than the
case before Pb removal in pure PANI and 3% sawdust
composite, perhaps due to the formation of some
open-volume defects upon introducing Pb particles.
Subsequently, it decreases for the 5 and 10% sawdust
composites. This decrease in intensity of long lifetime
component could probably be attributed to the
adsorption of Pb particles in open volumes of the
composites (and hence smaller number and/or size of
the composite particles), which explains the slight
decay in lifetime after Pb removal as compared to that
of the case before Pb removal. These observations are
in good agreement with the results of other characteri-
sation techniques, where the efficiency of Pb removal
is found better with an increase in the concentration
of sawdust particles in the composites.

4. Conclusion

In this paper, three different concentrations of
PANI–sawdust nanocomposites are synthesised via
casting method at room temperature in aqueous
media. The ability of these composites to remove Pb
ion from aqueous solution is investigated. The mor-
phological and structural characteristics of the
nanocomposites are studied. It is found that adding
sawdust particles increases the size and density of the
composites’ particles. The molecular structure of the
composites is determined using FTIR spectroscopy.
Adsorption experiments are performed for the
removal of Pb ions from aqueous solution. The
adsorption characteristics are tested at different pH

Table 2
Adsorption isotherms equations and results for 5% PANI–sawdust composites

R2 Constant-1 Constant-2

Freundlich equation: log ae ¼ log kF þ 1
n log ce: y = 0.5265x − 1.9953

0.9802 kF = 0.3 n = 1.89

Langmuir equation: ce
ae
¼ 1

bqm
þ ce

qm
: y = 0.0413x − 0.22

0.9713 qm = 24.21 b = −0.19

Fig. 13. Variation of the intensity of the long positron life-
time component for pure PANI and for the 3, 5 and 10%
PANI–sawdust composites.
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values and contact time. The results indicate that the
5% PANI–sawdust nanocomposite has considerable
ability to remove Pb ions from aqueous solution. Opti-
mum conditions for Pb removal are found at pH 5
and equilibrium time of 3 min. Positron annihilation
measurement confirms the adsorption of the Pb ions
by the composites and explains the structural changes
of the composites upon Pb adsorption.
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