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Abstract: Intrinsically conductive polymers (CPs) combine the inherent mechanical properties of
organic polymers with charge transport, opto-electronic and redox properties that can be easily tuned
up to those typical of semiconductors and metals. The control of the morphology at the nanoscale
and the design of CP-based composite materials have expanded their multifunctional character even
further. These virtues have been exploited to advantage in opto-electronic devices, energy-conversion
and storage systems, sensors and actuators, and more recently in applications related to biomedical
and separation science or adsorbents for pollutant removal. The special issue “Conductive Polymers:
Materials and Applications” was compiled by gathering contributions that cover the latest advances
in the field, with special emphasis upon emerging applications.

Keywords: polyacetylene; polyaniline; polypyrrole; PEDOT-PSS; copolymers; charge transport
models; silica gel composite; carbon composite; antimicrobial; drug release; sensors; adsorption

Intrinsically conductive polymers (CPs) are a fascinating family of organic materials that can
be easily synthesized with a large diversity of chemical structures and a wide variety of micro- and
nano-morphologies in order to obtain tailored macroscopic physical and chemical properties [1].
The breakthrough discovery of polyacetylene, the first conducting polymer, by Heeger, MacDiarmid
and Shirakawa in 1977 (jointly awarded the Nobel Prize in Chemistry for 2000), opened up a completely
new field of research, tracking the boundaries between chemistry and solid-state physics. Since then,
interest in this intriguing class of polymers has expanded incessantly to become a well-established
area of highly dynamic, multidisciplinary research.

From a chemical viewpoint, CPs are π-conjugated organic polymers, that is to say, compounds
with their skeletal carbon atoms linked by both σ-bonds and the extended overlap of π-electron orbitals.
As a result, neutral CPs show a semiconductor electronic structure with a completely filled π-band
(valence band) and an empty π*-band (conduction band), separated by an energy gap of the order of
1 eV. The intrinsic conductivity arises from doping, i.e., when electrons are withdrawn or injected onto
the conjugated polymeric chain, while the overall electroneutrality is retained by the incorporation
of counter ions, the so-called dopants. The doped state is achieved by simple oxidation (p-doping)
or reduction (n-doping) reactions, leading to the formation of delocalized charged structural defects
(polarons, bipolarons, solitons) that are energetically located within the energy gap and work as charge
carriers. Thus, the electrical conductivity of these polymers can be tuned over the full range from
insulation to metallic by facile and reversible chemical or electrochemical doping/de-doping.

Jointly with simple control of the doping level, the electronic structure of CPs can be “engineered”
by designing novel chemical structures at the molecular level through judicious synthetic chemical
or electrochemical strategies, thus enabling a set of desired and tunable optical, electronic and
redox/electrochemical properties. This concept has evolved to produce a vast repertory of chemically
diverse, lightweight and flexible tailor-made polymer structures, showing attractive properties for
a broad spectrum of applications with high technological impact, many of them reaching the marketplace.

Materials 2020, 13, 2344; doi:10.3390/ma13102344 www.mdpi.com/journal/materials1
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Some examples are their use as key materials in thin-film transistors, light-emitting diodes and solar cells,
electrochromic displays, (bio)sensors and actuators, secondary batteries and supercapacitors or artificial
muscles, just to cite a few [1]. Over the past few decades, some other new applications in biomedical
science and tissue engineering, enhanced solid-phase extraction or as adsorbent/ion-exchange materials
for environmental issues have emerged as promising growth areas.

In spite of the obvious advantages of CPs over their inorganic semiconducting and metallic
counterparts in terms of chemical diversity, tunable conductivity, low density and cost and
flexibility, much work is still to be done in order to overcome their inherent limitations regarding
solubility/processability, conductivity and long-term stability. For this, the development of CP-based
hybrid composites with enhanced properties and controlled shape and morphology has become
a flourishing area of discovery within the field. Typical examples are CP nanocomposites with a variety
of carbon nanomaterials, metal oxide nanoparticles, or hydrogel inorganic matrices.

The Special Issue “Conductive Polymers: Materials and Applications” was launched to
cover the latest advances and developments in the synthesis, characterization, structure–properties
relationship and applications of intrinsically conductive polymers, with particular attention given to
novel functionalized polymer/copolymer structures or novel CP–inorganic composite materials and
their use in emergent applications. The nine articles included in the issue touch different aspects of
the goals pursued. A brief summary of their main achievements and conclusions is given below.

In undoped trans-polyacetylene, bond alternation has been widely recognized as the obvious
consequence of the existence of two-equivalent degenerate ground states arising from the Peierls
instability. Hudson [2] critically reviewed the available experimental studies (X-ray diffraction (XRD),
nuclear magnetic resonance (NMR), Raman or infrared (IR) data) that support the existence of bond
alternation and concluded that their results are compromised by the presence of finite chains or finite
conjugation segments or other ambiguities. The author proposed a novel synthetic route with the aid
of urea inclusion complexes to produce fully extended all s-trans polyacetylene, free of finite-chain
polyene impurities.

In recent years, the application of conducting polymer-based materials to biomedical science
and healthcare has been the subject of intense research activity. The papers by Robertson et al. [3]
and Shah et al. [4] fall within this category. In the former, the authors investigated the activity of
polyaniline (PANI) and poly(3-aminobenzoic acid) (P3ABA) as potential antimicrobial agents against
Escherichia coli and Staphylococcus aureus. Both CPs showed high bactericidal action in suspension,
but their efficacy was depressed when applied to agar (an adsorbent surface) and especially to
styrene-ethylene-butyrene-styrene films (a non-adsorbent surface). This behavior was attributed to
the decreasing contact occurring between bacterial cells and CPs on going from solution to adsorbent
surfaces to non-adsorbent films. The remaining activity of P3ABA-containing surfaces was reported to
be superior to that published for triclosan, a popular antimicrobial agent, which encouraged the use
of this polymer in cost-effective antimicrobial surfaces to break pathogen transmission pathways in
hospitals. On the other hand, Shah et al. [4] reported the use of polypyrrole (PPY)-based coatings
loaded with clinically relevant drugs as systems for switchable drug delivery. The anti-inflammatory
dexamethasone phosphate (DMP) and the antibiotic meropenem (MER) were loaded as the anionic
dopants. Analysis by energy-dispersive X-ray (EDX) spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, ultraviolet–visible (UV–vis) spectroscopy, XRD and electrochemical techniques (cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS)) confirmed the presence of
the drugs in the films. The authors showed that the electrochemically-triggered release of drugs in vitro
was enhanced relative to the passive delivery from non-stimulated samples. The higher improvement
observed for MER was attributed to its higher hydrophilicity and polar character, which makes it more
responsive to electrically stimuli within the PPY matrix.

The application of CPs and their composites to the detection of biologically active molecules
of interest in medical diagnosis, food or plant analysis is the subject of another three articles.
A feature paper by Dkhili et al. [5] reported the electrosynthesis of novel, chemically stable
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aniline-piperazine copolymer films that exhibited reversible hydroxyl-ketopiperazine redox transitions
between the well-known redox processes of polyaniline. The new copolymer material showed
reproducible linear response and high sensitivity for the analysis of dopamine and ascorbic acid,
thus being potentially applicable to amperometric sensors. Hybrid materials consisting of silica gel
matrices modified with CPs have found interesting applications in analytical science. Djelad et al. [6]
described the synthesis of SWCNT-modified silica films by electro-assisted deposition from sol-gel
precursors, and their further modification by reactive electrochemical insertion of PEDOT-PSS from
the monomer and dopant constituents. The resulting SWCNT@SiO2–PEDOT-PSS composite doubled
the electroactive surface area and exhibited a threefold increase in the heterogeneous rate constant of
ferrocene, a common electron shuttle in electrochemical biosensors. Sowa et al. [7] modified commercial
silica gel particles with PANI by chemical polymerization. Confocal Raman microscopy revealed that
PANI preferentially deposited inside the inner pores of the silica particles. The authors optimized an
experimental procedure for the extraction and quantification of triterpenic acids from plant samples by
using PANI-modified silica gel as the sorbent in dispersive and matrix solid-phase extraction (d-SPE
and MSPD) coupled to diode array detection high-performance liquid chromatography (DAD-HPLC).

Finally, the special issue also illustrates the use of CP-based composites as adsorbent materials
for the removal of environmentally hazardous chemicals. In a series of two papers, Muhammad et
al. [8,9] examined the adsorption behavior of PANI-Fe3O4 composites for the removal of cationic Basic
Blue 3 (BB3) [8] and anionic Acid Blue 40 (AB40) [9] dyes from aqueous solution. The composite
materials were fully characterized by scanning electron microscopy (SEM), FTIR, EDX, UV and XRD [8].
The adsorption of BB3 and AB40 obeyed Langmuir and Freundlich isotherm models, respectively,
while kinetics was of the pseudo-second order. PANI-Fe3O4 composites showed enhanced adsorption
capability for BB3 when compared to the individual components and other typical low-cost adsorbents.
This effect was associated with an increase in surface area and pore volume of the hybrid material.
Instead, the composite material was a less efficient adsorbent for AB40 than pure PANI, probably
because repulsive forces from Fe3O4 oxygen lone pairs offset the electrostatic attraction between
oppositely charged sites of PANI and the dye. Quijada et al. [10] electro-synthesized PANI-activated
carbon cloth (ACC) composites in a filter-press cell. Based on SEM, X-ray photoelectron spectroscopy
(XPS), N2 adsorption, thermal analysis, CV and direct current (DC) conductivity data, the authors
suggested that thin polymer films containing a small amount of phenazine/phenoxazine segments
formed within the micro- and mesopores of the carbon fibers, thus showing enhanced conductivity
and pseudocapacitance. In heavily loaded PANI-ACC, a nanofibrous thick coating developed which
caused strong pore blocking, diminished surface area, and loss of conductivity. Composites with
moderate PANI loadings showed promoted pseudo-second order adsorption rate of Acid Red 27 from
aqueous solution, which was related to the electrostatic interaction between dye-negative sites and
positive N sites in acid-doped PANI.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Polyacetylene, the simplest and oldest of potentially conducting polymers, has never been
made in a form that permits rigorous determination of its structure. Trans polyacetylene in its fully
extended form will have a potential energy surface with two equivalent minima. It has been assumed
that this results in bond length alternation. It is, rather, very likely that the zero-point energy is above
the Peierls barrier. The experimental studies that purport to show bond alternation are reviewed
and shown to be compromised by serious experimental inconsistencies or by the presence, for which
there is considerable evidence, of finite chain polyenes. In this view, addition of dopants results
in conductivity by facilitation of charge transport between finite polyenes. The double minimum
potential that necessarily occurs for polyacetylene, if viewed as the result of elongation of finite
chains, originates from admixture of the 11Ag ground electronic state with the 21Ag excited electronic
singlet state. This excitation is diradical (two electron) in character. The polyacetylene limit is an
equal admixture of these two 1Ag states making theory intractable for long chains. A method is
outlined for preparation of high molecular weight polyacetylene with fully extended chains that are
prevented from reacting with neighboring chains.

Keywords: polyacetylene; double-minimum potential; Peierls barrier; zero-point level; cross-linking

1. Introduction/Background History

Polyacetylene is selected for review because of its relative simplicity; the small periodic repeat
permits polyacetylene to be treated by sophisticated computational methods. The path from
bond-alternate potential minimum to symmetric bond-equivalent maximum is along a single normal
mode (the Peierls mode). The vibrational spectrum of polyacetylene is relatively simple. In particular,
the Raman spectrum is quite sparse and the oligopolyenes that lead to polyacetylene show characteristic
frequency shifts and relative intensity changes which increase in chain length. On the experimental
side, however, polyacetylene is entirely insoluble, reactive with itself, and has not been obtained in
crystalline form that yields to single crystal diffraction, a feature that it shares with most polymers.
Another reason for this review is that there have been several recent experimental and theoretical
studies of polyacetylene and finite chain oligopolyenes of known length that are relevant to studies
of the structure of polyacetylene. Furthermore, the evidence for the existence of bond alternation in
polyacetylene has never been critically reviewed. This exercise shows that the fully extended chain
with an all trans geometry has never been made. We outline a new method for the preparation of
polyacetylene with these properties.

The first publication on the electrical conductivity of doped polyacetylene in 1977 [1], and in
a recent 2017 review [2], it is stated as known that trans-polyacetylene exhibits bond alternation as
a consequence of Peierls instability. It should be noted that Peierls instability refers to a negative
curvature in the potential energy for a one-dimensional lattice. The resulting “dimerization”, if it
occurs, would mean that the periodic repeat for the electron exchange integral is two CH units, and
thus the material has filled bonding and empty antibonding π-orbital bands. Thus, trans polyacetylene
in its fully extended periodic form would be a semiconductor if it has bond alternation and a conductor

Materials 2018, 11, 242; doi:10.3390/ma11020242 www.mdpi.com/journal/materials5
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if it does not. A close reading of the literature suggests an alternative interpretation of the argument:
“since polyacetylene is not a conductor, it must be a semiconductor, and thus it must exhibit bond
alternation”. The alternative to this argument is that “polyacetylene” is really a mixture of finite chains
and cross-linked polymer segments.

In this first of many papers [1], it was noted that bond alternation can also be inferred in long
linear conjugated polyenes because the allowed optical “band gap” transition converges to a constant
value with increase in conjugation length. An alternative view based on strong electron correlation
for this limit that does not require bond alternation [3] in order to exhibit a finite limiting electronic
excitation energy was mentioned in this initial work [1]. It is argued below that this alternative Mott
semiconductor (Hubbard Hamiltonian) picture is substantially correct for very long chains.

Bond alternation is the key ingredient in the interpretation of the observations for polyacetylene in
terms of a semiconductor band gap and “doping” enhancement of electrical conduction. In the recent
review [2] it is stated that this Peierls barrier is very high on the basis that polyacetylene cannot be
made to have equal bond lengths at any reasonable temperature. This proposed double well potential
is rarely shown with a quantitative energy scale. The Peierls effect in the case of a π-electron system
with a stiff σ-framework might lead to a negligibly small barrier. It is only in classical mechanics that
atomic positions are at the bottom of the potential.

The earliest reasonable estimation of the “dimerization energy” (Peierls barrier) is a 1983 work [4],
where Hartree Fock and small basis set MP2 (Moller-Plesset second order) methods were used.
The MP2 value for the difference in energy at the symmetry point and either minima of the potential is
2 kJ/mol (700 cm−1) [4]. A more extensive 1997 treatment [5] used multiple linear conjugated polyenes
of increasing length, for which optimized structures were compared with equal bond structures or with
structures that had one of several variations of bond alternation with optimized bond lengths at the
molecular ends changing to equal bonds in the middle of the chain. The resulting dimerization energy
extrapolated to 1/N = 0 at the MP2/6-31G* level was 0.4 ± 0.1 kJ/mol depending on the method of
structure variation used. The low end of this range is 0.3 kJ/mol or 105 cm−1. The point that has never
before been considered in this context is that the harmonic vibrational motion at the bond alternation
geometry has a frequency known since at least 1958 to be in the 1500–1600 cm−1 range corresponding
to a double bond stretching motion [6–8]. The harmonic zero-point energy is higher than the estimated
barrier height.

We have shown, as discussed below, that while polyacetylene must have a potential energy surface
with two equivalent minima, it cannot exhibit bond alternation, i.e., a periodic alternation between
short and long bonds. The band structure argument that leads to this conclusion, leads conversely
to the conclusion that if polyacetylene did not have bond alternation, it would be metallic. It would
appear, however, that polyacetylene is not metallic unless it is “doped” with electron donors or
acceptors. The terminology is from elemental semi-conductors where the doping is elemental. Here
the “dopant” is usually molecular. Thus, the experimental evidence appears to differ from a conclusion
in regard to ground state structure of polyacetylene that seems elementary. The alternative point of
view investigated in this paper is that this conflict between our conclusions regarding the necessary
lack of bond alternation of polyacetylene and experimental results for so-called “polyacetylene” is
that what is called “polyacetyene” is not in fact polyacetylene, but is, rather, a mixture of finite chain
polyenes of various lengths. The addition of dopants permits electron transport from chain to chain.
These oligopolyenes do exhibit bond alternation and give rise in spectroscopic studies this property
but this is due to end effects.

The term “finite polyene” here means that the molecule exhibits bond alternation with the terminal
carbon–carbon bond length being shorter than the average of the values near the center of the molecule
by an amount of 0.003 Å or more; barely measurable but otherwise arbitrary. We do not know and
cannot easily compute how long a polyene needs to be such that it has two minima in its bond
alternation potential and further how long it must be to have two equal energy minima. Whatever that
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is, it defines “approaching infinite”. Minima of exact energy equality energy define “infinity” for the
chain length.

To reiterate, our conclusion is not that polyacetylene has a single minimum potential energy for
the bond alternation atomic displacement mode, but rather that the zero-point level is above the barrier
that separates two minima. It is the probability distribution of the zero-point barrier that determines
the structure, not the minima of the potential. Both minima are equally populated in the zero-point
probability distribution. Simulations with reasonable parameters predict, in fact, that the maximum of
the probability distribution is at the symmetry point where the potential is a maximum.

When referring to studies of the preparations, we use the notation “polyacetylene”. We restrict the
terms cis- or trans-polyacetylene to hypothetical infinite chains in their fully extended conformation.
We are primarily concerned here with trans-polyacetylene. An infinite transationally symmetric chain
is the starting point for the standard treatment of polymer vibrations in general as developed by Born
and von Karman. As in all periodic problems, the description of the nuclear motion is the product of a
local function times a function with translational symmetry along the chain propagation direction. It is
the vibrational levels of the periodic repeat unit that count in establishing the zero-point level energy
and the “optical” vibrational excitations in infrared and Raman spectra.

The relevant internal degree of freedom in this case is the bond alternation or Peierls distortion
mode, a mixture of double bond expansion and single bond contraction. The potential energy in which
the nuclei move for this degree of freedom necessarily has two minima that are exactly equivalent in
energy only for the infinite chain. The equivalence of the minima derives from the fact that the energy
difference between the two patterns of bond alternation becomes negligibly small per repeat unit as
the chain length becomes very long. This argument makes no statement as to the height of any barrier
between the two minima, if there is one.

Assuming that there is a barrier, then the issue of how to treat the nuclear motion arises.
In this regard, there are two relevant observations. (1) The harmonic vibrational frequency that
corresponds to motion along the Peierls degree of freedom is computed to have a value in the harmonic
approximation of ca. 1500 cm−1. This corresponds to the strongest Raman active mode at a similar
wavenumber. (2) The best estimate of the height of the Peierls barrier via extrapolations discussed
above is 100–300 cm−1 [5]. The harmonic zero point level is thus 2–7 times larger than this barrier
height. Use of the harmonic approximation is clearly not justified.

2. Summary of This Review

We first review in Section 3 the double minimum problem in general, for two molecular cases,
and then in Section 4 the specific case of polyacetylene. This is followed in Section 5 by a survey of
experimental observations on polyacetylene in the literature that are relevant to bond alternation. It is
found that X-ray diffraction, solid state NMR (Nuclear Magnetic Resonance), and polarized IR studies
are compromised by ambiguities internal to the studies or to the presence of the finite chains, or both.
The electronic spectroscopy of finite conjugated polyenes is then discussed in Section 6. The conclusion
of these spectroscopic studies is that a low-lying doubly excited “diradical” state with the same
symmetry as the ground electronic state is the lowest energy electronic excitation. This conclusion for
the best studied case of octatetraene has recently received theoretical treatment, whose results are in
excellent agreement with experiment. Admixture of this 21Ag excited state with the ground 11Ag state
is the origin of the double minimum barrier for polyacetylene in its ground electronic state. It is also
the basis of the difficulty in dealing theoretically with the ground state of polyacetylene with current
periodic quantum chemical computational methods, since it requires inclusion of at least all doubly
excited configurations at a non-perturbative level. This is followed by a brief review in Section 7 of the
experimental electronic and vibrational Raman spectra of finite linear polyenes facilitated by the recent
availability of such materials in homologous series. In Section 8, it is shown how these Raman spectra
are relevant to our ongoing experimental Raman and vibrational inelastic neutron scattering studies
of a molecular crystal for which photochemical elimination polymerization has been demonstrated
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to occur that leads to polyacetylene constrained to be fully extended in parallel channels formed by
an inert lattice that also prevents cross-linking reactions. The iodine atoms that are photochemically
cleaved are able to leave the host crystal as iodine vapor. In Section 9, the salient features gleaned from
the literature are reviewed and an outlook is presented.

