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terization and investigation of
methyl orange dye removal from aqueous solutions
using waterborne poly vinyl pyrrolidone (PVP)
stabilized poly aniline (PANI) core–shell
nanoparticles

Anupama R. Prasad and Abraham Joseph *

Waterborne polyaniline (PANI) core–shell nanoparticles were synthesized via chemical oxidation of aniline

in aqueous acidic medium using polyvinyl pyrrolidone (PVP) as stabilizer. The polymerization events,

structure, texture, morphology and thermal degradation of the nanoparticles were investigated using

UV-Visible spectroscopy, FTIR, XRD, FESEM, HRTEM and TGA techniques. Cyclic voltammetric studies

were conducted to investigate the redox properties and electrochemical stability of the nanoparticles.

Removal of methyl orange from aqueous solutions was investigated using the nanoparticles under

different operational constraints like adsorbent dosage, pH, temperature, contact time, selectivity and

ionic interference. Adsorption followed the Langmuir isotherm model. The adsorbent surface was

recovered through ultra-sonication in a water–ethanol mixture.
1. Introduction

In recent years, conducting polymers have received great
attention in a wide range of areas due to their ease of genera-
tion, modication, environmental stability, excellent electro-
chemical, optical and magnetic properties, and remarkable
mechanical and thermo chemical characteristics. They are
being widely used in wastewater treatment, electrochromic
devices, catalysis, solar cells, nanoelectronics, metallic wires
and biomedical devices.1–6 Among the conducting polymers,
polyaniline (PANI) is the most investigated due to its good
processability, desirable electrochemistry, attractive redox
properties, ease of doping and tunable conductivity, which are
benecial for plastic batteries, optical lithography, harmonic
generators, display devices, magnetic recording, solid state
sensors and corrosion inhibitors.7–14 Most recently it has been
successfully appropriated for the development of advanced
materials including supercapacitors, lithium ion batteries,
photovoltaics and thermoelectric devices.14–19 PANI has the
conducting forms emeraldine and non-conducting pernigrani-
line. Chemical oxidation of aniline in aqueous acidic medium is
the simplest, facile and inexpensive root for obtaining most
conducting green emeraldine salt.7,20 Along with these attractive
characteristics, PANI possesses amorphous nature, porosity,
large surface area and polar polymer backbone which can
accommodate or trap reactive segments.21
cut, Calicut University P O, Kerala, India.

68
Organic dyes are common colouring agents in textile,
leather, cosmetics, paper, printing, plastic, rubber and phar-
maceutical industries and their direct discharge to water sour-
ces or ecosystems create adverse effects. Major classes of
industrial dyes are highly reactive and they are non-
biodegradable, recalcitrant, stable oxidizing agents, thermo
stable, toxic and mutagenic in nature.22–26 Persistence of dyes
even in small concentrations will inhibit the solar light pene-
tration in to water which retards the photosynthetic action,
stunt the biota growth thereby impart toxicity in aquatic life and
makes the water source undesirable for usage.27–32 Thus serious
attention and severe struggle should be paid to remove the dye
pollutants from the contaminated media before its release in to
natural streams. There are some common physicochemical
methods employed for dye/impurity removal from aquatic
systems including photodegradation, membrane separation,
irradiation, ozonisation, chemical coagulation, electrochemical
coagulation and biosorption.33,34 Accounting the simplicity, cost
effectiveness, selectivity and exible operation modes adsorp-
tion is the most promising method to remove dyes, pigments or
colorants from aqueous media ensuring the sustainability of
biological oxygen demand.35–38 The adsorbent material has to
meet some requirements such that it should be able to remove
large amount of impurities in a short period with their
minimum quantity.39 Nano adsorbents offers non-toxicity, large
surface area, fast reactivity, ease of surface modication, simple
methods of preparation and ease of modication33 such that
they can perform selective removal of hazardous impurities
from contaminated aquatic streams.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Cyclic voltammogram of (A) PVP stabilized PANI nanoparticles
immobilized on GC electrode and (B) 100 cycles recorded in acetate
buffer (pH ¼ 4.5, scan rate ¼ 50 mV s�1).
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Adsorption of reactive dye molecules on suitable adsorbents
or solid catalysts depends on the adsorbent characteristics such
as specic surface structure, porosity, surface area, surface
charge and intraparticle diffusion.40–45 PANI emeraldine salt
exhibit selective interaction towards anionic dyes making
strong chemical interactions between the positively charged
polymer backbone and the anionic segment of dye molecule.11,46