3. Double Minimum Potential Vibrational Energy Levels: Ammonia and [18]-Annulene

The mathematical technology for determination of the vibrational energy levels of arbitrary
one-dimensional potential is now straightforward. These methods were developed to treat numerous
molecular potentials [9–15] that have two equivalent minima. The most famous of these is ammonia,
where the tunneling splitting is ca. 0.8 cm−1. A potential that fits the precise vibrational data is shown
in Figure 1 [9–13]. A potential that has the form V(x) = C2x2 + C4x4 with C2 = −9000 cm−1 A−2 and
C4 = 10,000 cm−1 A−4 and a reduced mass of 1.008 amu has a tunneling splitting of 0.45 cm−1 (vs.
0.79 cm−1 of Figure 1). The 0 to 1 transitions of 932.5 and 968.3 cm−1 are computed to be at 940.3 and
969.8 cm−1. The barrier height of 2031 cm−1 is 2025 cm−1 in this simple treatment using the efficient
FGH (Fourier Grid Hamiltonian) method [14,15]. The reduced mass for ammonia varies along the
out-of-plane umbrella coordinate. For the equilibrium pyramidal geometry, the value is 1.18 amu,
while at the trigonal D3h maximum it is 1.20 amu. This increase relative to the mass of H reflects the
small geometry-dependent contribution of the N atom to the inversion normal mode. The zero-point
level tunneling splitting of ammonia corresponds to an inversion time for the pyramidal superposition
state of about 11 ps. This follows from the tunneling splitting 0.45 cm−1 for NH3 in the simplest model
treatment. This same model gives 792 ps for the tunneling splitting for ND3.

Figure 1. Umbrella mode potential for NH3 with transition and level splittings indicated [9,10].

Figure 2. One of the D3h Kekule structures of [18]-annulene.

Another molecular example of more relevance to polyacetylene is [18]-annulene, Figure 2 [16–18].
This simple cyclic C18H18 compound is the 4n + 2 analog of benzene (n = 1) with n = 4, and is thus
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expected to be aromatic. To make a complicated story short, this conclusion is consistent with the
observation of six-fold equivalent bonds in the X-ray diffraction structure but not with the computed
NMR spectrum (for which the inside and outside protons are not shifted in opposite directions by
the same amount as is the case for the D6h symmetry). It has been proposed that [18]-annulene has a
D3h bond-alternate structure. A method of computation is found that results in a D3h bond-alternate
structure that results in agreement with the NMR spectrum [16]. This proposed geometry is either
one of the structures corresponding to the minima of the potential in Figure 3. The zero-point level
and probability distribution are shown. This proposed geometry is either one of the structures
corresponding to the minima of the potential in Figure 3. The zero-point level and probability
distribution are shown. A vibrational normal mode analysis at the symmetry point maximum and also
at the minima gives in each case a reduced mass of 9.315 amu. The proton NMR spectrum computed
for 200 points along bond order displacement coordinate weighted by the probability of Figure 3 gives
a value in reasonable agreement with experiment. Other details of this density functional theory (DFT)
and FGH treatment for [18]-annulene are in [17]. A classical MD (Molecular Dynamics) treatment for
NMR averaging that includes this case is in [18]. An important factor for this case is that one of the
normal modes of this molecule converts the structure from the maximum of the potential to either
one of the minima and back. This example provides a demonstration that zero-point heavy atom
averaging is expected in such cases because of the very stiff nature of the bonds prohibits localization
into one of the minimum energy wells. The general point to keep in mind is that even with heavy atom
motion, it is impossible to localize a carbon-based structure into a localized bond-alternate structure
for a period of time that is significant on an experimental time scale. Benzene is the obvious example.
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Figure 3. Computed potential energy as a function of displacement from 6-fold symmetry for
[18]-annulene (black line) showing the two lowest vibrational energy levels (red) and the probability
distribution for the ground state (blue) [17].

4. Double Minimum Potential Vibrational Energy Levels: Polyacetylene

For cases like ammonia, where the double minimum potential represents displacement of the
three H atoms out of the molecular plane, and this case of a cyclic hydrocarbon, the potential must
necessarily contain only even terms. The potential energy variation for polyacetylene must also
necessarily be symmetric due to translational symmetry.

For the case of polyacetylene [19], for which periodic boundary conditions [20] apply, we have
followed two independent paths of enquiry in Figures 4 and 5. In Figure 4, we compute the energy
of the –CH–CH– periodic repeat using B3LYP/6-311G(2d,2p) with periodic boundary conditions
evaluated at 240 points along the potential in one direction. This is then symmetrized by reflection.
The barrier height computed by this DFT method is 110 cm−1.
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Figure 4. Computed potential energy of polyacetylene using periodic boundary conditions-density
functional theory (PBC-DFT) with B3LYP 6-311G(2d,2p) at 240 points (black points) along one
displacement direction with subsequent generation of the symmetric potential shown as blue dotted
trace [19]. The horizontal red lines are the two lowest energy levels; the light blue line is the
probability distribution.
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Figure 5. An analytical model potential energy (black curve) for the Peierls bond alternation mode of
polyacetylene. The function is a harmonic oscillator plus a Gaussian barrier [19]. The lines are as in
Figure 4.

Figure 5 shows the results of an empirical treatment of polyacetylene. The barrier height for
polyacetylene has been established by the extrapolation procedure of Guo and Paldus [5] to be less
than 200 cm−1. In their treatment, a series of computational methods are applied to three structures for
each member in a series of a finite polyene chains with an even number of carbon atoms. The structures
are (1) the optimized bond-alternate structure, (2) the equal bond length (barrier) structure, and
(3) the bond order reversed structure corresponding to the other minimum in the infinite chain case.
These energies values relative to the optimized structure are plotted against 1/N, where N is the
number of C=C bonds. The values of this energy difference for the bond reversed and bond optimized
cases must, of course, extrapolate to zero as 1/N goes to zero. The plot for the barrier height when
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extrapolated linearly gives a finite value of about 100 cm−1. Figure 5 uses a barrier of 200 cm−1.
This value comes from the observation that for chain lengths that are sufficiently long, the computed
values before extrapolation are below that value, so this value is an upper limit. The harmonic force
constant for the model of Figure 5 is chosen to match the value of the force constant for C–C single
bonds based on harmonic normal mode analyses for simple molecules like ethane. This is the lowest
reasonable value. Higher values of this force constant parameter will result in a higher zero-point
energy. The reduced mass for both cases is 4.33 amu. This is derived from a Gaussian computation for
finite polyenes which uses the Wilson, Decius & Cross prescription [21]. This value depends on the
C–C–C bond 120◦ C–C–C angle but is not crucially dependent on this value.

Calculations of the vibrational frequencies of long linear polyenes using MP2 wavefunction
methods has been used to compute the force constants needed for harmonic treatment of polyacetylene
in the periodic limit. It is found from the resulting vibrational eigenvalues that the vibrational motion
that gives rise to the strongest feature in the Raman spectrum is the bond alternation or Peierls motion
mode. Figures 4 and 5 show the computed first excited vibrational mode for these potentials are at
1379 cm−1 for the DFT computed potential and at 1460 cm−1 for the variable parameter treatment.
At the time of this work, it was thought that the strongest Raman active mode of what was thought to
be polyacetylene was at 1459 cm−1. The 1460 cm−1 value was chosen as a target value in adjusting the
barrier width of this analytic empirical model of Figure 5.

If this modelling procedure is followed with larger values of the barrier height including
readjustment of the harmonic force constant so that the same value of the vibrational frequency
is obtained, then with a barrier height of 2000 cm−1 the ground state zero-point level has a double
maximum. Because of the symmetry, the probability of being in one well is the same as being in the
other in this and every other state. If the barrier height is raised to 20,000 cm−1, then the energy levels
occur in pairs with a splitting for the lowest level of 20 cm−1 corresponding to femtosecond time scale
tunneling. Bond-order alternation states will be exceedingly ephemeral.

5. Review of Experimental Observations on Polyacetylene with Emphasis on Bond Alternation

In the literature, especially in theoretical publications, bond alternation is often used to mean that
there are two equivalent minima in the potential energy function. It is our argument above that this
cannot give rise to populated bond-alternate structures with a periodic difference in bond lengths.
If the zero-point energy is considered, then both structures are equally populated and, for what is
considered to be at least a reasonable approximation to reality, the most probable geometry is at the
symmetry point were the two bond lengths are equal. It might be argued that bond alternation in
polyacetylene is known to occur on experimental grounds. This is, however, not the case when the
experimental studies are viewed critically taking into account the likely presence of finite chains in
the sample.

This section on experimental observations is divided into (1) X-ray diffraction, (2) infrared
dichroism, (3) solid state NMR spectroscopy, (4) resonance Raman spectroscopy, and (5) a cautionary
note on doping.

5.1. X-ray Diffraction

We begin with X-ray diffraction studies of polyacetylene. The initial 1982 work in this field [22]
is discussed in a 1984 monograph [23], re-evaluated in a 1992 experimental study with new X-ray
data [24], and then discussed in a 2010 computational paper [25]. Beginning with [22], it is noted
that there are two possible monoclinic structures with two chains per unit cell P21/a and P21/n
corresponding to the case of in-phase bond alternation or out-of-phase, respectively. For the former
P21/a in-phase case, the (001) reflection is expected to be strong; for P21/n, it is forbidden. In this
experiment [22], the (001) reflection is observed very weakly. The information in [22] as to bond
alternation stems from an analysis of the shape of this (001) reflection with a two-parameter least
squares fit of the alteration parameter u0 and the monoclinic angle β to data with an intensity of
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unspecified physical origin, that depends on sample preparation, that clearly consists of more than
one reflection and for which the statistics of the fit are not reported. The data presented in [22] are
critically analyzed in [23] and in particular, the two parameter fit was repeated. No distinct minimum
was observed for the least squared fit. The newer 1992 experimental study with new data of [24] took a
global look at the full data set. It was decisively determined that the structure is P21/n with expectation
of a forbidden (001) but again, observed weakly. The authors note, “A possible explanation of the (001)
intensity might be the coexistence of a small, variable fraction of bulk P21/a second phase. However,
in our sample the (00L) intensities imply 20% P21/a while the ratio of I(021)/I(011) gives an upper limit
of only 4%. This inconsistency between on-axis and off-axis measures rule out the phase separation
argument.” They continue, “An alternative explanation is that local defects are responsible for the
(001) intensity. For example, since the energy difference between the two structures is small, one might
envision defects such as short chain segments which correlate in-phase with the surrounding long
chains. Such defects would be a natural consequence of small molecular weight fragments, and could
easily be quenched in from the polymerization. They would contribute to the (001) but not to general
(HKL) intensities as is observed.” Or they could be low molecular weight interstitial oligopolyenes.
In the analysis of this data [24], the bond alternation parameter was not adjusted to fit the data. Instead,
a value determined by NMR was used. This removes this X-ray study from having an impact on the
bond-alternation issue. The validity of this NMR determination is discussed below.

5.2. Infrared Dichroism

Infrared (IR) absorption dichroism in the spectral region of the CH stretch [26] has been used
to argue that polyacetylene exhibits bond-alternation. If polyacetylene has equal bond lengths for
sequential bonds, then the 3013 cm−1 C–H stretch absorption will be, by symmetry, perpendicular
to the chain (and thus perpendicular to the stretch direction for a stretched film). The absorption
will be zero when the electric field lies along the orientation axis. It is found that this is not the case.
The out-of-plane bending mode exhibits significant dichroism in the direction expected, indicating that
the chain is well oriented. It was concluded that the local symmetry is Cs, not C2v, permitting a dipole
derivative with a component along the chain axis. However, a DFT calculation for the finite polyene
chain C60H62 gives the dipole derivative for the IR-active CH mode at an angle of only about 25 degrees
with the extended chain. This is presumably due to the very large axial polarizability. This axial
component, however, vanishes in the postulated symmetric structure. It is expected that longer
oligopolyene chains will have a larger axial/transverse ratio, and it is quite possible that the long-chain
part of the distribution may dominate the IR spectrum, even if they are not the predominant species in
the sample. The interpretation of this experiment depends on whether the signal is dominated by finite
chains in the sample or by polyacetylene. This depends on both the amounts of these components and
their relative intensities.

5.3. NMR Spectroscopy

The simplest indication of the nature of polyacetylene at the molecular level is the determination
by CP MAS (Cross Polarization Magic Angle Spinning) 13C NMR that ≈5% of the carbon atoms have
sp3 hybridization instead of the predominant sp2 hybridization. The sp3 features “can probably be
ascribed to chain terminations, cross-links, or hydrogenated double bonds” [27]. This corresponds
to one atom in 20. If we ascribe the putative sp3 carbons to cyclobutane ring formation then this
corresponds to two cyclobutane defects in 200 carbons or 50 C=C double bonds from one to the next in
two chains connected by four sp3 carbons in cyclobutane rings at each end. This is, of course, only the
average structure in a distribution.

Another NMR experiment aimed directly at detection of bond alternation is the determination
of the 13C–13C dipolar coupling constant of polyacetylene prepared with low levels of
acetylene–13C2 [28,29]. In this case, the observation of two coupling constants for trans-polyacetylene
indicates two distinct bond lengths. This work has led to the prevailing bond alternation value and the
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individual C–C bond lengths for polyacetylene. For example, [30] compares a computed value to the
bond lengths in [28]. There are, however, a few areas of concern in this work. The cis-polyacetylene
isomer shows, as expected, only one coupling constant corresponding to a double bond length, 1.37 Å.
Converting the sample of cis-polyacetyene to trans-polyacetylene is done by heating in vacuum at
160 ◦C for one hour. The resulting solid state nutation NMR spectra at 77 K show two coupling
constants corresponding to 1.36 and 1.44 Å bond lengths. It is noted [28] that “The generation of
approximately equal populations of singly and doubly bonded labeled carbon pairs in trans-(CH)x

starting with only doubly bonded pairs in cis-(CH)x is intriguing.” No explanation is given for this
observation. The only obvious explanation is that half of the 13C=13C double bonds react with nearby
predominantly 12C=12C double bonds to make 13C–13C single bonds from the original 13C=13C double
bonds in cyclobutane rings. This is the kind of unambiguous experiment that is not done often enough.
Presumably this also happens with half of the 12C=12C bonds. The result is best called poly(“ladderane”).
Performing a CP-MAS 13C determination of random 13C labeled polyacetylene treated in the same
fashion. Both before and after thermal conversion to the trans form would be interesting.

The authors further investigated the temperature dependence of the 13C–13C splitting up to 300 K
and did not see an expected coalescence of the features from defect migration along long chains.
They speculated that the signals that they were observing came from chains that did not contain
mobile defects necessary for thermal averaging, i.e., locked-in bond alternation due to cross-linking.
In another work [29], it was concluded that “nuclear spin-lattice relaxation rates for 1H and 13C in
polyacetylene cannot be adequately explained in terms of either nuclear spin diffusion to a static
paramagnetic defect or rapid one-dimensional diffusion of the defect itself. A model in which only a
small fraction of the molecular chains contain defects was proposed. Nuclei on these chains are rapidly
relaxed, whereas the remainder achieve equilibrium by nuclear spin diffusion. The dependence of the
measured relaxation rates upon frequency and isotopic concentration agreed with the predictions of
the model.” As indicated by the above, an alternative hypothesis for this signal is that it comes from
finite polyene chains.

5.4. Resonance Raman Spectroscopy

Resonance Raman studies of “polyacetylene” [31–46] make use of the fact that Raman scattering
under resonance conditions has a greatly enhanced contribution from species that have electronic
excitation resonances near the Raman excitation frequency. If the sample is homogeneous, then the
intensity of vibrational features in the resonance Raman spectrum will all increase or decrease together
as the excitation frequency is changed. If, however, the sample is heterogeneous, with various
components having different electronic excitation behavior and vibrational spectra, changing the
excitation frequency will cause some vibrational features to increase and other decrease in intensity.
In the case of “polyacetylene” containing multiple oligoene components, the electronic excitation
spectrum moves to lower energy, and the strongly enhanced vibrational mode moves to lower
frequency, as the chain length is increased. It is observed as expected that Raman excitation at longer
wavelength results in lower frequency Raman active modes. The conclusion of most of these studies
is that chain length heterogeneity is the most likely explanation for the experimental observations.
Simple calculations reproduce the data, and alternative models were eliminated [43].

Finite linear conjugated polyenes have very strong Raman scattering. This is especially true when
the Raman excitation is close to the strong electronic absorption bands of polyenes. The reason for
the very strong Raman scattering of polyenes is that linear polyenes have a very strongly allowed
electronic excitation that involves an appreciable geometry change in the excited state relative to the
ground state. This geometry change is primarily along one normal mode of motion in the ground
state near 1500 cm−1 with a smaller contribution from another mode around 1100 cm−1. The details of
this are discussed in Section 6 below. Here, we concentrate on “polyacetylene” in the context of its
anticipated Raman scattering. This issue was noted in [44] in the context of periodic solids and in a
way relevant to this review in [45,46]. In these publications, it is noted that the Condon mechanism
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for Raman scattering (also called A-term scattering) due to geometry changes in excited electronic
states vanishes for periodic solids and for polyacetylene as we have defined it. This is because the
one-electron excitation involved does not result in a significant geometry change for a system of
effectively infinite size. The most argumentative statement of the issue is in [46], in which it is claimed
that (a) since “polyacetylene” has a well-known Raman spectrum, it must be the case that something is
missing that is beyond the Condon scattering mechanism; (b) a vibronic activity term is added (called
B-term scattering), which (c) explains (“solving polyacetylene”) by addition of the next term albeit with
an unknown magnitude, and (d) that this refinement also removes the need to consider polyacetylene
as a heterogeneous mixture of finite chains [31–42]. Specifically, quoting from [46], “In ref. 24 (of [46]),
three samples of nearly monodisperse polyacetylene with lengths of about 200, 400, and 3800 unit cells
were synthesized and their Raman spectra were obtained. The sidebands remained, and many of the
earlier “polydisperse” explanations for the line shape quickly evaporated.” The relevant ref. [24] is
here ref. [35].

The authors of [46] have misrepresented [35] by claiming that the samples involved have very
long conjugation length and ignoring the fact that in [35] itself these “monodisperse” samples are
investigated as to the polydispersity of the conjugation lengths. Quoting from the abstract of [35]
“After thermal isomerization, theoretical analysis of the Resonance Raman spectra using the Brivio,
Mulazzi model indicate the ratio of long trans conjugated segments (N ≥ 30) to short trans conjugated
segments (N ≤ 30) is significantly larger for 100,000 Dalton (3800 unit) polymer.” It is the contention
of this author that it is the N = 15–30 and perhaps a bit longer double bond species that have Raman
spectra from the Condon mechanism, and that there is no evidence that anything that might be defined
as polyacetylene makes any contribution to the Raman spectrum.

5.5. A Cautionary Note on Doping

Our argument, outlined above, is that it is not possible that the nuclear probability distribution
will exhibit bond alternation in any experiment. The reported bond alternation in “polyacetylene” is
evidence for the presence of finite chains. These may dominate the signals even if they are not the major
component of the sample itself. The “semiconductor” properties attributed to “polyacetylene” are, in
this interpretation, due to the lack of extended conducting chains. The observed effect of “doping” on
conductivity, interpreted in terms of band theory, may rather be due to enhancement of conduction via
electron transfer between finite chains rather than population of a conduction band, as assumed in the
conventional model. In fact, iodine “doping” of polymers such as polybutadiene that do not contain
any conjugated double bonds results in significant conductivity [47,48]. This is attributed [47] to the
presence of ionic iodine chains such as I3

− and I5
− in the material. In [47], the conduction is claimed

to be electronic.

6. Electronic Spectroscopy of Finite Linear Conjugated Polyenes

Interest in the electronic spectroscopy of linear conjugated polyenes began in the early days of the
development of quantum mechanics. At that point, dealing with polyatomic molecules was based
on qualitative molecular orbital and valence bond descriptions. Early treatments of butadiene with
valence bond methods concluded that the lowest energy excitation would be a diradical with the same
Ag symmetry in C2h as the ground state. The observation of a strongly allowed electronic excitation
contradicted this view. For linear conjugated polyenes with an even number of carbons in the C2h point
group, the symmetries of the non-degenerate molecular orbitals alternate in symmetry with increasing
energy with a behavior similar to that of a particle in a box. Because of this, the HOMO-to-LUMO
excitation is thus necessarily from an Ag ground state to an excited state of Bu electronic symmetry.
This seemed to be in agreement with experiment in respect to a low-energy, strongly allowed transition
that increased in intensity and decreased in energy as the polyene chain increased in length. There were,
however, several aspects of linear conjugated polyene electronic spectroscopy and, especially, of the
corresponding photophysics that attracted our attention that all was not right. The main things that
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we found of interest was the observation [49,50] that the intrinsic fluorescence (or radiative) lifetime of
linear polyenes is much longer than expected on the basis of the integration of the absorption spectrum.
The other items of interest were the series of spectroscopic papers on linear polyenes by Hauser and
co-workers [51–56] and the discussion of that work by Mulliken [57]. In this discussion, Mulliken
said:“A puzzling phenomenon reported by Kuhn, Hausser, and co-workers in their comparative study
of absorption and fluorescence in polyene derivatives is the existence of a gap between the longest
wave-length absorption band in the vibrational structure of N to V1 and the shortest wave-length band
the corresponding V1 to N fluorescence spectrum. It is worth noting, however, that there seems to
be still a small amount of absorption and emission at the middle of the gap. The width of the gap
increases with increase in the number of conjugated double bonds. The absorption and fluorescence
spectra are roughly mirror images of each other on a frequency scale. There seems to be no reason,
especially in view of our theoretical analysis, to doubt that the fluorescence spectrum really is V1 to N.
According to the theory, no other excited singlet level should be below V1.” This is followed by an
attempt to explain the observed spectral pattern in terms of an in-plane bending deformation of large
amplitude. A similar explanation was posed for the long intrinsic lifetime [49,50].

The partially resolved vibronic spectra (Figure 6) of absorption and fluorescence of
1,3,5,7–octatetraene at 77 K have a gap between what appears to be the first absorption feature
(the 0-0) near 32,000 cm−1 and the first fluorescence feature near 29,000 cm−1. This is not anticipated if
there is only one low-energy excited electronic state. On the other hand, if there is another low-lying
state, this absorption should begin where the fluorescence begins near 29,000 cm−1.

Figure 6. Fluorescence and absorption spectra of all trans-1,3,5,7-octatetraene in 3-methylpentane at
77K. Left, fluorescence on an arbitrary emission scale; right, absorption on an arbitrary absorbance
scale [58].

In order to observe the hidden spectral features, it is necessary to use a solvent that at low
temperature provides the same environment for all dissolved solute octatetraene molecules. This was
found to be the case for n-octane, where apparently a centrosymmetric mixed crystal is formed.
The spectra shown in Figures 7 and 8 are for polycrystalline matrices of n-octane with a very low
concentration of octatetraene. The major features in these spectra are (a) the vibration-less origin
(0,0) transition of the 11Ag to 11Bu electronic transition near 310 nm (32200 cm−1 in Figure 7), (b) the
first absorption transition to the new low-energy, low-intensity transition near 348 nm (Figure 8)
(28,730 cm−1 in Figure 7), and (c) the first emission transition from the as of yet unknown excited
electronic state to the ground electronic state of 11Ag symmetry near 352 nm in Figure 8. The line
shapes reflect phonon side-band structure.

Figure 8 is an expanded view of the origin region combining with addition in the upper trace
the first one-photon feature of Figure 7. The two central features of the upper trace are “false origins”
due to modes of bu vibrational symmetry in the upper or the ground state. The lower trace is the
two-photon excitation spectrum showing the true 0-0 at 350 nm plus phonon side bands and the
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lowest molecular ag mode an in-plane bending vibration. These spectra present the classic pattern of
Herzberg–Teller vibronic coupling, in which an electronic transition that is forbidden by symmetry
is made allowed by a vibronic promoting mode that is non-totally symmetric and thus transiently
reduces the molecular symmetry. The absence of the true origin transition in the one-photon excitation
spectrum is a result of strict centrosymmetry in the n-octane crystal. The electronic symmetry of the
ground electronic state is 1Ag and so the upper level must also be 1Ag. These are designated 11Ag

and 21Ag respectively with the superscript 1 indicating single states. Use of n-nonane or n-heptane
in place of n-octane induces significant intensity in the 0-0 transition due to the necessary loss of
symmetry. The vibration-less origin transition is two-photon allowed as is observed. The strongly
allowed one-photon transition at about 312 nm is ca. 105 times stronger than the first vibronic feature
of the excitation spectrum in the 21Ag region. The vibronically active normal modes are expected to be
of vibrational bu symmetry because of the proximity of the strong 11Bu excitation. The two-photon
high resolution spectral feature when compared to the high resolution fluorescence spectrum permits
determination of the frequency the promoting mode as 86 cm−1, which is an observed mode of this
bu symmetry. All of the above were the contribution of Bryan E. Kohler and his students [59–64]
following the present author’s initial contributions [65–68]. The above argument as to the presence of
a low lying 21Ag state in octatetraene is airtight on experimental grounds. The development of the
theoretical situation showed very early [69–72] that the low-lying 21Ag state is derived from doubly
excited configurations that mix with singly excited configurations of the same symmetry to become
the lowest excited state. It is now possible to compute the electronic excitations of octatetraene and get
very good agreement with experiment using advanced ab initio methods [73].

wavenumbers/1000

Figure 7. (a) The one-photon fluorescence excitation spectrum of octatetraene in n-octane matrix
at 4.2 K. The arrows mark the vibronically induced transitions to the forbidden 21Ag excited state.
The intense broad feature at 32,200 cm−1 is the vibration-less origin of the allowed electronic transition
to the 11Bu excited state; (b) Two-photon fluorescence excitation spectrum of the same sample. All of
the features are due to transitions to the 21Ag excited state. [59,67,68].
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Figure 8. The upper trace left is the beginning of the fluorescence spectrum; the upper trace right is the
beginning of the one-photon fluorescence excitation spectrum; the lower trace is the beginning of the
two-photon fluorescence excitation spectrum. The two traces on the right are the same as the extreme
left of Figure 7. [59,67,68].

Analysis of the pattern of the vibrational intensity of the strongly allowed absorption transition
of spectra, like Figure 6, for a variety of polyenes shows that the features are due to the ca. 1500
and 1100 cm−1 C=C and C–C stretching modes. This is the case for both the transitions to or from
the upper 21Ag electronic state and the allowed electronic absorption transition to the 11Bu state.
This means that these excited states differ from the ground electronic 11Ag state by displacement
along the total symmetric double bond and single bond contraction/expansion vibrational modes.
The direction of the displacement is to upper states that have a reversal in their bond alternation
pattern. The relative intensity of a vibration in an electronic transition is related to this displacement,
which leads to finite overlap between the vibrational modes of the two states involved. These overlap
integrals are called Franck–Condon factors. This displacement is the major mechanism that results
in the vibrational structure and overall width of electronic spectra and in Raman activity of totally
symmetric modes. This is called the A-term or Condon contribution to Raman scattering. This depends
on the displacement of the potential energy minimum for the low-energy, strongly allowed electronic
excitations. In a more general treatment of Raman scattering, there can also be cases where the
mechanism of Raman intensity is due to the fact that some displacements of the atoms result in a
change in the intensity of the electric dipole transition moment rather than a change in the energy of
the potential energy surface that is required for non-zero Franck–Condon factors. This is especially
important in electronic transitions that are between states and have electronic symmetries that cause
the electric dipole transition moment to vanish at the equilibrium geometry, as is the case for the 11Ag

to 21Ag electronic transitions of linear polyenes giving rise to the pattern of features shown above.
The relevance of the presence of a low-lying doubly excited 21Ag state in finite polyenes to

properties of polyacetylene, as pointed out by Torii and Tasumi, is that polyacetylene in its ground
electronic state must necessarily be an admixture of structures that have the standard pattern of bond
alternation with another structure that has its bond order pattern reversed from that of the optimized
structure [74]. The result is a polyacetylene with equal bond lengths. This has been investigated by
Torii and Tasumi using the CASSCF (Complete Active Space Self Consistent Field) method. Their
results for N = 6, dodecahexaene with an STO-3G basis set give an energy difference per CH group for
the optimized geometry and that of the bond-reversed geometry of 2000 cm−1. A slight inflection in
the potential hints at the evolution toward a double minimum expected for longer chains.

There have been several recent synthetic efforts at preparation of oligopolyenes with defined
lengths. One of these [75] is relevant to the location of the 21Ag state as a function of chain length and
thus to the argument above concerning its ultimate admixture with the ground state. However, these
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are experimental studies and therefore the excitation energies of the 21Ag state from the 11Ag ground
state already includes the mixing which will push the 2Ag state up as it is repelled by the receding
11Ag ground state. It is, in fact, already known that in finite polyenes the two lowest 1Ag states are
vibronically coupled [76–80].

7. Raman Vibrational Spectroscopy of Finite Polyenes

Another of these synthetic efforts concentrates on the Raman spectroscopy of finite conjugated
polyenes [81]. This study is relevant to our investigation in progress of the preparation of polyacetylene
in situ in a host–guest inclusion complex. In [81] the Raman spectra of a series of di-t-butyl polyenes
with N = 3 to N = 12 C=C bonds were measured and discussed. The main observations for this series
of compounds from [81] are:

• synthesis of these compounds is limited by solubility to N =12, i.e., N > 12 are insoluble;
• there are two strong Raman features near 1100 cm−1 and in the 1600–1500 cm−1 region;
• the lower C–C mode is not very sensitive to chain length;
• the higher C=C mode moves to lower frequency as the chain elongates;
• when plotted vs. 1/N, this C=C mode extrapolates to a value of ca. 1440 cm−1;
• the integrated intensity of the C–C mode increases relative the C=C mode as N increases.

All of the above are observed in the photochemical elimination polymerization reaction discussed
below, which proceed for guest molecules in urea channel inclusion channels. In addition:

• there is a loss of mass corresponding quantitatively to the loss of iodine;
• loss of Raman intensity due to the decreasing effect of a one-electron excitation on a large chain.

8. In Situ Synthesis of Oriented Insulated Polyacetylene

Polyacetylene, whatever its limitations in terms of degree of polymerization, suffers from
being entirely insoluble, conformationally disordered, subject to cross linking, and having a lack
of macroscopic crystallinity. All of these factors make the characterization of this material problematic.
We describe here the beginnings of a method for in situ generation of polyacetylene in a host inclusion
complex. The objective of this is to force the trans-polyacetylene chain to be in its fully extended
all s-trans configuration, to prevent close proximity of neighboring polyacetylene chains and to
provide exclusion of oxygen. The initial approach to this objective is the use of urea inclusion
compounds containing a reactive species. Urea inclusion compounds (UICs) are self-assembling
crystalline structures formed from solution with inclusion of guest hydrophobic compounds with an
extended structure. The most extensive example is the series of n-alkane urea inclusion complexes.
These have a macroscopic hexagonal structure with the n-alkanes being ordered in two dimensions but
disordered about their axis of rotation coincident with the hexagonal c-axis. An important aspect of
urea inclusion crystals for our application is that the terminal atoms of the guest species are in contact
in the complex. The urea host is not stable in the absence of the guest species; the urea lattice grows
around the guest species. It is known that radical polymerization can be induced in UIC’s, e.g., diene
guests form very high molecular weight polymer poly(butadiene) [82–84]. The rigid urea tunnels allow
guest rotations, translations, and lateral diffusion along the tunnel axis [82]. The guest molecules are
generally more mobile than in single component molecular crystals, where reaction requires precise
initial alignment.

The initial focus for our experimental effort aimed at the synthesis of long chain conjugated
polyenes, in particular polyacetyelene in an all-trans extended conformation, begun with the
preparation of a crystalline urea inclusion complex with E,E–1,4–diiodo–1,3–butadiene (DIBD) [85].
In Figure 9, we present the crystal structure of DIBD–urea as obtained by X-ray diffraction at 90 K
viewed perpendicular and parallel to the channel axis [85]. Like all hexagonal urea inclusions, these
crystals form as parallel channels in a host lattice densely packed with guest species [82–85]. The guest
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monomers, DIBD, are in end-to-end contact with each other and entrapped by the hydrogen bonded
urea host. The internal diameter of the channels varies periodically along the channel from 5.5 to 5.8 Å.
The separation of the parallel channels is 8.2 Å.

Figure 9. Representations of the commensurate, fully-ordered single-crystal DIBD–urea inclusion
compound (UIC) complex as obtained by X-ray diffraction at 90 K viewed along the c (left panel) and b
(right panel) crystal axes. Redrawn from structure Crystallographic Information File, cif of [85].

The DIBD–urea complex used in this study is unusual in that it is a commensurate structure,
in contrast to most other UICs such as those formed by n-alkanes. DIBD–urea crystals have Raman
features due to DIBD at 1600 and 1250 cm−1. The strong tetragonal urea feature at 1010 cm−1 is shifted
to 1022 cm−1, the value observed for hexagonal urea. Irradiation with ultraviolet (UV) light results in
new Raman modes near 1509 and 1125 cm−1 [86] (Figure 10a), nearly identical to spectra of trans-(CH)x

prepared in solution [87]. The 254 nm radiation used in this experiment has very limited penetration
into the DIBD–urea complex due to the high optical density. The change in composition of the urea
channels is expected to be as shown in Figure 11.

Figure 10. Raman spectra with 532 nm excitation of (a) DIBD–UIC after irradiation at 254 nm;
(b) trans –(CH)x; (c) crystalline DIBD; and (d) tetragonal urea [86]. The νn values at the top are
the mode frequencies for polyacetylene fundamental transitions and their overtones.

The overall progress of this irreversible second order sequential reaction is anticipated to be as
illustrated in Figure 12. Continued progress requires that there be considerable axial diffusional motion
of the chains in order to take up the space in the channel that has been vacated by the loss of iodine.
This type of diffusional motion has been demonstrated with n-alkanes in UICs [88,89]. The overall
progress of the reaction can be monitored with loss of mass due to release of iodine.
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Figure 11. Schematic figure showing progress of the photochemical reaction from diiodobutadiene to
polyacetylene with an intermediate stage showing a dimer and a trimer. The picture is to scale showing
the large loss of channel filling with loss of iodine. There is a 2:1 ratio in the number of carbons in the
bottom/top panels. Dimers and trimers have been shown by UV-vis of the extracted material. Longer
chains have been shown by Raman.

Figure 12. Irreversible sequential second order kinetics. The blue decreasing curve is for the monomer.
The dimer peaks at p = 1 where f2 = f1, the trimer peaks at p = 2 where f3 = f2, etc. The number of
carbons in the most frequent species is CN = 4(p + 1). The line colors differentiate the time dependence
of the sequentially larger oligomers with their increasing delay.

9. Summary of Lessons from the Literature on Polyacetylene

The treatment of the vibrational level structure of polyacetylene unambiguously eliminates
the possibility that bond alternation can be supported in the absence of terminal double bond end
effects. Even if the barriers were much larger, the system would undergo tunneling. In reading
the literature on this subject, the statement that the potential energy has a double minimum seems
often to be the equivalent that the bond lengths will alternate. This is a fallacy. It is refreshing
that all of the experimental methods used to establish bond alternation fail, in some cases in rather
spectacular fashion.

In the case of X-ray diffraction the nature of the samples is essentially fibers and the periodic
variation of internuclear separation is a relatively fine detail to pick out reliably from such data and
that further blurred by disorder.

In the case of the NMR experiments, one wonders why the experiment was done. It could not
be expected to succeed in its aim as designed, and it did not. It showed instead that polyacetylene
undergoes cross-linking or some other form of conversion of double bonds to single bonds. This is
also noted in the Raman studies of [35]. The better NMR experiment might be to use 50% random
13C labeling.

It appears that the original interpretation of the extensive resonance Raman studies in terms of
chain heterogeneity is sound with upper limits of chain length on the order of 40 double bonds.

It is our contention and that of several other workers that the Raman spectra that are observed in
what is called “polyacetylene” is due to finite chains. This interpretation is consistent with observations
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that the most strongly enhanced feature in the Raman spectrum vary with the Raman excitation
wavelength in an expected way with lower energy excitation resulting in stronger lower frequency
vibrations due to preferential enhancement by longer chains. Examination of the available published
data shows that there is no reliable evidence from diffraction, NMR, or IR data for bond alternation
that can be demonstrated to be uncompromised by finite chains or finite conjugation segments or
other ambiguities.

Our outlook is as follows. The methodology of in situ synthesis of oriented insulated polyacetylene
has recently taken a step forward in the preparation of urea inclusion complexes with a different guest
species that has the standard hexagonal lattice and morphology. This is expected to result in much
faster reaction kinetics due to slightly looser packing, ease of orientation of the crystal channel axis,
and the capability of making polyacetylene chains that are the length of the crystal. This is currently
ca. 1.5 cm.
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Abstract: Antimicrobial surfaces can be applied to break transmission pathways in hospitals.
Polyaniline (PANI) and poly(3-aminobenzoic acid) (P3ABA) are novel antimicrobial agents with
potential as non-leaching additives to provide contamination resistant surfaces. The activity of
PANI and P3ABA were investigated in suspension and as part of absorbent and non-absorbent
surfaces. The effect of inoculum size and the presence of organic matter on surface activity was
determined. PANI and P3ABA both demonstrated bactericidal activity against Escherichia coli and
Staphylococcus aureus in suspension and as part of an absorbent surface. Only P3ABA showed
antimicrobial activity in non-absorbent films. The results that are presented in this work support the
use of P3ABA to create contamination resistant surfaces.

Keywords: antimicrobial; surfaces; infection control; polyaniline; Escherichia coli; Staphylococcus aureus

1. Introduction

Microbial resistance to antimicrobial agents is increasing worldwide and it represents a major
threat to the successful treatment of infectious diseases [1]. Development of antimicrobial resistance
is an inescapable consequence of natural selection and is associated with exposure to antimicrobial
agents [1]. Efforts need to be made to decrease the unnecessary exposure of bacteria to antibiotics
to reduce the selective pressure driving the development of resistance so that existing antibiotics
retain their efficacy for as long as possible [1]. In part, this can be achieved by controlling the
spread of pathogenic bacteria and therefore reducing the number of infections that require antibiotic
treatment [2].