Herein wefocus on synthesis of polyaniline nanoparticles
through dispersion polymerization of aniline doped with
phosphoric acid and polyvinylpyrrolidone (PVP) as stabilizer
and its characterization and applications. The polymerization
process was monitored using UV-Vis spectral characteristics,
a detailed investigation on voltammetric characteristics,
morphology and texture were conducted. The nanoparticles
exhibited core–shell structure. Removal of methyl orange (MO)
from aqueous solutions performed on the developed nano-
particles and the performance under different operational
conditions including adsorbent dosage, pH, temperature,
contact time, selectivity and ionic interference were studied.

2. Experimental
2.1 Materials

Aniline was obtained from Merk Pvt. ltd. India and puried
before use. Polyvinylpyrrrolidone (Spectrochem Pvt. Ltd, India),
ammonium persulphate (Merck Pvt. Ltd, India), phosphoric
acid (Merck Pvt. Ltd, India) were used as received. The dyes
methyl orange and methylene blue were obtained from Quali-
gens Pvt. Ltd, India and used as such.

2.2 Synthesis of PVP stabilized PANI nanoparticles

4.06 g of polyvinylpyrrolidone dissolved in 60 ml of distilled
water and 2 ml of aniline was added and mixed thoroughly at
room temperature. The polymerizing agent ammonium per
sulfate (2.04 g) mixed with 50 ml, 1 M dopant phosphoric acid
introduced drop wise in to the reaction media with vigorous
stirring at �5 �C in ice-salt bath in 1 hour. The reaction was
further continued for 4 hours and nally green PANI emer-
aldine salt was obtained. The slurry was centrifuged for 20
minutes at 2000 rpm and obtained nanoparticles were contin-
uously washed with distilled water for 8–10 times.

2.3 Material characterization

The polymerization events were monitored on each 30 minutes
during the course of reaction using Jasco-v-550 UV/Vis spec-
trophotometer. Further structural information on chemical
interaction was obtained from FTIR spectra recorded on Jasco-
FT/IR-4100 Spectrophotometer. The surface morphology of the
material was analyzed from the micrographs obtained with
a Zeiss Field Emission Scanning Electron Microscope (FESEM)
and JEOL/JEM 2100 High Resolution Transmission Electron
Microscope (HRTEM). Thermogravimetric analysis was con-
ducted with Perkin Elmer STA 6000 instrument. Voltammetric
characterization of PVP stabilized PANI nanoparticles immo-
bilized on GC electrode was conducted using a Bio-Logic SP150
voltammetric work station between �0.5 to +0.5 V with an
This journal is © The Royal Society of Chemistry 2017
applied potential of �1 to +1 V (scan rate 50 mV s�1) and cycled
100 times in acetate buffer (pH ¼ 4.5).
2.4 Dye removal

An adsorption study of methyl orange from aqueous solutions
was conducted in 50 ml glass bottles with 20 ml dye solution
(32.73 mg l�1) and 2 mg of PVP stabilized PANI nanoparticles
accompanied by magnetic stirring. The effect of adsorbent
dosage, pH, contact time, temperature, selectivity and ionic
interference were studied. A constant amount of dye solution
was collected in regular time intervals and the reduction in dye
concentration was recorded by using Jasco-v-550 UV/Vis spec-
trophotometer at lmax 460 for MO. Adsorption isotherms
analyzed for Langmuir and Freundlich models. For structural
and morphological alternations occurred aer the adsorption
process, dye loaded adsorbent samples were subjected for FTIR,
XRD, FESEM and HRTEM analysis. The nanoparticles were
separated from the medium aer the removal process by
centrifuging for 10 minutes (it also settles down if we keep the
RSC Adv., 2017, 7, 20960–20968 | 20961
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solution around 30 minutes intact). To investigate the adsor-
bent surface recovery desorption study was carried out. The
separated adsorbent was dried and recovered through ultra-
sonication in 1 : 1 water–ethanol mixture. The dye molecules
were getting desorbed from the adsorbent surface and to
monitor the recovery process and rate UV-Visible spectra was
recorded aer each 10 minutes.
Fig. 3 Thermal decomposition of PVP stabilized PANI nanoparticles.
3. Result and discussion
3.1 Characterization of PVP stabilized PANI nanoparticles