Healthcare-associated infections are a major contributor to patient morbidity and mortality,
and occur in part due to bacterial contamination of hospital surfaces [3]. Surfaces in hospitals
that come into contact with hands are regularly contaminated with nosocomial pathogens [4,5].
Infected patients shed pathogenic bacteria, including methicillin-resistant Staphylococcus aureus and
vancomycin-resistant Enterococcus spp., into their immediate environment [5–10]. Surfaces near
shedding patients, such as walls, door handles, bed frames, and light switches, tend to be touched
frequently and therefore are more likely to be contaminated [3,10,11]. Once a surface is contaminated,
a single hand contact event is sufficient to transmit bacteria from the surface to a person [7,8,12].

Bacteria that have been transferred to a surface can persist for a period of time or actively
colonise to form a biofilm. Bacterial persistence on a surface is influenced by dynamic environmental
conditions, including organic soiling, humidity, and temperature [4,13,14]. Biofilms are highly
recalcitrant to antimicrobial treatments and facilitate the persistence of bacteria on surfaces resulting in
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surface associated pathogen reservoirs, which increase the risk of transmission [15–17]. The level of
bacterial transfer that occurs between a contaminated surface and a hand following contact has been
demonstrated to occur at a comparable level to direct contact with an infectious patient, which is a
well-established transmission route [4,18,19]. Hand washing can help to control the spread of infection
in hospitals; however, without the decontamination of surfaces, the reservoirs of pathogens will seed
further spread. Nosocomial pathogens isolated from hospital surfaces are typically in the range of
100–10,000 colony forming units (CFU)/cm2 [5,10]. For a microbial burden exceeding 250 CFU/100 cm2,
transmission from the surfaces to health care workers and/or patients increases [10,20,21]. Therefore,
despite the relatively low inocula present, any contamination of a hospital surface by a pathogen
should be considered to be a transmission risk [10,20,21].

The involvement of contaminated surfaces in pathogen transmission pathways in hospitals
necessitates the improved control of surface microbiology. Reduction of microbial contamination
on hospital surfaces could disrupt transmission pathways and potentially reduce infectious disease
incidence rates and the associated antibiotic usage [22]. Utilisation of antibacterial surfaces is a
promising means of reducing microbial surface load as well as preventing formation of biofilms and
surface associated pathogen reservoirs [2]. An ideal antimicrobial surface would be active against
relevant bacteria at appropriate bacterial loads and active in environmental conditions relating to
potential applications in terms of temperature, relative humidity, pH, exposure to cleaning products,
and contaminating organic matter [23–25]. The time that is required for decontamination would need
to be sufficiently short to be effective in breaking transmission pathways. Activity needs to be retained
for sufficiently long periods of time, and after repeated bacterial challenges, to be cost effective [26,27].
Activity overtime is informed by whether the antimicrobial agent is immobilised on the surface or if
it has to be released to elicit an effect [28,29]. The release of an antimicrobial agent over time means
that the surface concentration of the agent will fall below the threshold needed to exert antimicrobial
activity [27]. An ideal antimicrobial surface would also need to be cheap and easy to make, suitable for
large-scale production, and have regulatory approval for the intended use [26,30].

To create an antimicrobial surface, we can take one of two basic approaches. First, a coating
may be applied to a material or a modification of the surface chemistry of the material made to
provide an antimicrobial surface [31]. Alternatively, the material may be fabricated by incorporating
an antimicrobial into the material, which can be challenging as manufacturing procedures can involve
extreme environmental conditions, including high temperatures and shear forces, which can negatively
impact on bactericidal activity [26,28,32]. Covalent attachment of an antimicrobial agent to a surface
may cause side reactions that result in conformational changes in the agent, ultimately causing a loss
of activity [33]. Therefore, the method of antimicrobial surface production may affect the resulting
surface activity.

The activity of an antimicrobial surface is also influenced by the nature of the surface. Surfaces can
be absorbent allowing water droplets to move into the surface or they can be non-absorbent, in which
water droplets sit on top of the surface [34,35]. These surface properties may affect the antimicrobial
activity as a bacterium in a water droplet would have more contact with the antimicrobial agent if it
has absorbed into the surface. Non-absorbent surfaces in hospitals are frequently contaminated with
pathogens, and include walls, door handles, and bed frames. Much of the focus of development of
antimicrobial surfaces in the published literature is on model non-absorbent surfaces, such as metal
coupons and plastic films [36–38]. Many absorbent surfaces in hospitals are fabric-based, such as
apparel worn by healthcare workers and patient privacy curtains [36,39,40]. Privacy curtains are
high-touch areas that are contacted by the hands of the healthcare worker before, during, and after
patient care, and are infrequently changed [40,41]. It has been demonstrated that more than 90%
of privacy curtains can become contaminated within a week of use [41]. Contaminated absorbent
surfaces in hospitals may be involved in pathogen transmission [36,39]. Absorbent surfaces are harder
to clean or disinfect than non-absorbent surfaces, while the latter facilitates a greater transfer of
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bacteria [8,41,42]. Therefore, the development of both absorbent and non-absorbent antimicrobial
surfaces would help to curtail the spread of infection in hospitals [1].

Antimicrobial polymers are good candidates for immobilised biocides. These polymers can be
either polymeric biocides (the repeating unit is a biocide) or biocidal polymers (the active principle is
embodied by the whole macromolecule) [28,29]. In this article, we investigate the antimicrobial activity
of polyaniline (PANI) and a functionalised derivative (fPANI), homopolymer poly(3-aminobenzoic
acid) (P3ABA), as surface-immobilised biocidal polymers. Utilisation of PANI for potential applications
is restricted because of its insolubility in common solvents, which renders it difficult to process [43,44].
fPANIs are easily and inexpensively synthesised using substituted aniline monomers, which improves
the solubility, and thus the processability, of the resulting polymer [43,44]. PANI and P3ABA are
good candidates for incorporation into surfaces because they have thermal stability up to 300 ◦C,
environmental stability in the conducting form, simple and inexpensive synthetic procedures [45–48],
and have been demonstrated to be biocompatible with mammalian cells [49–52], all of which
increases their commercial viability. Surfaces containing PANI and P3ABA are non-leaching [45,53,54],
which promotes activity over a longer period of time and reduces both personal and environmental
safety concerns [27].

In this study, we investigated the potential of PANI and P3ABA as surface antimicrobial agents.
Initial testing involved the challenge of target organisms in suspension, mirroring standard antimicrobial
susceptibility testing methods [55,56]. The target organisms selected were the antimicrobial susceptibility
testing strains, Escherichia coli 25922 and S. aureus 6538, which reflect bacteria that are commonly isolated
from surfaces in hospitals [10,57]. Susceptibility to antimicrobial activity can be influenced by media
composition through its effects on bacterial cell physiology [58]. Therefore, E. coli was challenged in
Lennox Broth (LB)—a rich media on which cells grow at high rates—and in minimal A salts with 0.4%
succinate as the carbon source, which only contains nutrients that are essential for growth [59–61].
The slow growth of bacteria in a minimal media environment is similar to what may occur on surfaces
in nature [62].

Following confirmation of activity in suspension, PANI and P3ABA were incorporated into
absorbent and non-absorbent surfaces. The effect of incorporation on antimicrobial activity was
determined in 96 well plate based assays, which allowed for the the testing of many concentrations and
treatment times against one inoculum [27]. Absorbent surfaces were modelled using agar mixed with
varying amounts of PANI or P3ABA [63]. Drops of liquid containing bacteria absorbed into the solidified
agar test surfaces [64]. Non-absorbent surfaces were established in the form of compression moulded
Styrene Ethylene Butylene Styrene (SEBS) films [63]. The activity of non-absorbent surfaces containing
PANI and P3ABA were then characterised in relevant environmental conditions, including challenging
with a range of inocula and in the presence of organic matter [62]. The experimental strategy is
summarised in Figure 1, and, taken together, the results presented demonstrate the activity of PANI
and P3ABA in suspension and in surfaces, in application relevant settings. The efficacious activity of
P3ABA supports the utilisation of this polymer to create contamination resistant surfaces.

Figure 1. Experimental strategy. Polyaniline (PANI) and functionalised derivative (fPANI) are tested
according to the scheme presented. 1 Activity is measured as reduction in the number of viable cells
recovered from surfaces. 2 The Gram positive bacterium S. aureus, and the Gram-negative bacterium
E. coli were tested as model species.
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2. Results

2.1. Activity of PANI and P3ABA Suspensions against E. coli and S. aureus

To examine the activity of PANI and P3ABA, cell viability assays were performed on E. coli
25922 lux and S. aureus 6538 challenged with 0.5% (w/v) suspensions. Activity was determined in rich
media, LB broth, for E. coli and S. aureus, as well as a minimal media, minimal A salts with succinate as
the carbon source, for E. coli. At 0.5 h, 1 h, 2 h, and 4 h time points the treated cells were enumerated
using the drop count method [64].

E. coli and S. aureus treated with PANI suspension were present at similar cell numbers at the
earlier, 0.5 h and 1 h, time points (Figure 2A). For the later, 2 h and 4 h, time points E. coli was knocked
down by 1 to 2 logs (measured as the difference between inoculum and the median number of viable
cells remaining), while S. aureus cell numbers decreased by only ~0.5 log (Figure 2A). The overall
difference in sensitivity between E. coli and S. aureus to 0.5% PANI suspension was statistically
significant (linear regression analysis, intercepts are different, p value: less than 0.05).

Figure 2. Cont.
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Figure 2. Sensitivity of E. coli 25922 lux and S. aureus 6538 to PANI and poly(3-aminobenzoic acid)
(P3ABA) suspensions. Cell viability assays of ~106 CFU/mL E. coli and S. aureus treated with 0.5% PANI
suspension (A) and 0.5% P3ABA suspension (B) in Lennox broth (LB), with each symbol representing
the median of three technical replicates and the bar representing the median of each biological replicate.
The data in A and B is replotted together in (C) where each point represents the median of biological
replicates and the error bars are the range Viable cell counts (colony forming units (CFU)/mL) were
obtained for each strain at 0.5 h, 1 h, 2 h, and 4 h time points. The limit of detection is 50 CFU/mL.

Both E. coli and S. aureus were more susceptible to P3ABA suspension when compared to PANI
suspension (Figure 2). P3ABA suspension reduced E. coli viable cell numbers to below the limit of
detection within 2 h, while S. aureus was knocked down by ~2 log following a 4 h exposure (Figure 2B;
i.e., the difference between inoculum and the median number of viable cells remaining was about
2 logs, or 100-fold). As observed for PANI suspension, P3ABA suspension was more active against
E. coli as compared to S. aureus (Figure 2B,C). The difference in susceptibility between E. coli and
S. aureus to 0.5% P3ABA suspension was statistically significant (linear regression analysis, intercepts
are different, p value: less than 0.05). These results confirm that PANI and P3ABA in suspension are
active against the model Gram-negative and Gram-positive organisms tested and support investigation
of their surface activity.

The antimicrobial activity of 0.5% PANI and P3ABA suspensions in rich and minimal media was
determined against E. coli 25922 lux. PANI suspension mediated a greater reduction in the viable
cell count in minimal media when compared to rich media (Figure 3A). E. coli in minimal media
reached the limit of detection (~4 log reduction) after a 2 h challenge, while a decrease of ~1–2 log was
observed in rich media after 4 h (Figure 3A). The greater activity of PANI suspensions against E. coli in
minimal media when compared to LB broth was statistically significant (linear regression analysis;
intercepts are different, p value: less than 0.05).

Figure 3. Cont.
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Figure 3. Sensitivity of E. coli 25922 lux to PANI and P3ABA suspensions in rich and minimal media.
Cell viability assays of ~106 CFU/mL E. coli treated with 0.5% PANI suspension (A) and 0.5% P3ABA
suspension (B) in Lennox broth (LB) and minimal A salts, with each symbol representing the median
of three technical replicates and the bar representing the median of each biological replicate. The data
in A and B is replotted together in (C) where each point represents the median of biological replicates
and the error bars are the range. Viable cell counts (CFU/mL) were obtained for experimental sample
at 0.5 h, 1 h, 2 h, and 4 h time points. The limit of detection is 50 CFU/mL.

P3ABA suspension was more active against E. coli in rich media as compared to minimal media
(Figure 3B). E. coli in LB broth was knocked down ~3 log after 1 h and reached the limit of detection by
2 h (Figure 3B). In comparison, the levels of viable E. coli in minimal media were stable at the 0.5 h and
1 h time points (Figure 3B). After 4 h of treatment, P3ABA knocked down E. coli in minimal media by
~2 log (Figure 3B). The difference in activity of P3ABA against E. coli in LB broth and E. coli in minimal
media was statistically significant (linear regression analysis, slopes are different, p value: less than
0.05). These results confirm that PANI and P3ABA in suspension are active against E. coli 25922 in rich
and minimal media, and support the investigation of their surface activity.

2.2. Activity of Absorbent Surfaces Containing PANI and P3ABA against E. coli and S. aureus

Following the demonstration of activity for PANI and P3ABA against E. coli and S. aureus,
we investigated the antibacterial activity of absorbent surfaces containing PANI and P3ABA to simulate
surfaces that absorb water droplets, such as fabrics [65]. LB agar as used as a model of an absorbent
surface. Agar containing 1% and 2% concentrations of PANI and P3ABA in agar were tested along with
a higher concentration of PANI (8% PANI), because PANI was less active than P3ABA in suspension
(Figure 2).

To investigate antimicrobial activity, E. coli 25922 lux or S. aureus 6538 were inoculated onto the
experimental agar, with cells being rescued at various time points in fresh media. Survival of the
PANI or P3ABA in agar challenge was based on growth of rescued cells. A lux-tagged version of
E. coli 25922 was used in this work as bioluminescence is a practical alternative to enumeration by
plate counts [66–68] (Appendix A, Figures A1 and A2). Growth of E. coli 25922 lux was determined
by measuring bioluminescence using the VICTOR X Multilabel Plate Reader. Growth of S. aureus
6538 was determined by examining optical density at 600 nm (OD600) using the μQuant™ Microplate
Spectrophotometer as a lux-tagged S. aureus 6538 strain was not available for testing.
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Agar containing 8% PANI mediated a decrease in bioluminescence levels of E. coli 25922 lux to
background levels after 1 h of treatment, while 2% PANI agar required 2 h to reduce surface bacterial
load (Figure 4A). The limit of detection for this assay is ~20 CFU (Figure A3). Agar containing 1%
PANI did not exhibit antimicrobial activity against E. coli (Figure 4A). P3ABA agar had greater surface
antimicrobial activity than PANI agar (Figure 4). Agar containing 1% P3ABA and 2% P3ABA reduced
bioluminescence levels from E. coli 25922 lux to background levels within 1 h and 15 min, respectively
(Figure 4B).

Figure 4. Sensitivity of E. coli 25922 lux to PANI and P3ABA in agar. (A) ~104 CFU of E. coli was
exposed to 8% PANI, 2% PANI, and 1% PANI incorporated into LB agar for 0.25 h, 0.5 h, 1 h, 2 h,
4 h, and 8 h. (B) ~104 CFU of E. coli was exposed to 2% P3ABA and 1% P3ABA incorporated into LB
agar for 0.25 h, 0.5 h, 1 h, and 2 h. Following treatment, the cells were rescued by washing the agar
surface with LB broth and transferred to a 96 well plate. Each point represents the median of three
technical replicates and each bar represents the median of each biological replicate. The data from
A and B is combined for comparison in (C). The rescued cells were incubated at 37 ◦C for 16 h and
light release was measured. The vertical axis shows the bioluminescence measurements (relative light
units per second, RLU s−1) from the recovered cells with each data point representing an independent
experiment and the line representing the median. Background luminescence readings are ~10 RLU s−1.
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PANI in agar was less active against S. aureus 6538 than E. coli 25922 lux, reflecting the trend
observed with suspension testing (Figures 2A, 4A, and 5A). Agar containing 2% and 8% PANI reduced
S. aureus surface load to background levels within 8 h and 4 h, respectively (Figure 5A). The limit of
detection for this assay is ~20 CFU (Figure A4). As observed for E. coli, 1% PANI in agar was inactive
against S. aureus within the time constraints (8 h) of the experiment (Figures 4A and 5A). The viability
of S. aureus cells following treatment with 8% PANI in agar for 2 h, 4 h, and 8 h, and following treatment
with 2% PANI in agar for 8 h was significantly different from that of untreated cells (Friedman test,
p value: less than 0.05, Dunn’s multiple comparison test).

Figure 5. Sensitivity of S. aureus 6538 to PANI in agar. (A) ~104 CFU of S. aureus was exposed to
8% PANI, 2% PANI, and 1% PANI incorporated into LB agar for 0.25 h, 0.5 h, 1 h, 2 h, 4 h, and 8 h.
(B) ~104 CFU of S. aureus was exposed to 2% P3ABA and 1% P3ABA incorporated into LB agar for
0.25 h, 0.5 h, 1 h, 2 h, and 4 h. Following treatment, the cells were rescued by washing the agar surface
with LB broth and transferred to a 96 well plate. Each point represents the median of three technical
replicates and each bar represents the median of each biological replicate. The data from A and B
is combined for comparison in (C). The rescued cells were incubated at 37 ◦C for 16 h and optical
density at 600 nm (OD600) was measured. The vertical axis shows the OD600 measurements from the
recovered cells with each data point representing an independent experiment and the line representing
the median. OD600 readings above 0.05 are considered as growth.

Agar containing 2% P3ABA effectively decontaminated S. aureus on a surface following a 15 min
treatment (Figure 5B), which was consistent with the activity against E. coli (Figure 5A). 1% P3ABA
in agar was less active than the higher concentration, with the former requiring a 4 h exposure to
reduce bacterial load (Figure 5B). The activity of 2% P3ABA in agar over 15 min and 1% P3ABA in
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agar over 4 h was statistically significant (Friedman test, p value: less than 0.05, Dunn’s multiple
comparison test).

The activity of PANI and P3ABA presented in Figures 4 and 5 demonstrates their efficacy against
E. coli and S. aureus when incorporated into an absorbent surface.

2.3. Activity of Non-Absorbent Surfaces Containing PANI and P3ABA against E. coli and S. aureus

The activity of PANI and P3ABA as surface antimicrobials at non-absorbent surfaces to simulate
surfaces that do not absorb water, such as walls and door handles, was investigated using SEBS films
containing 5% PANI or 3% P3ABA [69]. The concentrations of the additive in these films are within
the range typically used for incorporation into surfaces (0.1–5%) [69] and reflect the greater activity of
P3ABA against E. coli and S. aureus compared to PANI as demonstrated in suspension (Figure 2) and
in agar (Figures 4 and 5). The activity of PANI and P3ABA films was examined in a ‘micro-surface
testing assay’ (MSTA), in which 10 μL of inoculum in LB broth is sandwiched between two pieces of
film and recovered at particular time points in fresh LB broth in a 96 well plate [28,70]. Cell viability
was determined by measuring the bioluminescence for E. coli 25922 lux and OD600 for S. aureus 6538.

The MSTA for testing 5% PANI and 3% P3ABA films against bacteria was optimised using E. coli
25922 lux. Following either 2 h or 24 h challenges on the films, bacteria were rescued by washing
with LB broth and incubated in a 96-well plate for 16 h, after which bioluminescence was measured.
The bacteria present in the remaining recovery broth were enumerated using plate counts to verify the
ability of bioluminescence levels to infer cell number.

PANI and P3ABA films gave no reduction in bacterial viability for E. coli 25922 lux for after a
2 h challenge, which was indicated by both plate counts and bioluminescence readings (Figure 6A,B).
Films containing P3ABA were more active than their PANI counterparts after 24 h exposure, with the
former reducing the plate counts and bioluminescence levels by ~2 log relative to the untreated cells
(Figure 6A,B). The activity of 3% P3ABA films against E. coli after 24 h treatment was statistically
significant (2-way RM ANOVA; CFU/mL p value: less than 0.05; RLU s−1 p value: less than 0.05).
The similarity in trends seen between the plate counts and bioluminescence measurements from E. coli
25922 lux that was treated with PANI and P3ABA films confirmed that the bioluminescence-based
experimental approach to determining the activity of a non-absorbent surface was appropriate to use
for further testing. The results presented show that non-absorbent surfaces containing P3ABA can
reduce bacterial load after a 24 h exposure.

Figure 6. Cont.
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Figure 6. Sensitivity of E. coli 25922 lux and S. aureus 6538 to PANI and P3ABA films. ~104 CFU of E. coli
(A,B) or S. aureus (C) in 10 μL LB broth was sandwiched between two pieces of PANI film, P3ABA film,
or control film for 2 h (A,B) and 24 h (A–C). The cells were rescued by washing the film samples with
LB broth and transferred to a 96 well plate (B,C). Each point represents the median of three technical
replicates and each bar represents the median of each biological replicate. The rescued E. coli cells were
also enumerated with plate counts (A). The cells in the 96 well plate were incubated at 37 ◦C for 16 h
and light release (B) or OD600 (C) was measured. The vertical axes show the viable cell counts (A) and
bioluminescence measurements (B) from the recovered E. coli cells, and OD600 measurements (C) from
the recovered S. aureus cells, with each data point representing an independent experiment and the
line representing the median. The limit of detection for the plate counts is 50 CFU/mL. Background
luminescence readings are 10 RLU s−1. OD600 readings above 0.05 are considered as growth.

Following from this, the optimised protocol for determining the activity of 5% PANI and 3%
P3ABA films was used against S. aureus 6538 with an increase in OD600 above 0.05, indicating the
presence of viable cells. S. aureus 6538 was treated for only 24 h as PANI and P3ABA films were not
active against E. coli 25922 lux following 2 h treatments (Figure 6A,B) and S. aureus was less sensitive
than E. coli to PANI and P3ABA in suspension (Figure 2). Both 5% PANI in films and 3% P3ABA in
films displayed no activity against S. aureus 6538 inoculated in LB broth (Figure 6C).

2.4. Characterisation of the Action of PANI and P3ABA Films against E. coli and S. aureus

The activity of 5% PANI and 3% P3ABA films against E. coli and S. aureus, was poorer than
expected. We hypothesised that this might be due to inoculating large numbers of bacteria in rich
media. To test this hypothesis, films containing PANI and P3ABA were challenged with a range of
concentrations of E. coli 25922 lux and S. aureus 6538. The test organisms were washed in saline to
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simulate a low nutrient environment. A 2 h exposure was used, as this contact time is more effective in
disrupting transmission pathways. The influence of the presence of organic matter was examined by
challenging PANI and P3ABA films with E. coli 25922 lux washed in LB broth or in 0.85% saline for 2 h.

Bioluminescence from all of the doses of E. coli exposed to films containing 5% PANI was reduced
to below background levels (Figure 7A). Films containing 3% P3ABA exhibited similar levels of
antimicrobial activity (Figure 7A). The antimicrobial activity of PANI and 3PABA films against each
inoculum level tested was significantly different from the control film (2-way RM ANOVA, interaction
of film type and CFU dose p value: less than 0.05). These results indicate that PANI and P3ABA films
are active against E. coli in low nutrient conditions.

Figure 7. Activity of PANI and P3ABA films against a range of CFU doses of E. coli 25922 lux and
S. aureus 6538. ~10 CFU–~104 CFU of E. coli (A) or S. aureus (B) in 10 μL 0.85% saline was sandwiched
between two pieces of PANI film, P3ABA film, or control film for 2 h. The cells were rescued by
washing the film samples with LB broth and transferred to a 96 well plate. The rescued cells were
incubated at 37 ◦C for 16 h and light release (A) or OD600 (B) was measured. The vertical axes
show the bioluminescence measurements (A) or OD600 (B) from the recovered cells with each data
point representing an independent experiment and the line representing the median. Background
luminescence readings are 10 RLU s−1. OD600 readings above 0.05 are considered as growth.

OD600 values from ~104 CFU and ~103 CFU doses of S. aureus 6538 treated with 5% PANI and 3%
P3ABA films were above OD600 of 0.05, the threshold for growth, indicating that the films were not
active against these higher CFU doses (Figure 7B). The OD600 from lower doses of S. aureus that was
exposed to PANI and P3ABA films did not increase above the threshold for growth implying killing
of the inoculated cells occurred (Figure 7B). The activity of PANI films against ~102 and ~10 CFU,
and P3ABA films against ~10 CFU was statistically significant (2-way RM ANOVA, film type p value:
less than 0.05, CFU dose p value: less than 0.05). It can be concluded that PANI and P3ABA films are
active against low inocula of S. aureus in saline.
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The effect of the presence of organic matter on the surface activity of films containing PANI or
P3ABA was determined by challenging E. coli 25922 lux in LB broth and 0.85% saline. Bioluminescence
levels from E. coli 25922 lux recovered from 5% PANI films and 3% P3ABA films when inoculated in
0.85% saline were below background levels, whereas E. coli 25922 lux inoculated in LB broth released
the same amount of light as bacteria that were recovered from control films (Figure 8). This indicates
that E. coli in saline was much more sensitive to PANI and P3ABA films than E. coli in LB broth. It is
possible that the constituents of LB broth interfere with the contact killing of E. coli on films containing
PANI and P3ABA.

Figure 8. Activity of PANI and P3ABA films against E. coli 25922 lux in the presence and absence of
organic matter. ~104 CFU of E. coli in 10 μL LB broth or 10 μL 0.85% saline was sandwiched between
two pieces of PANI film, P3ABA film, or control film for 2 h. The cells were rescued by washing the
film samples with LB broth and transferred to a 96 well plate. The rescued cells were incubated at 37 ◦C
for 16 h and light release was measured. The vertical axis shows the bioluminescence measurements
(RLU s−1) from the recovered cells with each data point representing an independent experiment and
the line representing the median. Background luminescence readings are ~10 RLU s−1.

3. Discussion

PANI and P3ABA are promising additives to materials to create contamination resistance surfaces.
Factors that may influence the antibacterial efficacy of the surface were explored over short treatment
times (up to 4 h). Disrupting transmission pathways through surface decontamination can be best
achieved with an antimicrobial agent that kills over a short period of time [71]. The longer a bacterium
persists on a surface, the greater the opportunity to be spread [4]. Therefore, rapid decontamination
times will decrease the chance that bacteria may be transferred to a new surface before sterilisation is
achieved, and will decrease the likelihood of resistance developing [72].

The activity of PANI and P3ABA was determined against E. coli and S. aureus, representing
important pathogens that are found in settings requiring antimicrobial surfaces, such as hospitals
and food processing plants. Overall, E. coli had greater susceptibility to both PANI and P3ABA in
suspension when compared to S. aureus (Figure 2). A similar trend was observed for PANI or P3ABA
in agar (Figures 4 and 5) and in films (Figure 6). These results demonstrate that PANI and P3ABA are
active against the model Gram-negative and Gram-positive bacteria, E. coli and S. aureus, respectively,
in suspension and in different types of surfaces. The differing levels of activity tha were observed
against E. coli and S. aureus highlight how a broad spectrum antimicrobial agent may be more or less
effective against a range of bacteria and demonstrates why testing should be done against all the
potential target organisms.

The effect of the presence of complex nutrients on the susceptibility of E. coli to PANI and
P3ABA in suspension was examined. E. coli was more susceptible to the antimicrobial action of
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PANI in suspension when incubated in minimal media when compared to LB broth (Figure 3A).
The more efficacious activity of PANI in a low nutrient environment supports the incorporation of
this antimicrobial agent in surfaces for applications that are associated with only minor contamination
with organic matter. In contrast to this, P3ABA was more active against E. coli in rich media
relative to minimal media (Figure 3B). The metabolic state of the cell may influence how it responds
to bactericidal treatment [73]. The bactericidal action of antimicrobial agents is associated with
increased respiration, while bacteriostatic action is characterised by suppressed cellular respiration [73].
The bacteriostatic effect reduces ATP demand and is often the dominant effect blocking bactericidal
action [73]. Following from this, if cellular energy output is readily inhibited, such as in cells growing
in energy poor conditions, antimicrobial action may result in the inhibition of growth rather than
bactericidal killing [73]. Bacterial cells that are highly active may therefore be more susceptible to
antimicrobial exposure because of accelerated respiration. The reduced sensitivity of E. coli cells to
P3ABA in low nutrient conditions could be reflective of a predisposition to the bacteriostatic effect.
The greater activity of P3ABA in the presence of nutrients that facilitate bacterial cell growth supports
the use of P3ABA in surfaces in settings that are associated with contamination of organic matter,
such as surfaces in the vicinity of patients with gastrointestinal infections, which are commonly
contaminated with faecal matter containing the bacteria.

The feasibility of using PANI and P3ABA as additives to create antimicrobial surfaces was
examined by determining the activity in suspension. Following confirmation of activity against E. coli
and S. aureus (Figure 2), the activity of PANI and P3ABA as agents that are added to absorbent and
non-absorbent surfaces was investigated. Overall, both PANI and P3ABA are most active in suspension,
followed by in agar and then in films. E. coli treated with 0.5% PANI in suspension for 4 h was reduced
in numbers by 2 log (Figure 3A), while 1% PANI in agar did not reduce the viable cell count, even after
8 h of treatment (Figure 4A). For surface incorporated PANI to achieve comparable activity to PANI in
suspension, a higher concentration is required. This is demonstrated by total knockdown of E. coli
after a 4 h exposure to 2% PANI in agar (Figure 4A); a result that was achieved by a concentration of
0.5% in suspension (Figure 3A). The reduction in activity of surface incorporated PANI and P3ABA is
reflective of how immobilisation in a surface can affect bactericidal activity and how different surface
matrixes may influence this in different ways [28].

In this study, the antibacterial activity of PANI and an fPANI were determined by the quantification
of the viable cells remaining after a period of challenge, using either classical culture-based techniques,
or measuring bioluminescence of genetically modified bacteria as a surrogate measure of viability.
Future studies may be enhanced by coupling this type of analysis with scanning electron microscopy
(SEM) of bacteria on surfaces and fluorescence microscopy after live/dead staining. SEM has previously
allowed for visualisation of bacterial killing by fPANIs to the conclusion that the antimicrobial mode
of action eventually leads to a loss of cell integrity [74,75]. Fluorescence microscopy of live/dead
stained biofilms has allowed for the activity of another fPANI, polysulfanilic acid, to be followed,
with the killing of bacteria being established in biofilms and the release of biomass from the surface,
imaged [54]. In the study of bacterial attachment to surfaces real time imaging, e.g., using differential
interference contrast microscopy [76] may allow for a better understanding of the interaction of bacteria
with surfaces and the factors that influence resistance to colonisation.

It is believed that PANI and P3ABA exert antimicrobial action following contact with a bacterial
cell [45,77]. Thus, the reduced contact that occurs between a bacterial cell and surface incorporated
PANI and P3ABA (relative to in suspension) would mediate the decrease in antimicrobial efficacy.
The least amount of contact between the antimicrobial agent and a bacterial cell would occur for
non-absorbent surfaces, which mirrors the decreased activity that was observed for PANI and P3ABA
in films. 2% PANI and 2% P3ABA in agar (Figure 5) were able to mediate knockdown of S. aureus in 8 h
and 15 min, respectively, while 5% PANI and 3% P3ABA in films were unable to reduce bacterial cell
numbers after a 24 h treatment (Figure 6C). In this example, higher concentration and treatment time
did not ameliorate the reduction of activity for polymers that were incorporated into a non-absorbent
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surface. The results of this work demonstrate why it is important to test antimicrobial agents, first
in suspension (associated with quick and reproducible results) before testing as part of a surface,
which should reflect the final application [71].

In real world settings, antimicrobial surfaces may be challenged with a range of inocula. It is well
known that the size of the inoculum that is used can influence the magnitude of antimicrobial activity
in susceptibility testing [56]. In general, higher inocula need a higher concentration of antimicrobial
agent and/or a longer treatment time to achieve knockdown [78]. The surface activity of PANI in film
and P3ABA in film was affected by S. aureus inoculum size with activity demonstrated only for lower
inocula (Figure 7B). The decreased surface activity in the presence of high numbers of bacteria may be
mediated by the piling of bacterial cells on top of each other, thereby reducing direct contact with the
antimicrobial agent for a portion of the population [79]. The results that are presented demonstrate the
necessity to perform antimicrobial surface testing with appropriate inocula to simulate the potential
challenges that would occur in the real world application. Surfaces in hospitals are considered to
be contaminated when aerobic colony counts exceed 2.5 CFU/cm2; however, sampling of objects
in patient hospital rooms has demonstrated contamination with a range of bacterial loads (up to
104 CFU/m2, equivalent to 102 CFU/cm2), including 103 CFU/m2 (equivalent to 10 CFU/cm2) of
MRSA on door handles [80–83]. Therefore, antimicrobial surfaces in hospitals would need to be active
against up to 104 CFU/m2 of contaminants to prevent bacterial spread.

Organic soiling of antimicrobial surfaces is a known cause of loss of activity and thus was
investigated for surfaces containing PANI and P3ABA [25,71,84]. Surface activity of both PANI in
film and P3ABA in film was decreased in the presence of organic matter (Figure 8). Organic matter
can interfere with contact between the bacterial cell and the antimicrobial agent—particularly for
charged proteins and polysaccharides that can disrupt charge based interactions—thus providing
protection from antimicrobial action [28,85,86]. Additionally, contaminating organic matter may
inactivate antimicrobial agents [86]. Typical organic contaminants on hospital surfaces include blood
and faecal matter [25,71]. It is important that antimicrobial surfaces are tested in conditions, including
contamination with organic matter, relevant to the application to verify that the surfaces will be
sufficiently active in these settings [25].

While it is not ideal that a reduction in surface activity was observed, the loss of activity upon
soiling is common and the effect of organic soiling can be reduced by regular cleaning. Therefore,
antimicrobial surfaces need to be able to withstand any adverse environmental conditions that are
associated with cleaning [27]. PANI and P3ABA have thermal stability up to 300 ◦C and environmental
stability in the conducting form [45–48]. An fPANI containing surface was demonstrated to retain
activity against E. coli and S. aureus after 10 repeated challenges if hydrogen peroxide, but not bleach,
was the cleaning agent [87]. Future work will include examining the influence of current cleaning
procedures on the activity of surface incorporated PANI and P3ABA.

P3ABA containing surfaces demonstrated potential as contamination resistant surfaces for
applications. P3ABA as part of a non-absorbent surface reduced E. coli by 2 log after a 24 h incubation
(Figure 6B), while an absorbent surface containing 2% P3ABA cleared the bacterial load after 15 min
(Figure 4B). The P3ABA containing surfaces in this work indicate a superior performance than has been
reported for triclosan, a popular additive claiming antimicrobial activity, which had no effect on the
viable cell count of E. coli following a 24 h exposure [88]. Similarly, triclosan-incorporated plastic only
inhibited E. coli O157:H7 after a 24 h incubation [89] and triclosan melt-mixed with 4.5% polystyrene
inhibited E. coli Y 1090 for 5 h, after which the viable cell number increased [90]. Materials containing
P3ABA may therefore have a future as a cost-effective antimicrobial surface to prevent or at least
reduce the undesirable spread of micro-organisms.
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4. Materials and Methods

4.1. Bacterial Strains and Growth Conditions

E. coli ATCC 25922 (referred to as E. coli 25922) and S. aureus subsp. aureus ATCC 6538 (referred
to as S. aureus 6538) were used in this work because they are routinely used as control organisms
to verify that antibiotic susceptibility results are accurate [56,91]. E. coli 25922 was tagged with
an integrating plasmid (p16Slux) containing the bacterial luciferase (lux) operon (designated E. coli
25922 lux) [92,93]. E. coli 25922 lux was used for testing of surfaces containing PANI and P3ABA [28].
All strains were grown at 37 ◦C, with 200 rpm agitation where appropriate. The University of Auckland
Institutional Biological Safety Committee approved the construction and use of genetically modified
Enterobacteriaceae (GMO04-UA0027).

4.2. Media and Chemicals

PANI and P3ABA were synthesised via chemical oxidation of aniline and 3-aminobenzoic acid
monomers, respectively [45]. Cell biology reagents were purchased from Sigma-Aldrich (New South
Wales, Australia). Bacteria were cultured in LB broth (BD) or in minimal media. Minimal A medium was
used to support growth in a minimal environment, providing only essential nutrients. A 5× minimal A
solution was made according to the following: 5 g (NH4)2SO4, 22.5 g KH2PO4, 52.5 g K2HPO4, 2.5 g
sodium citrate·2H2O. After autoclaving, this solution was diluted to 1× with sterile water and the
following sterile solutions, per litre: 1 mL 1 M MgSO4·7H2O, 0.1 mL 0.5% thiamine plus the carbon
source (10 mL of 40% succinate solution per litre).

4.3. Preparation of PANI and P3ABA Suspensions

PANI was finely ground using a mortar and pestle. This insoluble powder requires shaking
at 200 rpm to stay in suspension. Reflecting the improved solubility of P3ABA, this polymer was
suspended in broth by sonication (QSonica Q700 Sonicator, Newtown, CT, USA) at the following
settings: amplitude 30, elapsed time 10 s, repeat 4×. Suspensions of PANI and P3ABA were prepared
at 1% (w/v) for a final concentration of 0.5%.

4.4. Activity of PANI and P3ABA Suspensions against E. coli and S. aureus

Turbid overnight cultures of test bacteria were diluted to 106 CFU/mL in LB broth (E. coli 25922 lux
and S. aureus 6538) or minimal A salts with 0.4% succinate (E. coli 25922 lux) [94]. The inocula were
retrospectively enumerated on LB agar plates [64]. 500 μL of PANI suspension, P3ABA suspension,
and growth media (untreated cells) were inoculated with 500 μL of diluted culture. At 0.5 h, 1 h, 2 h,
and 4 h time points, each experimental sample was enumerated on LB agar plates. Following incubation,
colonies were counted and CFU/mL was calculated. At least three biological replicates were obtained.

Linear regression analysis was used to compare the sensitivity of test strains to PANI or P3ABA
suspensions. Specifically, the sensitivity of E. coli and S. aureus in LB broth to each suspension was
compared and the sensitivity of E. coli in LB broth and in minimal media to each suspension was
compared. Statistical analysis by linear regression was performed using GraphPad Prism software
version 6 (GraphPad Software, Inc., La Jolla, CA, USA). Data was graphed in a scatter plot that was
generated with viable cell counts post-treatment (CFU/mL) represented on the y-axis and time (h)
represented on the x-axis. Linear regression was used to fit a straight line (regression line) through the
data for the categorical factor (strain type or media type) generating the best-fit value of the slope and
intercept. An analysis of covariance (ANCOVA) was used to compare the regression lines from the
categorical factors to determine if there was a statistically significant difference in sensitivity.
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4.5. Activity of Absorbent Surfaces Containing PANI and P3ABA against E. coli and S. aureus

Absorbent surfaces containing PANI or P3ABA can be modelled using agar, as drops of liquid
containing bacteria will absorb into the agar surface [64]. Molten agar was mixed with varying amounts
of PANI or P3ABA, which when left to set created absorbent surfaces containing the antimicrobial
agents. PANI or P3ABA were established in agar at 1% and 2%; PANI was also established in agar
at 8%. PANI and P3ABA containing absorbent surfaces were set up in triplicate in a 96 well plate by
aliquoting 200 μL of each test agar and 200 μL of LB agar (for the untreated control) into individual
wells. A turbid culture of test bacteria was diluted to 106 CFU/mL in broth and retrospectively
enumerated. All of the test surfaces were inoculated with 10 μL diluted culture, resulting in 104 CFU
in each well [55,56]. Agar samples for background readings received 10 μL LB broth.