PANI has a completely reduced leucoemeraldine, partially
oxidized and partially reduced emeraldine salt and completely
oxidized pernigraniline as most prominent forms. We have
obtained the conductive green emeraldine salt form. The cyclic
voltammogram of the PVP stabilized PANI nanoparticles
exhibited a pair of redox peaks in acetate buffer (pH ¼ 4.5)
attributed to the transition between emeraldine salt and per-
nigraniline forms due to the expulsion/insertion of protons.47–50

The voltammetric response of GC and PVP stabilized PANI
modied GC has been displayed in Fig. 1 and this response was
quite stable up to 100 cycles. Thus the material possesses good
electrochemical stability as well as quick response on current
Fig. 2 Cyclic voltammograms of PVP stabilized PANI nanoparticles recor
(C) variation of anodic and cathodic current density with squire root of s

20962 | RSC Adv., 2017, 7, 20960–20968
change due to the surface redox reactions.51–53 Moreover the
anodic and cathodic peak current density increases linearly
with the squire root of scan rate up to 2500 mV s�1 indicating
the diffusion controlled nature of electrode reaction. Fig. 2
ded (A) from 1–50 mV s�1 scan rates, (B) 1–2500mV s�1 scan rates and
can rate.

This journal is © The Royal Society of Chemistry 2017
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shows the cyclic voltammograms recorded at different scan
rates and variation of current density with squire root of scan
rate.

The thermogram contains three degradation steps as shown
in Fig. 3. The rst weight loss occurring between 40–150 �C
associated with loss of water molecules. Release of inorganic
dopant occurs in the next consecutive step between 150–400 �C.
The degradation is complete in the third step of thermogram
with the loss of PVP stabilizer and PANI backbone structure.54–56

Fig. 4 shows the UV-Vis spectrum of polymerization recorded in
each 50 minutes of reaction progress. The polaron and bipo-
laron bands can be observed between 400–430 nm and 780–
840 nm. The characteristic UV-Visible peaks associated with the
p/p* transitions in benzenoid segment were less intense at
Fig. 4 UV-Visible spectra of PANI polymerization recorded in 50
minutes interval during the progress of the reaction.

Fig. 5 FTIR spectra of (a) PVP stabilized PANI (b) MO loaded
nanoparticles.

This journal is © The Royal Society of Chemistry 2017
the initial stages of the reaction and becomes clearly visible in
the nal stage of polymerization as the most intense one,
consequently making a red shi in the polaron and bipolaron
bands.
3.2 Dye removal

Fig. 5 represents the FTIR spectra of PVP stabilized PANI
nanoparticles and MO loaded nanoparticles. The band ob-
tained at 3430.74 cm�1, 2924.52 cm�1 corresponding to the –OH
and –NH stretching vibrations respectively. The characteristic
peaks observed at 1570.74 cm�1 and 1486.85 cm�1 represents
the quinonoid and benzenoid ring stretching in emeraldine
structure. The C]O and C–N stretching in PVP observed at
1658.48 cm�1 and 1296.89 cm�1. In addition C–N stretching
vibrations were present in 1389.46 cm�1 and 1117.55 cm�1. The
C–H out of plane bending vibrations has contributed the bands
obtained at 803.21 cm�1 and 700.03 cm�1. MO loading has
shied the characteristic polymer back bone peaks towards
higher frequencies suggesting strong chemical interaction. The
bands at 1583.27 cm�1 and 1495.53 cm�1 are shied benzenoid
and quinonoid stretching vibrations. The C–N stretching
frequency in MO observed at 1057.76 cm�1.