At specified time points, bacterial cells were rescued in 200 μL fresh media in a 96 well plate [95].
Each type of absorbent surface was tested for the necessary time to achieve knockdown, therefore,
highly active surfaces were tested only for the shorter treatment times. E. coli 25922 lux and S. aureus
6538 were challenged with PANI in agar for the following treatment times: 15 min, 30 min, 1 h, 2 h, 4 h,
and 8 h. E. coli 25922 lux was exposed to P3ABA in agar for the following treatment times: 15 min,
30 min, 1 h, and 2 h. S. aureus 6538 was exposed to P3ABA in agar for the following treatment times:
15 min, 30 min, 1 h, 2 h, and 4 h. The viability of rescued E. coli 25922 lux was assessed after 16
h incubation by measuring bioluminescence using the VICTOR X Multilabel Plate Reader (Perkin
Elmer, Foster City, CA, USA). The viability of rescued S. aureus 6538 was determined by measuring
OD600 using the μQuant™ Microplate Spectrophotometer (BioTek Instruments, Winooski, VT, USA).
Three biological replicates were obtained for each experiment.

The Friedman test was used to analyse the differences between untreated cells and those that
were treated with PANI or P3ABA in agar. When a significant difference was identified (p value
less than 0.05), specific groups were compared to each other using Dunn’s multiple comparison test.
Dunn’s multiple comparison test was used to compare the treated and untreated cells at each time
point, with a p value of less than 0.05 indicating a significant difference. Thus, comparisons were made
between each treatment time for every concentration tested to identify a concentration-contact time
combination that is associated with significant surface activity.

4.6. Activity of Non-Absorbent Surfaces Containing PANI and P3ABA against E. coli and S. aureus

Non-absorbent surface samples were prepared using SEBS films containing 5% PANI or 3% PANI
or no additive (control film). The films were hole punched to generate ~5 mm diameter circles that
fit into the wells of a 96 well plate. The film samples were disinfected by immersion in 70% ethanol
for 10 min and dried in the Herasafe™ KS (NSF) Class II, Type A2 Biological Safety Cabinet (Thermo
Scientific, Auckland, New Zealand) [25].

A turbid overnight culture of test bacteria was diluted to 106 CFU/mL in broth and enumerated.
The activity of the PANI and P3ABA containing film samples was determined using the MSTA adapted
from Japanese Industry Standard (JIS Z-2801) method [28,70]. A piece of film was placed in an empty
well, inoculated with 10 μL of diluted culture, and a second piece of the same type of film was placed
on top of the inoculum [28,70]. Film samples for background readings received 10 μL of LB broth.
The film treatments were established in triplicate. At the specified time point(s) bacterial cells were
rescued in 190 μL LB broth in a fresh 96 well plate [95]. The rescued cells were incubated at 37 ◦C in
a sealed container with moist tissue for 16 h and the viability of rescued cells was determined [95].
Three biological replicates were obtained for each experiment.

For E. coli 25922 lux, cells were rescued after 2 h and 24 h treatments. The viability of cells
post-treatment was assessed by using plate counts and measuring bioluminescence. To this end,
a 100 μL aliquot of rescued cells was used to enumerate by drop counts and the remaining 100 μL of
rescued cells was added to a dark OptiPlate-96 well microtitre plate containing 100 μL of LB broth
for the measurement of bioluminescence using the VICTOR X Multilabel Plate Reader. For S. aureus
6538, cells were exposed to film treatments for only 24 h and the viability of cells post-treatment was
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assessed by incubating 200 μL of rescued cells in a 96 well plate for 16 h and measuring OD600 using
the μQuant™ Microplate Spectrophotometer.

The activity of PANI and P3ABA in films against E. coli 25922 lux was analysed using a two-way
repeated measures analysis of variation (2-way RM ANOVA). For both the plate counts and the
bioluminescence data, the 2-way RM ANOVA determined how E. coli 25922 lux cell number was
affected by two factors, treatment time (2 h and 24 h) and film type (PANI in film, P3ABA in film,
no additive). A p value of less than 0.05 indicates that the cell number was significantly affected by at
least one of the factors. When a significant difference was identified, treated cells were compared to
the untreated control for each time point using Dunnett’s multiple comparison test with a p value of
less than 0.05, indicating a significant difference.

The Friedman test was used to analyse the differences between untreated S. aureus 6538 cells
and those that were treated with PANI or P3ABA in film. The Friedman test is a nonparametric test
that compares three or more matched groups—cells treated with 5% PANI in film, 3% P3ABA in film,
and control film. A p value of less than 0.05 indicates that at least one of the groups differs from the
rest. When a significant difference was identified, specific groups were compared to each other using
Dunn’s multiple comparison test. Dunn’s multiple comparison test was used to compare the treated
and untreated cells at each time point, with a p value of less than 0.05 indicating a significant difference.

4.7. Characterisation of the Action of PANI and P3ABA Films against E. coli and S. aureus

4.7.1. Challenge of PANI and P3ABA Films with a Range of CFU Doses of E. coli 25922 lux and S. aureus
6538 in Saline

Film punches were prepared and decontaminated, as described above. The MSTA was performed
with bacterial challenges (104 CFU, 103 CFU, 102 CFU, and 10 CFU) prepared in 10 μL saline.
The 106 CFU/mL culture was enumerated. Following a 2 h treatment, cells were rescued in 190 μL LB
broth and incubated in a fresh 96 well plate for 16 h. Viability of bacteria was assessed by measuring
bioluminescence for E. coli 25922 lux and by measuring OD600 for S. aureus 6538. The activity of PANI
and P3ABA in films against a range of CFU doses of E. coli 25922 lux and S. aureus 6538 was analysed
using a 2-way RM ANOVA.

4.7.2. Assay to Evaluate the Influence of the Presence of Organic Matter on the Activity of PANI and
P3ABA Films against E. coli 25922 lux

Film punches were prepared and decontaminated, as described above. MSTA was performed
with bacterial challenges (104 CFU) in 10 μL saline or 10 μL LB broth. The inocula were enumerated.
Following a 2 h treatment, cells were rescued in 190 μL LB broth and incubated in a fresh 96 well plate
for 16 h. The viability of rescued cells was determined by measuring the bioluminescence.

4.8. Appendix A Methods

4.8.1. Validation of Utilisation of E. coli 25922 lux

To examine if E. coli 25922 lux can be used for the testing of surfaces containing PANI and P3ABA,
in place of the non-tagged version, the MIC and MBC of both strains were determined [55]. A range of
concentrations of PANI and P3ABA in suspension were tested (0.03125–4%). The suspensions were
established at 2× the final desired concentration in 500 μL. The insolubility of PANI required each
suspension to be set up separately by weighing the powder into 5 mL tubes and adding 500 μL LB
broth. P3ABA suspensions were established from a stock solution using a doubling dilution series.
500 μL LB broth was aliquoted to set up an untreated control.

The PANI and P3ABA suspensions were inoculated with 500 μL of 106 CFU/mL of E. coli
25922 and E. coli 25922 lux. The MIC was defined as the lowest concentration of PANI or P3ABA that
was able to inhibit the visible growth of test bacteria following a 24 h treatment [55,56]. Tubes that
were observed by eye to have no visible growth were selected for MBC testing. For this, 20 μL of the
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experimental sample was spread onto six LB agar plates [55,56]. The spread plates were incubated at
37 ◦C for 16 h and the growth on these plates was determined. When countable colonies were present,
the CFU/mL of the sample was calculated. The MBC was defined as the lowest concentration of PANI
or P3ABA that either totally prevents growth or results in a ≥99.9% decrease in the initial inoculum
following subculture on LB agar plates [55,96]. At least three biological replicates were obtained.

4.8.2. Determination of the Limit of Detection for E. coli 25922 lux and S. aureus 6538 Growing in a
96 Well Plate

The limit of detection of E. coli 25922 lux and S. aureus 6538 growing in a 96 well plate was
examined by determining the lowest number of cells added to LB broth in a 96 well plate that can
grow to detectable levels [95]. This was achieved by serially diluting an overnight culture in triplicate
in a 96 well plate by transferring 20 μL of culture into wells containing 180 μL of LB broth. A range of
inocula were established from ~109 CFU/mL to ~1 CFU/mL. The overnight culture was enumerated to
confirm the cell numbers that were tested. The 96 well plate was incubated at 37 ◦C for 16 h in a sealed
container with a moist tissue [95]. Growth of bacteria was assessed by measuring bioluminescence
using the VICTOR X Multilabel Plate Reader for E. coli 25922 lux and by measuring OD600 using the
μQuant™ Microplate Spectrophotometer for S. aureus 6538.

5. Conclusions

PANI and P3ABA both demonstrated bactericidal activity against E. coli and S. aureus in
suspension and as part of an absorbent surface, with greater activity being observed with P3ABA.
PANI in films was not active against E. coli or S. aureus, while P3ABA in films reduced the viability of
E. coli after a 24 h treatment. The results that are presented in this work support the use of P3ABA to
create contamination resistant surfaces.
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Appendix A.

Appendix A.1. Validation of Utilisation of E. coli 25922 lux as a Proxy of E. coli 25922 for Investigation of
PANI and P3ABA as Surface Antimicrobial Agents

Appendix A.1.1. PANI Has Similar Activity against E. coli 25922 and E. coli 25922 lux While P3ABA Is
Less Active against the Latter

For E. coli 25922, a lux-tagged version was used as the released bioluminescence can be detected
and serves as a marker of cell viability [28,92,93]. Utilisation of a bioluminescently-tagged strain is
a practical alternative to enumeration by plate counts for future testing of these potential surface
additives against slow growing bacteria, such as Mycobacterium tuberculosis [63]. E. coli 25922 lux has a
chromosomal insertion of the bacterial luciferase (lux) operon (luxCDABE) into the 16S locus [93]. A cell
expressing the lux operon (luxCDABE) will be in an altered state compared to the non-tagged version
as cellular energy is diverted in order to generate the luminescence [28]. The bioluminescence reaction
consumes reduced flavin mononucleotide (FMNH2) and a long chain fatty aldehyde, and tetradecanoic
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acid is diverted from the fatty acid biosynthesis pathway to regenerate the aldehyde substrate [97].
Therefore, it is possible that the lux-tagged version of E. coli 25922 may have different sensitivities to
PANI and P3ABA compared to the non-bioluminescent version.

Following from this, the activity of PANI and P3ABA in LB broth was determined against E. coli
25922 and lux-tagged E. coli 25922. The measure of activity used was the standard minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) [55]. For PANI in suspension,
E. coli 25922 and the lux-tagged version had similar sensitivities (Figure A1). P3ABA had a similar
MIC against E. coli 25922 and E. coli 25922 lux (Figure A2); however, the MBC of P3ABA against E. coli
25922 (0.125%) was lower than that for E. coli 25922 lux (1–4%), which was statistically significant
(Mann-Whitney test, p value: less than 0.05). The difference in activity of P3ABA observed against E. coli
25922 and E. coli 25922 lux may be reflective of the metabolic burden of light production. The lux-tagged
E. coli 25922 may be less susceptible to the bactericidal action of P3ABA over a 24 h treatment time.
Overall, these results support the use of lux-tagged E. coli for testing of PANI and P3ABA.

Figure A1. Activity of PANI against E. coli 25922 and E. coli 25922 lux. The MIC (circles) and MBC
(squares) of PANI against E. coli 25922 (EC) and E. coli 25922 lux (EC lux) in LB broth. Data obtained
from E. coli 25922 is represented by filled data points while data obtained from E. coli 25922 lux is
represented by unfilled data points.

Figure A2. Activity of P3ABA against E. coli 25922 and E. coli 25922 lux. The MIC (circles) and MBC
(squares) of PANI against E. coli 25922 (EC) and E. coli 25922 lux (EC lux) in LB broth. Data obtained
from E. coli 25922 is represented by filled data points while data obtained from E. coli 25922 lux is
represented by unfilled data points. Statistical significance is represented by * (Mann-Whitney test,
p value: less than 0.05).
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Appendix A.1.2. The Limit of Detection for E. coli 25922 lux and S. aureus 6538 Recovered in a 96 Well
Plate Is 100 CFU/mL

Examination of the activity of PANI and P3ABA in surfaces involved recovery of challenged cells
in a 96 well plate, which facilitated high-throughput testing of many concentrations and treatment
times against one inoculum [95]. Therefore, it was necessary to determine the limit of detection of
E. coli 25922 lux and S. aureus 6538 growing in this manner to enable interpretation of surface testing
results. The limit of detection was examined by determining the lowest number of cells added to
180 μL of LB broth in a 96 well plate that can grow to detectable levels [95]. The limit of detection is
presented as CFU/mL to relate back to the initial inoculum concentration. The absolute number of
cells present in the 180 μL volume in the wells would be roughly 5-fold lower than the CFU/mL value.

After a 16 h incubation of E. coli 25922 lux, bioluminescence 2 log or more above background
levels was detected in the wells inoculated with ~109 to ~103 CFU/mL indicating bacterial growth
(Figure A3). For the well inoculated with ~102 CFU/mL, the median bioluminescence level was 2 log
above background levels; although, two points were only slightly above background levels (Figure A3).
Therefore, the limit of detection of E. coli 25922 lux in a 96 well plate was 100 CFU/mL, which would
correspond to ~20 CFU in the well.

After a 16 h incubation of S. aureus 6538, growth was detected in wells inoculated with ~109 to
~102 CFU/mL (with growth defined as OD600 above 0.05) (Figure A4). The median OD600 value from
starting inoculum of ~10 CFU/mL was above the threshold for growth; however, two points were
below background levels (Figure A4). Therefore, the limit of detection of S. aureus 6538 in 96 well plate
was 100 CFU/mL, which would correspond to ~20 CFU in the well.

Figure A3. The limit of detection of E. coli 25922 lux when grown in a 96 well plate. E. coli 25922 lux
was serially diluted in LB broth from ~109 CFU/mL to ~1 CFU/mL in a 96 well plate and incubated at
37 ◦C for 16 h. Light release (RLU s−1) was measured from each dilution and detectable light levels
above 10 RLU s−1 indicates growth. The data presented are from four independent experiments.

Figure A4. The limit of detection of S. aureus 6538 when grown in a 96 well plate. S. aureus 6538 was
serially diluted in LB broth from ~109 CFU/mL to ~1 CFU/mL in a 96 well plate and incubated at
37 ◦C for 16 h. OD600 was measured from each dilution and OD600 readings above 0.05 are considered
as growth. The data presented are from four independent experiments.
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Abstract: The delivery of drugs in a controllable fashion is a topic of intense research activity in
both academia and industry because of its impact in healthcare. Implantable electronic interfaces
for the body have great potential for positive economic, health, and societal impacts; however,
the implantation of such interfaces results in inflammatory responses due to a mechanical mismatch
between the inorganic substrate and soft tissue, and also results in the potential for microbial infection
during complex surgical procedures. Here, we report the use of conducting polypyrrole (PPY)-based
coatings loaded with clinically relevant drugs (either an anti-inflammatory, dexamethasone phosphate
(DMP), or an antibiotic, meropenem (MER)). The films were characterized and were shown to enhance
the delivery of the drugs upon the application of an electrochemical stimulus in vitro, by circa (ca.)
10–30% relative to the passive release from non-stimulated samples. Interestingly, the loading and
release of the drugs was correlated with the physical descriptors of the drugs. In the long term, such
materials have the potential for application to the surfaces of medical devices to diminish adverse
reactions to their implantation in vivo.

Keywords: conducting polymers; electroactive polymers; medical devices; drug delivery;
anti-inflammatory; antibiotic

1. Introduction

The market for global drug-delivery technologies is a multibillion-dollar industry, and there is
a growing demand for drug-delivery devices in both developed and emerging economies (in part,
driven by aging societies and rapid urbanization) [1,2]. The market for implantable medical
devices is also a multibillion-dollar industry, with a similarly growing demand driven by the same
factors (i.e., increasing geriatric populations and incidences of chronic diseases, coupled with the
adoption of implantable medical devices) [3–5]. Medical devices are implanted in either hard tissues
(e.g., orthopedic implants such as reconstructive joint replacements, dental implants, and spinal
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implants) or soft tissues (e.g., intraocular lenses, or the skin). The successful integration of such devices
is dependent on the availability of sterile surgical conditions, patient health, etc., and their implantation
is most commonly coupled with a course of condition- and patient-specific drugs [6,7].

Drug-delivery systems can be engineered to deliver drugs at rates controlled by specific features
of the systems, particularly their chemical composition (e.g., inorganic/organic components, molecular
weights of their constituents, crosslinking density of polymers, etc.) and the inclusion of components
that respond to chemical stimuli (e.g., enzymes, ions, or pH) or physical stimuli (e.g., electromagnetic
fields, or temperature) [8–15].

Responsiveness to electric fields is an inherent property of electrically conducting materials
(e.g., metals), and certain molecules respond to the application of electric fields by orienting their
dipoles with the applied field, whereas other molecules can undergo redox reactions in response
to electricity. An exciting class of electrically conducting materials is that of organic electronic
materials (OEMs). Various types of OEMs exist, including fullerenes (bucky balls or nanotubes),
graphene/graphene oxide, or conjugated polymers (e.g., polyaniline, polypyrrole, or polythiophene).
Some OEMs are commercially available, and their properties can be tailored (through chemical
modification or the generation of composites) to suit the delivery of various drugs [16,17].

While OEM-based nanoparticles have promise for simultaneous imaging and drug delivery
(i.e., theranostic applications) [18,19], nanoparticles are not the only morphology of materials that
OEMs can be processed into, and it is also possible to manufacture OEM-based films, fibers, foams,
and hydrogels [20–24]. The morphologies of these alternative materials are under investigation for
their inclusion into new versions of a variety of clinically translated electronic interfaces for the
body (e.g., cardiac pacemakers, cochlear implants, retinal prostheses, and electrodes for deep brain
stimulation), or indeed, electronic interfaces for the peripheral nervous system (e.g., for the control
of the bladder) [20–24]. The clinically translated examples of electronic interfaces for the body are all
currently metal-based (typically connected to batteries implanted at the same time), and the mechanical
properties of these metals are markedly different from the soft tissues in which they are implanted
(known as a mechanical mismatch). Mechanical mismatches lead to inflammatory responses and
the formation of scar tissue around the electronic interface [23,24]. Mismatches can potentially be
diminished by coating the surface of the metals with relatively soft OEM-based materials [24], or indeed,
the delivery of anti-inflammatories from OEM-based materials [25]. Moreover, it is noteworthy that
the surgical procedures necessary to implant such devices are complex, and problems associated with
microbial infections in the proximity of these devices can potentially be addressed through the delivery
of antimicrobials [16,17,25,26].

Conjugated polymers have fascinating optoelectronic properties, and are consequently being
developed for use in the electronic industry [27–30]. There is academic and industrial interest in their
potential application in the biomedical industry for use as bioactuators, biosensors, drug-delivery
devices, neural electrode coatings, or indeed, tissue scaffolds for tissue engineering [20–22,31].
Polyaniline, polypyrrole, and polythiophene derivatives are most commonly investigated for
biomedical applications, and polyaniline- and polypyrrole-based systems were shown to be capable of
delivery of a variety of drugs (including anions and, less frequently, cations) [16,17,25,26,32–36].

Prospects for the clinical translation of conjugated polymer-based drug-delivery systems are
clearly dependent on their biocompatibility. Histological analyses of tissue in the vicinity of polypyrrole
(PPY)-based materials implanted subcutaneously or intramuscularly in rats revealed immune cell
infiltration comparable to Food and Drug Administration (FDA) approved poly(lactic-co-glycolic
acid) [37], or FDA-approved poly(D,L-lactide-co-glycolide) [38]. Similarly low inflammatory responses
were observed for PPY-based materials implanted at the interface of the coronary artery of rats
after five weeks [39], or PPY-based sciatic-nerve guidance channels implanted in rats after eight
weeks [40], and importantly, PPY-coated electrodes in rat brains after three or six weeks [41].
The implantation of poly(3,4-ethylenedioxythiophene) (PEDOT)-coated electrodes in rat brains
resulted in a modest global tissue reaction of approximately the same magnitude as that for silicon
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probes [42], whereas there was no observable immune response after one week for PEDOT-based
materials implanted subcutaneously [43]. The implantation of polyaniline (PANI)-based materials
implanted subcutaneously in rats showed low levels of inflammation after four [44], or 50 weeks [45].
We recognize that differences in individual studies (e.g., composition/structure of the materials,
animal/tissue models, and the methods used to evaluate immune responses) present challenges
when attempting to directly compare the results of each study; however, conjugated polymer-based
biomaterials have levels of immunogenicity that are comparable to other FDA-approved biomaterials,
and have prospects for clinical translation in the long term.

With a view to the long-term development of surface coatings for medical devices (e.g., neural
electrodes) to diminish adverse reactions to their implantation in vivo, we report the use of conducting
polymer-based coatings that enhance the delivery of drugs upon the application of an electrical
potential. As a simple model system, we used polypyrrole (PPY) loaded with clinically relevant drugs
(either an anti-inflammatory, dexamethasone phosphate (DMP), or an antibiotic, meropenem (MER)),
as depicted in Figure 1. The rationale behind the delivery of DMP was to address problems of local
tissue inflammation in the proximity of the materials, whereas the rationale behind the delivery of
MER was to help diminish the potential for microbial infections in the proximity of materials that
might be associated with the complicated surgical procedures necessary to implant electronic interfaces
for the body. The films were characterized using microscopic, spectroscopic, and electrochemical
techniques; the delivery of the drugs into a biomedically relevant buffer (phosphate-buffered saline,
PBS) was studied in vitro, and the correlation between drug loading/release was correlated with the
physical descriptors of the drugs. Such materials have prospects for the preparation of conformal
electroactive coatings for implantable biomaterials.

Figure 1. The chemical structures of the substances studied herein: (A) Polypyrrole (PPY);
(B) dexamethasone phosphate (DMP); (C) meropenem (MER).

2. Results

Films of PPY loaded with an anionic drug (either DMP or MER, see Figure 1) were deposited
onto the surface of indium tin oxide (ITO)-coated glass electrodes via electropolymerization.
The electrochemical oxidation (at a potential of 1.0 V) and polymerization of pyrrole on the anode
(the ITO-coated glass electrode) yielded a film where the positive charges on the backbone of the
polypyrrole were counterbalanced by the presence of the anionic dopants from the electrolyte during
electropolymerization (in this case one of the anionic drugs, DMP or MER).

The successful deposition of polypyrrole films onto the surface of the ITO electrodes was easily
observable by eye (i.e., presence of a black film on the surface of a clear and colorless ITO electrode),
and confirmed by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) data, as shown in Figure 2 (SEM and EDX imaging of DMP-doped films), Figure 3 (SEM and
EDX imaging of MER-doped films), and Figure 4 (EDX data for DMP-doped and MER-doped films).
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SEM revealed the surfaces of the films to have μm-scale roughness characteristic of
electropolymerized PPY, with the features having a broad distribution of sizes, from very small
particles of ca. 100–200 nm to much larger 1–20 μm “cauliflower-like” structures, akin to the features
reported for films prepared via analogous electropolymerization methodologies in the literature.
There were concomitant differences in electrical properties (i.e., impedance/resistance) relative to
the surface-area-to-volume ratio of the materials [16,46]. EDX analysis [47] showed elemental signals
characteristic of Au (instrumental background, characteristic Kα 2.123 keV; data not shown), Si (glass
electrode, characteristic Kα 1.74 keV), and the elements associated with the drug-loaded polymer
films: C and N (characteristic of polypyrrole) [48], F, O, and P (characteristic of DMP), and O and S
(characteristic of MER).

 

Figure 2. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) images
of a DMP-doped PPY film: (A) SEM image of a DMP-doped PPY film; (B) EDX layered image from
a DMP-doped PPY film; (C) Kα emission of C; (D) Kα emission of F; (E) Kα emission of N; (F) Kα

emission of O; (G) Kα emission of P; (H) Kα emission of Si. Scale bars represent 100 μm.
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Figure 3. SEM and EDX images of an MER-doped PPY film: (A) SEM image of an MER-doped PPY
film; (B) EDX layered image from an MER-doped PPY film; (C) Kα emission of C; (D) Kα emission of
P; (E) Kα emission of F; (F) Kα emission of O; (G) Kα emission of N; (H) Kα emission of Si. Scale bars
represent 100 μm.

The EDX maps in Figures 2 and 3 demonstrate the elemental composition of the films to be
homogeneous over the surface of the films. Analysis of the EDX data for DMP-doped or MER-doped
films (Figure 4A,B, respectively) showed elemental signals characteristic of carbon (Kα at 0.277 keV)
and nitrogen (Kα at 0.392 keV) found on polypyrrole. For the DMP-doped films, there were peaks at
0.677 keV, 0.525 keV, and 2.014 keV, characteristic of the Kα of F, O, and P, respectively (Figure 4A).
For the MER-doped films, there were peaks at 0.525 keV, 2.308 keV, and 2.622 keV, characteristic of the
Kα of O, S, and Cl, respectively (indicative of the hydrochloride salt of MER, Figure 4B).
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Figure 4. (A) EDX data from a DMP-doped PPY film; (B) EDX data from an MER-doped PPY film.

Examination of the films using Fourier-transform infrared (FTIR) spectroscopy in attenuated total
reflection (ATR) mode also confirmed the presence of the drugs (DMP and MER) doping the PPY
(Figure 5). The FTIR spectra of the PPY films showed absorptions at ca. 1480 cm−1 and ca. 1535 cm−1,
corresponding to the symmetric and asymmetric ring-stretching modes, respectively [49–53]. The FTIR
spectra of DMP and DMP-doped PPY films showed absorptions at 989 cm−1 and 1197 cm−1,
corresponding to the characteristic symmetric and asymmetric stretching vibrations of the phosphate
groups, while the absorption band at 1641 cm−1 corresponded to the C=O stretching vibration of DMP
(Figure 5A,B). The FTIR spectra of MER and MER-doped PPY films showed absorptions characteristic of
stretching vibrations of the C=O bond in the β-lactam ring of MER, located at 1863 cm−1 (Figure 5C,D).

Figure 5. Fourier-transform infrared (FTIR) spectra collected in attenuated total reflection (ATR) mode:
(A) DMP; (B) DMP-doped PPY film; (C) MER; (D) MER-doped PPY film.

X-ray diffraction (XRD) analysis of the DMP-doped and MER-doped films revealed some
interesting structural information confirming the inclusion of the drugs in the films (Figure 6). PPY has
a relatively amorphous structure with a broad peak in the region of 2θ = 20–30◦ in the XRD patterns [54]
which is associated with the closest distance of approach of the planar aromatic rings of pyrrole
(e.g., face-to-face pyrrole rings) [55]. Interestingly, doping PPY with DMP led to a peak shift to the
region of 2θ = 15–28◦, confirming that addition of DMP alters the packing of the PPY chains in the
film [56]; likewise, doping PPY with MER also led to a peak shift to the region 2θ = 15–38◦. Interestingly,
some of the crystalline peaks of pure MER (which appear at 12.6◦, 16.6◦, 18.2◦, 19◦, 20◦, 21.6◦, 22.3◦,
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22.7◦, 23.3◦, 25.2◦, 26.7◦, 28.2◦, 29◦, 30◦, 31.7◦, 34.5◦, 37.7◦, 39◦, and 44◦ [57]) can be identified in the
XRD pattern (appearing, albeit weakly, at 2θ = 17.9◦, 21.9◦, 23.7◦, 34.5◦, and 38.0◦).

Figure 6. X-ray diffraction (XRD) data. (Black line) DMP-doped PPY film. (Gray line) MER-doped PPY film.

The electrochemical properties of the DMP-doped PPY and MER-doped PPY films were studied
via cyclic voltammetry (CV, Figure 7), and electrochemical impedance spectroscopy (EIS, Figure 8).
Cyclic voltammograms of DMP-doped PPY and MER-doped PPY films (1st, 5th, 10th, 15th, 20th, 25th,
30th, 35th, and 40th cycles) are displayed in Figure 7A,B, respectively. As evident from the CV curves,
the charge-storage capacities of the films decreased steadily on repeated cycling, and the areas under
the curves of the 35th and 40th cycles were almost the same. The currents evolved in the MER-doped
PPY were higher than those in the DMP-doped PPY, and the oxidation and reduction peaks were more
prominent. Occurrences of reduction and oxidation peaks correspond to the de-doping of the films
(i.e., release of drug molecules), and the films were subsequently re-doped by other anions (either the
anionic drug, or anions from the PBS buffer: H2PO4

− and HPO4
2−, and Cl−).

EIS measurements were conducted to investigate the electron-transfer resistance (Ret) of the
drug-doped PPY films, and the respective Nyquist plots are displayed in Figure 8. All plots have
a semi-circular arc in the high-frequency range, followed by a vertical line along the imaginary axis
corresponding to a diffusion process. The diameter of the suppressed semicircle gives the value of the
electron-transfer resistance (Ret), which was the most directive and sensitive parameter reflecting the
changes at the electrode–solution interfaces, and could be evaluated from the difference in the real
part of the impedance between low frequency and high frequency [58]. The Ret values were 21.18 Ω
and 76 Ω for DMP-doped PPY and MER-doped PPY films, respectively. The Ret of MER-doped PPY
films was higher than that of DMP-doped PPY films, indicating that the electron transfer was more
easily achieved at the DMP-doped PPY film interfaces. The diffusion resistance of DMP-doped PPY
films was shorter than that of MER-doped PPY films, indicating a shorter ion-diffusion path length of
the [Fe(CN6)]3−/4−, H2PO4

−, HPO4
2−, and Cl− ions into the interior of the film. Importantly, the EIS

results are in good agreement with the CV results.
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Figure 7. Cyclic voltammetry (CV) data of the films in phosphate-buffered saline (PBS; pH = 7.4) at
a scan rate of 50 mV·s−1: (A) DMP-doped PPY film; (B) MER-doped PPY film.

Figure 8. Nyquist plots derived from electrochemical impedance spectroscopy (EIS) data of the films
in PBS (pH = 7.4). (Black line) DMP-doped PPY film. (Gray line) MER-doped PPY film.
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The release of drugs doped into the PPY films was studied using UV spectroscopy (Figure 9),
where the release was either passive (i.e., in the absence of an electrochemical stimulus) or
electrochemically triggered (i.e., in the presence of one or more rounds of electrochemical
stimulation—30 s of stimulation at a reducing potential of 0.6 V, followed by 10.5 min of rest
(Figure 9A)). The quantity of the drug in solution was quantified at various time points, and the
data are reported as cumulative release as a percentage of the total mass of the drug in the film (films
were individually weighed; DMP-doped PPY films contained 12 wt % of DMP, and MER-doped PPY
films contained 4 wt % of MER), and compared to passive drug release from unstimulated films every
11 min.

 

Figure 9. Electrochemically enhanced delivery of drugs from films in PBS (pH = 7.4) as determined
by UV spectroscopy: (A) Electrical stimulation paradigm: three cycles of 30 s on, 10.5 min off;
(B) cumulative release of DMP from DMP-doped PPY films, passive release (black bars), electrically
stimulated release (gray bars); (C) cumulative release of MER from MER-doped PPY films, passive
release (black bars), electrically stimulated release (gray bars).
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For both DMP-doped and MER-doped films, the drugs were observed to passively diffuse from
the films, as is the norm for drug-loaded polymers. The passive diffusion of DMP from the films was
ca. 10–15% of the total DMP content of the films over the course of the experiment, whereas the passive
diffusion of MER from the films was ca. 10–30% of the total MER content of the films over the course
of the experiment. The amount of drug released from the electrically stimulated films was observed to
be higher than that for the passive control samples at each time point measured. For the DMP-doped
films (Figure 9B), there was an increase of ca. 10–15% in the amount of drug released at various time
points; whereas for the MER-doped films (Figure 9C), there was a an increase of ca. 15–30% in the
amount of drug released at various time points after each round of electrical stimulation.

Some physical descriptors (constitutional and electronic) for DMP and MER were calculated using
the Molecular Operating Environment (MOE) software (version 2014.0901, Chemical Computing Group
Inc., Montreal, QC, Canada). The selected descriptors were the dipole moment, LogP (octanol/water),
molecular globularity, number of H-atom donors and acceptors, and molecular flexibility (Table 1).
The dipole of DMP was lower than that of MER (1.7033 vs. 9.2305, respectively), as was the number
of hydrogen-bond acceptors (8 vs. 9, respectively), hydrogen-bond donors (5 vs. 7, respectively),
and flexibility (5.3661 vs. 8.8623, respectively). The globularity of DMP was higher than that of MER
(0.1110 vs. 0.0265, respectively), as was the LogP (1.2640 vs. −0.5960, respectively).

Table 1. Physical descriptors of dexamethasone phosphate (DMP) and meropenem (MER).

Drug Dipole
Number of
Hydrogen

Bond Acceptors

Number of
Hydrogen

Bond Donors
Globularity Flexibility

LogP
(octanol/water)

Molecular
Weight

(Da.)

DMP 1.7033 8 5 0.1110 5.3661 1.2640 472.4460
MER 9.2305 9 7 0.0265 8.8623 −0.5960 437.5140

3. Discussion

Films of PPY loaded with an anionic drug (either DMP or MER, see Figure 1) were deposited
onto the surface of ITO-coated glass electrodes via electropolymerization, yielding films where the
positive charges on the backbone of the polypyrrole were counterbalanced by the presence of the
anionic dopants from the electrolyte during the electropolymerization reaction (in this case, one of the
anionic drugs, DMP or MER). PPY films prepared via electropolymerization on flat electrodes typically
display cauliflower-like morphologies [16,46].

Clearly, surface morphologies and surface-area-to-volume ratios of materials used for drug
delivery play an important role in the rate of release of the payloads, and it was observed that mass
transport from PPY films with low surface-area-to-volume ratios (e.g., the cauliflower-like morphology)
released drugs more slowly than materials with high surface-area-to-volume ratios (e.g., nanowire-like
PPY) [16,46,59].

The films were observed to be somewhat imperfect with cracks and inhomogeneities observable
(visually or via SEM), and they occasionally delaminated from the underlying ITO electrode.
Such problems (i.e., cracks/inhomogeneities and delamination) may be solved using alternative
materials for the underlying electrode (e.g., gold, glassy carbon, etc.); through the use of composites,
wherein the polymeric dopant forms an interpenetrating network with the conducting polymer binding
them together [60–63], or through the development of heat/solution processable electroactive block
copolymers, in which one block is electroactive and the other block is heat/solvent responsive [64,65].
Analysis via spectroscopy (EDX, FTIR, and UV-vis), XRD, and electrochemical techniques (CV and
EIS) confirmed the presence of the drugs in the films, and subtle differences in the packing of the PPY
chains in the films in the presence of each drug. Interestingly, measurements of the total mass of the
drug in the films revealed differences in loading, with DMP-doped PPY films containing 12 wt % of
DMP, and MER-doped PPY films containing 4 wt % of MER. The physical descriptors for DMP and
MER (Table 1) offered an explanation as to why this was observed: the dipole of DMP was lower than
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that of MER (1.7033 vs. 9.2305, respectively), as was the number of hydrogen-bond acceptors (8 vs. 9,
respectively) and hydrogen-bond donors (5 vs. 7, respectively). Furthermore, the LogP of DMP was
higher than that of MER (1.2640 vs. −0.5960, respectively). Consequently, the more hydrophobic drug
(DMP) was more readily loaded into the hydrophobic PPY matrix than the hydrophilic MER.

For both DMP-doped and MER-doped films, the drugs were observed to passively diffuse from
the films, as is the norm for drug-loaded polymers. The passive diffusion of DMP from the films was
ca. 10–15% of the total DMP content of the films over the course of the experiment, whereas the passive
diffusion of MER from the films was ca. 10–30% of the total MER content of the films over the course
of the experiment.

The application of a reducing potential of 0.6 V (for 30 s) to the drug-loaded PPY films resulted
in the proactive release of the anionic drug from the films, and rest periods (10.5 min) between the
applications of electrical potential offered opportunities for re-doping by other anions (either the
anionic drug, or anions from the PBS buffer: H2PO4

− and HPO4
2−, and Cl−). We observed the amount

of drug released from the electrically stimulated films (including the rest period) to be higher than that
for the passive control samples at each time point measured (every 11 min). For the DMP-doped films
(Figure 9B), there was an increase of ca. 10–15% in the amount of drug released at various time points;
whereas for the MER-doped films (Figure 9C), there was an increase of ca. 15–30% in the amount of
drug released at various time points after electrical stimulation. The differences in the in vitro release
behavior observed for DMP and MER, despite their close molecular weights, could be attributed to
differences in their physical descriptors (such as the dipole moment, total number of hydrogen-bond
donors and acceptors present, molecular flexibility, LogP, and molecular globularity), which confirmed
MER to be more hydrophilic and polar than DMP, rendering MER easier to release via diffusion from
the PPY matrix, and therefore, more responsive to electrical stimuli (Table 1) [66].

The clinically translated examples of electronic interfaces for the body are all currently metal-based.
The mechanical properties of these metals are markedly different from the soft tissues in which they
are implanted. This mechanical mismatch leads to inflammatory responses and the formation of scar
tissue around the electronic interface. A topic of intense current research interest is the development
of soft conductive OEM-based coatings for the surface of the metal electrodes, and it is attractive
to be able to deliver bioactive substances from the electrode coating (e.g., anti-inflammatories such
as DMP). It is also noteworthy that the surgical procedures necessary to implant such devices are
complex, and problems associated with microbial infections in the proximity of these devices can
potentially be addressed through the delivery of antimicrobials (e.g., MER) from the surface coatings.
The release of the clinically relevant drugs (DMP or MER) loaded into the PPY films was observed to
be enhanced by the application of an electrochemical stimulus, thereby demonstrating proof of concept
that such materials may form a useful conformal coating on the surface of implantable medical devices,
potentially diminishing adverse reactions to their implantation in vivo [16,24,60].

4. Materials and Methods

4.1. Materials

Unless otherwise stated, all chemicals and consumables were used as received without
further purification. Pyrrole (Py, 98% reagent grade), meropenem trihydrate (MER) United States
Pharmacopeia (USP) Reference Standard, dexamethasone 21-phosphate disodium salt (DMP),
phosphate-buffered saline tablets (PBS, pH 7.4), and indium tin oxide (ITO)-coated glass electrodes
were supplied by Sigma-Aldrich. Potassium ferrocyanide trihydrate (>99%) and potassium
ferricyanide (>99%) were supplied by Acros Organics (Fisher Scientific, Hampton, NH, USA).