The morphology and microstructure of the bare adsorbent
and dye loaded adsorbent surface was revealed from the
FESEM, HRTEM micrographs shown in Fig. 6. Adsorbent
surface viewed porous and becomes more populated aer the
dye adsorption. From the TEM micrographs in Fig. 6D the
distribution of dye molecules in to the adsorbent surface can be
well observed. The electronic micrograph in Fig. 6F reveals the
formation of polyaniline spherical core shell nanoparticles with
core dimension of �85–90 nm and shell thickness 20–22 nm.
3.3 Adsorption isotherm

Adsorption isotherms are indeed to describe the equilibrium
state of adsorption, distribution of adsorbate particles on the
solid adsorbent/liquid interface and useful for designing
a convenient adsorption system.40,57,58 The Langmuir model of
adsorption predicts the uniform and monolayer distribution of
molecules on the adsorbent surface. It also assumes the
homogeneous adsorption energy distribution and absence of
transmigration of adsorbate molecules along the plane of
adsorbent surface. Freundlich adsorptionmodel is an empirical
equation encompassing the surface heterogeneity, exponential
distribution and multilayer adsorption of adsorbate molecules.
Linearized forms of Langmuir and Freundlich adsorption
isotherms can be expressed as follows

Ce

qe
¼ 1

KLqmax

þ 1

qmaxCe

(1)

log qe ¼ log KF þ 1

n
log Ce (2)

Where Ce, qmax and qe represent the equilibrium dye concen-
tration (mg L�1), maximum adsorption capacity (mg L�1) and
amount of dye adsorbed per gram of adsorbent (mg g�1)
respectively. KL and KF are the constants in the equation; n
RSC Adv., 2017, 7, 20960–20968 | 20963
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Fig. 6 (A) SEMmicrograph of PVP stabilized PANI nanoparticles (inset: photographic image of nanoparticles immobilized on glass plate) (B) SEM
micrograph of MO dye loaded PVP stabilized PANI surface (C) TEM images of PVP stabilized PANI nanoparticles (D) MO dye loaded nanoparticle
surface (E) spherical core–shell nanoparticles of PVP stabilized PANI with 85–90 nm core dimension and 20–22 nm shell thickness (inset:
magnified image of the core–shell particle).
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is a dimensionless heterogeneity factor. The adsorption
capacity qe can be obtained from the initial dye concentration
(C0) and equilibrium concentration (Ce) by using the following
expression

qe ¼ ðC0 � CeÞV
M

(3)

M is the mass of adsorbent (mg) and V is the volume of dye
solution (ml). The adsorption data could successfully t to
Langmuir model with good correlation coefficient (R2¼ 0.9852).
Fig. 7 shows the tted plot. In addition the essential features of
20964 | RSC Adv., 2017, 7, 20960–20968
the model can be described with a dimensionless constant
separation factor RL which can be obtained by using the
equation

RL ¼ 1

1þ bC0

(4)

where C0 is the initial concentration and b is a coefficient
related to energy of adsorption. The value of RL obtained,
0.8359, indicating favorable adsorption under the performed
experimental conditions.
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Langmuir plot for MO adsorption on PVP stabilized PANI
nanoparticle surface.

Fig. 8 Optimization of contact time and dye removal efficiency on
PVP stabilized PANI surface in different dosage amounts.

Fig. 9 Effect of (A) pH and (B) temperature on MO adsorption on to the

This journal is © The Royal Society of Chemistry 2017
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3.4 Optimization of contact time and adsorbent dosage

MO dye was directly introduced in to the common tap water
collected from our area to study its removal process. 20 ml of
MO (32.73 mg l�1) solution taken in 50 ml glass bottles with 2–
5 mg of the adsorbent dosage under initial pH 7.02 at room
temperature (28 �C). At the initial dosage of 2 mg of the PANI,
the dye adsorption is fast up to 25 minutes and the equilibrium
contact time was xed. The dye removal efficiency was increased
to 100% up on increasing adsorbent dosage which is associated
with the increase in number of available sites. The efficiency of
dye removal was calculated by using the equation

% removal ¼ C0 � Cf

C0

� 100 (5)

where C0 and Cf represent the initial and nal dye concentra-
tions. 4 mg of PANI nanoparticles was sufficient to remove the
dye molecules completely within 20 minutes further increment
in dosage to 5 mg could bring that efficiency in 15 minutes. The
removal efficiency of each adsorbent dosage with 5 minutes
interval has been shown in Fig. 8. These observations also leads
to deduce that the quantitative uptake of dye molecules is very
rapid and attains equilibrium within a short time period which
is enough to signify the efficiency of the solid adsorbent for the
dye removal process. An equilibrium time of 25 minutes and
5 mg of adsorbent were optimized for the upcoming set of
experiments.
3.5 Effect of temperature and pH

The study of pH effect on the dye removal process is inevitable
as it can inuence the structure of both adsorbent and adsor-
bate molecules. Also it is an important parameter inuencing
the solid/liquid interfacial phenomena.59 The experiment was
performed by varying the solution pH between 3–9 and the
results are represented in Fig. 9A. Other parameters were kept
constant. It is evident that the change in pH does not inuence
the dye removal property between the studied ranges as the
removal efficiency could meet almost 100% regardless of the pH
change. This will be attributed to the existence of strong inter-
action of dye molecules with the adsorbent surface. Moreover
PVP stabilized PANI nanoparticles.

RSC Adv., 2017, 7, 20960–20968 | 20965
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the interaction is seen to be faster at lower pH because of the
increased availability of protons for the emeraldine structure
which will facilitate the electrostatic interaction between the
anionic MO with the positively charged polymer backbone.60,61

Investigation on the inuence of reaction temperature
deserves importance and concern in scientic and practical
applications. The temperature change is a reasonable
constraint which can inuence the adsorption process in favor
or against. The experiments were conducted in 40, 50, 60 and
70 �C. The experimental data is presented in Fig. 9B and we
could nd that the dye removal process is complete and does
Table 1 % removal efficiency of MO dye uptake on PVP stabilized
PANI nanoparticles in 3–9 pH and 30–70 �C temperatures

pH
% removal
efficiency SD

Temperature
(�C)

% removal
efficiency SD

3 99.92 4.24 � 10�2 30 99.93 2.91 � 10�2

4 99.58 1.58 � 10�2 40 99.58 2.54 � 10�2

5 99.95 6.51 � 10�2 50 99.55 3.08 � 10�2

6 99.51 4.06 � 10�2 60 99.87 6.55 � 10�2

7 99.93 2.91 � 10�2 70 99.77 4.52 � 10�2

8 99.78 3.00 � 10�2

9 99.58 3.31 � 10�2

Fig. 10 UV-Vis spectra for the selective adsorption of MO from equi-mo
interference (C) MO–MB mixture under Cl�, Br� and I� interferences an

20966 | RSC Adv., 2017, 7, 20960–20968
not inuenced by the change in temperature indicating the
strong chemisorption of dye molecules on the adsorbent
surface. Each set of experiments were repeated four times and
the mean value for the % removal efficiency as well as the
standard deviation have been listed in Table 1.
3.6 Selectivity and ionic interferences

The interaction of positively charged PANI backbone and
negatively charged pollutants are well established. MO is an
anionic dye and its selective adsorption on to the developed
PANI nanoparticles performed in an equimolar mixture of MO
and Methylene Blue (MB) dyes. The adsorption of MO was
found to be highly selective and unaffected by the cationic MB
dye. Fig. 10A shows the UV-Vis absorption spectra displaying the
selective MO adsorption.

Effluents from the dye consuming industries contains
various types of suspended and dissolved compounds including
acids, alkalis, metal ions, anions such as carbonates, nitrates,
sulphates, sulphites, halides etc. The presence of anions will
create the major interference as they can interact with the
positively charged polymer backbone competing with the large
anionic dye molecule and retard adsorption or hinder selec-
tivity. Thus their interference on MO adsorption was studied
lar (A) MO–MBmixture (B) MO–MBmixture under SO4
2� and NO3

� ion
d (D) MO–MB mixture under SO3

2� interference.

This journal is © The Royal Society of Chemistry 2017
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under optimal conditions by adding an equimolar quantity of
appropriate salts in to the MO–MB mixture as prepared before.
Fig. 10B displays the UV-Vis absorption spectra for the selective
adsorption of MO from the MO–MB mixture in presence
ofSO4

2� and NO3
� ions. The selective adsorption was unaffected

by these anions. Similar observation obtained for the halide
(Cl�, Br� and I�) interference study and the UV-Vis absorption
spectra is presented in Fig. 10C. The presence sulphite SO3

2�

ions caused break up in selectivity of dye adsorption and this
impact will be due to the interference interaction with the polar
polymer backbone competing with the large anionic dye mole-
cules and thereby decrease the number of available protonated
sites in the backbone for adsorption. Moreover if most of the
positive sites have been interacted with the interfering anion,
the next possibility is to be physisorbed on the porous sites such
that the selective adsorption will no more exist. This is evident
from Fig. 10D describes the UV-Vis absorption spectra of equi-
molar MO–MB mixture in presence of SO3

2� ionic interference.
The ionic interference data has been listed in Table 2.
Table 2 Analytical data for different ionic interference study for MO
adsorption from equimolar MO–MB mixture

Interfering
ion/ions

Amount of
interfering
ion/ions

% removal
of MO SD Interference

SO4
2� 0.14 99.99 1.22 � 10�2 Nil

NO3
� 0.10 99.98 1.58 � 10�2 Nil

SO4
2�, NO3

� 0.14, 0.10 99.99 7.07 � 10�3 Nil
Cl� 0.74 99.97 2.54 � 10�2 Nil
Br� 1.66 99.99 1.73 � 10�2 Nil
I� 1.19 99.98 1.00 � 10�2 Nil
Cl�, Br�, I� 0.74, 1.66, 1.19 99.99 1.22 � 10�2 Nil
SO3

2� 0.12 99.99 1.41 � 10�2 Loss of MO
adsorption
selectivity

Fig. 11 Percentage recovery of adsorbent surface from 1 : 1 water–
ethanol mixture.

This journal is © The Royal Society of Chemistry 2017
3.7 Desorption study

Adsorbent recovery is an important constraint in view of prac-
tical applications and it is a potential economic parameter.
Industries demands economic and sustainable materials for the
purpose. In order to study the possibility for adsorbent recovery
desorption experiments were conducted in 1 : 1 water–ethanol
mixture. Fig. 11 shows the recovery (desorption) of MO from the
adsorbent surface with time when subjected to ultrasonication
in water–ethanol mixture. Aer 60minutes almost 92% ofMO is
removed from the adsorbent surface.
4. Conclusions

Successfully synthesised waterborne PVP stabilized PANI
nanoparticles. The nanoparticles were characterized using
different techniques and investigated for their MO dye removal
property in aqueous medium. The following conclusions were
derived from the study:

(1) The conducting emeraldine salt form of PANI was
recognized, have good electrochemical stability, quick voltam-
metric response and undergoes a three step thermal decom-
position within 150–400 �C.

(2) The developed nanoparticles could effectively remove MO
dye from aqueous solution regardless of change in experimental
constraints such as pH and temperature.

(3) Nanoparticles possess spherical core–shell structure with
85–90 nm core dimension and 20–22 nm shell thickness.

(4) Interaction of adsorbent with the anionic dye, MO is
clearly electrostatic and thus highly selective presence of other
anionic interferences such as SO4

2�, NO3
� and halogens.

(5) SO3
2� could alter the selectivity of adsorption. The

adsorbent surface recovered in 1 : 1 water–ethanol mixture.
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