4.2. Preparation of Films via Electropolmerization

Indium tin oxide (ITO)-coated glass electrodes with dimensions of 2.5 cm in length and 1 cm
in width were cut to size using a diamond pencil. The conductive sides of the glass electrodes were
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determined with a multimeter (Metrix MX 51, ITT Instruments, Paris, France), and a piece of wire (5 cm,
tinned copper, RS Components, Northants, UK) was connected to the conductive side of the glass
electrode with copper tape (Diamond Coating Ltd., Halesowen, West Midlands, UK), and wrapped
with electrical insulating tape (Advance Tapes, Leicester, UK). Electropolymerizations were performed
using a PalmSens EmStat 3+ potentiostat connected to a personal computer and PSTrace 7.4 software
(PalmSens, Houten, The Netherlands). A three-electrode system was used with an Ag/AgCl reference
electrode (CH Instruments, Inc. Austin, TX, USA), a platinum-mesh counter electrode (Sigma Aldrich,
Gillingham, UK; used as a cathode during the electropolymerization), and an ITO-coated glass slide
working electrode (used as an anode during the electropolymerization).

The PPY–drug films were deposited onto the ITO anode from solutions containing pyrrole (0.9 M),
and either MER or DMP (1 M) in 4 mL of distilled water. Films were deposited onto the ITO working
electrode by applying an oxidizing potential of 1.0 V versus the reference electrode for 30 min. After
electropolymerization, the films were rinsed with distilled water (ca. 10 mL for ca. 15 s) to remove
unreacted monomers and drugs, and were left to dry in air at laboratory temperature (21 ◦C) for 24 h.

4.3. Scanning Electron Microscopy (SEM) Studies

The surfaces of the films were analyzed with scanning electron microscopy (SEM) using a JEOL
JSM-7800F SEM (JEOL UK, Welwyn Garden City, UK).

4.4. Fourier-Transform Infrared (FTIR) Spectroscopy Studies

Spectra were an average of 16 scans, and were obtained at a resolution of 1 cm−1 using an Agilent
Technologies Cary 630 FTIR instrument (Agilent Technologies Ltd., Cheadle, UK).

4.5. X-ray Diffraction (XRD) Studies

X-ray diffractograms were collected using a Rigaku Smartlab powder diffractometer (Rigaku
Ltd., Kent, UK) equipped with a DTex250 one-dimensional (1D) detector, irradiating the films at
a wavelength of 0.15418 nm, from Cu Kα radiation. The Cu source was operated at 45 kV and 200 mA,
and was fitted with parallel beam optics, with a scan range of 2θ = 10–90◦.

4.6. Electrochemical Characterization of Films

Cyclic voltammetry (CV) measurements were performed using a PalmSens EmStat 3+ potentiostat
connected to a personal computer using the PSTrace 7.4 software, whereas electrochemical impedance
spectroscopy (EIS) measurements were performed using an Ivium-n-Stat Multichannel Electrochemical
Analyzer. For CV and EIS measurements, a three-electrode system was used with an Ag/AgCl
reference electrode (CH Instruments, Inc. Austin, TX, USA), a platinum-mesh counter electrode (Sigma
Aldrich, Gillingham, UK), and an ITO-coated glass slide working electrode. The electrodes were in
a biomedically relevant buffer (4 mL of phosphate-buffered saline [PBS] at pH 7.4).

For CV measurements, the potential was swept between −1.0 V and +1.0 V vs. the Ag/AgCl
electrode at a scan rate of 0.05 Vs−1.

For EIS measurements, the PBS also contained [Fe(CN6)]3−/4− (5 mmol L−1), and measurements
were performed with an open-circuit potential of 230 mV, with an amplitude of applied potential
perturbation of 10 mV in the frequency range of 0.1–105,000 Hz. The Nyquist plots were obtained to
ascertain the electron-transfer resistance (Ret).

4.7. Drug-Delivery Studies

The electrochemically triggered release of MER or DMP from the films was achieved using
a PalmSens EmStat 3+ potentiostat connected to a personal computer using the PSTrace 7.4 software
(amperometric technique), and a three-electrode system (described above) in a biomedically relevant
buffer (4 mL of PBS at pH 7.4). Prior to electrical stimulation, there was a quiet time of 20 s at a potential
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of 0.1 V, after which the PPY-coated ITO working electrodes were stimulated for 30 s with a reducing
potential of 0.6 V. The films were allowed to rest for 10.5 min after each stimulation, during the last
30 s of which 10 μL of the solution was taken for quantification of drug release with UV spectroscopy
(at either 242 nm for DMP, or 297 nm for MER) using a Nanodrop 2000c spectrophotometer (Thermo
Fisher Scientific, Loughborough, UK). The PBS was not changed between rounds of stimulation,
and the data are reported as cumulative release as a percentage of the total mass of the drug in the film
(films were individually weighed; DMP-doped PPY films contained 12 wt % of DMP, and MER-doped
PPY films contained 4 wt % of MER). These data were compared to the passive drug release from
non-stimulated films every 11 min. To determine the total amount of drug in the films, the drug-doped
films were stimulated at a reducing potential of 0.6 V for 60 min, and the medium was changed
every 10 min. All reported data were normalized relative to the amount of released drug from
a 1-mg-drug-doped PPY film with a surface area of 100 mm2.

4.8. Calculating the Main Physical Descriptors of the Investigated Drugs

Physical descriptors (constitutional and electronic) were calculated. The selected descriptors
were the dipole moment, LogP (octanol/water), molecular globularity, number of H-atom donors
and acceptors, and the molecular flexibility. The descriptors were calculated using the MOE software
version 2014.0901 (Chemical Computing Group Inc., Montreal, QC, Canada), and the builder tool
in the same software was used to generate the three-dimensional (3D) structures of the investigated
drugs from their isomeric simplified molecular-input line-entry system (SMILES) obtained from The
PubChem Project® (National Institutes of Health, Bethesda, MD, USA).

5. Conclusions

Electroactive drug-loaded polymeric films represent an effective means of controlling the delivery
of various types of drugs, and the development of new on–off therapies from surface coatings with
drug-loaded conducting polymers applied to implantable devices. Such coatings have prospects
for positive economic and health impacts in the short–medium term (e.g., as coatings for neural
electrodes) [35,36], and societal impacts in the long term (e.g., enhanced quality of life). Likewise,
the development of biodegradable alternatives to PPY has prospects for health impacts in the long
term (e.g., as drug-delivery devices and scaffolds for tissue engineering) [37].
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Abstract: A study on the electrochemical oxidation of piperazine and its electrochemical copolymerization
with aniline in acidic medium is presented. It was found that the homopolymerization of piperazine
cannot be achieved under electrochemical conditions. A combination of electrochemistry, in situ Fourier
transform infrared (FTIR), and ex situ X-ray photoelectron spectroscopy (XPS) spectroscopies was used
to characterize both the chemical structure and the redox behavior of an electrochemically synthesized
piperazine–aniline copolymer. The electrochemical sensing properties of the deposited material were also
tested against ascorbic acid and dopamine as redox probes.

Keywords: copolymer; polyaniline; piperazine; FTIR in situ

1. Introduction

Electrochemical devices based on conducting polymers, either working as sensors or as systems
taking advantage of other electrocatalytic effects, have become a topic of growing interest for molecular
electrochemistry during the last decades [1–6]. It is known that conducting polymers show the ability
to incorporate catalytic molecules, and numerous works based on this particular property led to
interesting applications in the field of bioelectrochemical sensing. The polymer constitutes an organic
matrix where catalytic molecules, such as enzymes, may preserve its activity better, and where the
conducting surroundings may electrically wire it to the metal electrode surface [7–10].

Besides the incorporation of catalytic species, the pristine conducting polymers (polyaniline,
polypyrrole, etc.) can be also chemically modified to gain further catalytic capabilities. The most
classical way to perform chemical modification is to copolymerize aniline or pyrrole, for example, with
monomers that are able to provide the final material with the desired catalytic features. In this context,
chemical derivatives of piperazine (diethylenediamine) constitute a promising group of catalytic
molecules that have been successfully applied in chemical and electrochemical sensing [6,11–14].
In spite of this, few studies exist that are devoted to the exploration of the catalytic properties of
polymer systems containing the parent piperazine molecule. Among them, it has been reported that
a novel piperazine-functionalized mesoporous organic polymer exhibited highly catalytic activity
and selectivity for some organic synthesis reactions in aqueous medium [15]. The electrochemical
sensing ability of piperazine in combination with inorganic polymers has been explored recently
in the selective detection of ascorbic acid [16]. The sensing system was a piperazine-functionalized

Materials 2018, 11, 1012; doi:10.3390/ma11061012 www.mdpi.com/journal/materials67



Materials 2018, 11, 1012

mesoporous silica, and the results show that this type of hybrid material is a potential candidate for
the construction of bioelectrochemical sensors.

The chemical copolymerization of aniline and piperazine was studied by Ramachandran et al. [17].
Although the catalytic properties of the obtained material were not analyzed, the copolymer showed
electrochemical activity. The chemical structure proposed (see Scheme 1) seems constituted by
alternated piperazine and aniline moieties, which are bound through aniline ortho- and para-positions.
It was shown that charge delocalization in this polymer includes also oxidized piperazine centers, but
extended conjugation was not observed. The electrical conductivity of the material was in the range of
10−7–10−9 S cm−1.

The goal of the present contribution is to study the electrochemical oxidation of piperazine in
acidic medium and, additionally, its electrochemical copolymerization with aniline. A combination of
in situ Fourier transform infrared (FTIR) spectroscopy and electrochemistry will be used to characterize
the redox behavior of the copolymer, while X-ray photoelectron spectroscopy (XPS) will shed more
light on the chemical structure of the electrochemically synthesized material in comparison with the
chemically obtained one. Finally, the electrochemical sensing properties of the copolymer will be tested
against ascorbic acid and dopamine.

Scheme 1. Model structure proposed by Kabilan et al. [17] for the chemically synthesized piperazine–aniline
copolymer in the doped state.

2. Experimental

The background electrolyte employed for the studies was perchloric acid (Merck Suprapur, Merck
Group, Darmstadt, Germany), and the solutions were prepared with 18.2 MΩ cm water obtained
from an Elga Labwater Purelab (Elga-Veolia, High Wycombe, UK) system. Piperazine (98.8%), aniline
(99.5%), ascorbic acid (AA, 98.9%), and dopamine (DA, 97.9%) were purchased from Merck. Cyclic
voltammetry experiments were carried out in a conventional three-electrode cell under N2 atmosphere.
The working electrode was a polycrystalline platinum sphere, and a platinum wire was used as the
counter electrode. All of the potentials were measured against the reversible hydrogen electrode (RHE)
immersed in the same electrolyte through a Luggin capillary. Cyclic voltammograms were recorded at
a constant sweep rate of 0.05 V s−1 and at room temperature. The platinum electrodes were thermally
cleaned and subsequently protected from the laboratory atmosphere by a droplet of ultrapure water.

A Nicolet 5700 spectrometer (Thermo Electron Scientific Instruments, Madison, WI, USA)
equipped with an N2-cooled mercury cadmium telluride detector was employed for the in situ
FTIR experiments. The working Pt disc electrode was mirror-polished with alumina powder, and
the spectroelectrochemical cell used a prismatic CaF2 window beveled at 60◦ in order to increase the
beam intensity reaching the infrared (IR) detector. All of the spectra were collected at the same 8 cm−1

resolution using deuterated water (99.9% D) as the solvent. The processed spectra have been presented
in the standard mode ΔR/R.

A VG-Microtech Multilab 3000 electron spectrometer (VG Microtech Ltd., Uckfield, UK) was employed
to acquire the ex situ XPS spectra. The 300-W power radiation source was a non-monochromatized Mg-Kα,
and the analysis was performed under 5 × 10−7 Pa pressure. The high-resolution spectra were acquired
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at 50-eV pass energy, and are presented as a combination of Lorentz (30%) and Gaussian (70%) curves.
The C 1s line at 284.4 eV has been employed as the reference for the experimental binding energies, which
were obtained with 0.2 eV accuracy.

The scanning electron micrographs were acquired by means of an ORIUS-SC600 Field Emission
Scanning Electron Microscope (FE-SEM) (Gatan Inc., Pleasanton, CA, USA), which was equipped with
a ZEISS microscope (Carl Zeiss Microscopy Ltd., Cambridge, UK).

3. Results and Discussion

3.1. Electrochemical Behavior of Piperazine on Pt

Cyclic voltammetry (CV) curves recorded for a polycrystalline platinum electrode immersed in
1 M of HClO4 + 10 mM piperazine solution are illustrated in Figure 1. The electrode was immersed at
a controlled potential of 0.1 V, and the response was firstly examined in the 0.05–0.5 V potential range
(Figure 1a). Two oxidation peaks were observed at 0.18 and 0.30 V during the forward scan up to 0.5 V.
Both features are related with the electrochemistry of partially blocked adsorption sites at the platinum
surface in perchloric medium [18], which reveals that piperazine strongly adsorbs on this electrode.
In a new experiment, the clean electrode was immersed at 0.1 V, and the potential was scanned up to
1.4 V to examine the anodic behavior of piperazine. The onset of oxidation occurs at about 0.5 V, but
the electrochemical process appears more clear at potentials higher than, roughly, 1.0 V in the form of
a broad current, with no well-defined peaks. The voltammetric profile recorded during the reverse scan
does not reach the characteristic shape of a Pt electrode (Figure 1b, dashed line). This result indicates
that some adsorbed species coming from piperazine oxidation still remain on the electrode surface
and block part of Pt adsorption sites. However, as expected, no electropolymerization of piperazine is
observed after continuous potential cycling, with the voltammetric profile being almost equivalent to
that shown in the solid line of Figure 1b.

Figure 1. Cyclic voltammograms recorded for a Pt electrode in 1 M of HClO4 solution containing
10 mM of piperazine. (a) Electrochemical behavior within the potential region 0.05–0.5 V (10 cycles);
(b) Electrochemical response obtained during the first excursion of up to 1.4 V (solid line), and for clean
Pt, in 1 M of HClO4 free of piperazine (dashed line) in the same potential window. v = 50 mV s−1 in
all cases.

In situ FTIR spectroscopy has been used to increase the understanding of the piperazine oxidation
process. Figure 2 shows a set of spectra obtained for a Pt electrode immersed in 10 mM of piperazine
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+ 0.1 M HClO4, using D2O as the solvent. The mirror-polished platinum electrode was transferred
to the spectroelectrochemical cell, which was immersed at 0.1 V into the solution, and its surface
was pressed against the CaF2 window. In this case, the concentration of perchloric acid was 0.1 M
in order to avoid the damage of the spectroscopic window. The reference spectrum was collected at
0.1 V, and then, the potential was stepped up to 1.4 V to collect several sample spectra. By referring
each sample to the unique reference, the information on the redox transformations undergone by
the piperazine as a function of the applied potential can be obtained. A positive-going absorption
feature appears at 1502 cm−1 in the spectrum obtained at 0.4 V, whose intensity rises significantly at
higher applied potentials. This means that the species giving rise to this vibrational mode disappears
upon oxidation. The frequency of 1502 cm−1 is compatible with the –ND2

+ stretching vibration of
deuterated piperazine [19], which occurs because of the proton–deuterium exchange equilibrium in
D2O solvent. The electrochemical oxidation of piperazine at higher potential values results in the
formation of different carbonyl groups within the piperazine ring, as deduced from the C=O stretching
vibrations appearing at around 1570 and 1630 cm−1 [20,21].

Figure 2. Set of in situ Fourier transform infrared (FTIR) spectra collected during the oxidation of
10 mM of piperazine in 0.1 M of HClO4/D2O solution. Reference potential: 0.1 V. Sample potential
labeled for each spectrum: 100 interferograms at each potential.

Finally, the spectra collected at large anodic potentials display two additional negative bands
at 1660 and 2030 cm−1. The former seems related with the occurrence of C=O in amide species,
while the frequency of the latter strongly suggests the formation of multiple C-N bonds, probably
as isocyanates [22]. It is known that piperazine N-oxides obtained from the oxidation of piperazine
show N-O stretching frequencies at around 1350 cm−1 [23]. The presence of this kind of structure
cannot be ruled out during the electrochemical oxidation, because the frequency region between
1250 and 1450 cm−1 is altered in the spectra of Figure 2 due to the presence of diverse C-N, CH2,
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CND, and N-D absorptions. Anyway, from the results presented in this section, it is derived that the
electrochemical oxidation of piperazine on Pt electrodes yields some kind of ketopiperazine species at
moderate potentials and, at more positive potential values, the ring could open to produce both amide
groups and isocyanates.

3.2. Electrochemical Copolymerization of Piperazine and Aniline

The results in the previous section strongly suggest that the copolymerization of piperazine with
aniline should be carried out using as low a potential as possible, in order to minimize the irreversible
oxidation of the former. However, it is known that anilinium cations (which originate at potentials
beyond 1.2 V versus RHE) are needed to trigger the deposition of polyaniline-derived polymers.
A compromise is then needed between the most favorable polymerization conditions to obtain a little
degraded material, and the actual conditions to obtain a deposit. Figure 3 shows the experiment
carried out to achieve electropolymerization under the established premises. Owing to the higher
reactivity of aniline monomer, the copolymerization solution contained a piperazine:aniline relative
concentration as large as 5:1 in 1 M of HClO4. The first potential scan was carried out up to 1.3 V to
generate an adequate amount of anilinium radicals, while the inversion potential was set at 0.9 V for
the subsequent scans to ensure that the piperazine unbroken rings can be incorporated to the growing
polymer. The development of new redox processes within the 0.05–0.9 V potential region evidences the
growth of an electroactive polymeric species. After 10 potential cycles, the Pt electrode was removed
from the solution, and its surface appeared covered by a dark blue film.

Figure 3. Cyclic voltammograms recorded for a Pt electrode during the electrochemical copolymerization
of 0.5 M of piperazine and 0.1 M of aniline in 1 M of HClO4 solution. The upper potential limit was set at
1.3 V for the first scan, and at 0.9 V for the subsequent ones. v = 50 mV s−1.

The electrochemical behavior of the deposited copolymer was tested in an acidic background
solution that was free of any monomer species, and the result is shown in Figure 4 (solid line).
CV shows three redox transitions centered at around 0.33, 0.68, and 0.97 V. The first one can be assigned
to a leucoemeraldine–emeraldine transformation similar to that of pristine polyaniline. The second
one, which is broader and less intense, has been usually interpreted in terms of the presence of different
quinoid structures [24,25]. For the copolymer studied here, the formation of ketopiperazines upon
piperazine oxidation at very low anodic potentials (see Figure 2) demonstrates that the deposited
material could incorporate a little amount of those previously formed quinoid structures. However,
the high relative intensity of the voltammetric wave at 0.68 V strongly suggests a main contribution
of active redox centers involving piperazine units which are oxidized after they are incorporated to
the copolymer chain. Accordingly, the second redox peak may be related to the existence of redox
transitions involving hydroxypiperazine � ketopiperazine species within the copolymer structure [26].
With regard to the pair of redox peaks centered at 0.97 V in the CV of Figure 4, they can be clearly
related to the emeraldine–pernigraniline transition of the copolymer, which is similar to that undergone
by polyaniline under the same experimental conditions (dashed line).
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Figure 4. Electrochemical response in 1 M of HClO4 medium of a Pt electrode covered with either
polyaniline (dashed line) or an aniline–piperazine copolymer (solid line), which were deposited under
the potential program used in Figure 3. v = 50 mV s−1.

In order to monitor the redox behavior of the copolymer and analyze the chemical nature of the
species involved in the redox transitions (particularly the existence of a keto-hydroxypiperazine
transformation), in situ FTIR spectroscopy experiments were performed for the copolymer.
The Pt-modified electrode was transferred to the IR spectroelectrochemical cell, which contained
a perchloric acid solution that was free of monomers and prepared with D2O to facilitate assignments
in the 1500–1700 cm−1 spectral range. After some potential cycles within the stability window of the
copolymer, the Pt surface was pressed against the prismatic CaF2 window, and a reference spectrum
was collected at 0.1 V. Finally, the potential was stepped to higher values to collect sample spectra,
and the results are displayed in Figure 5. Three main positive bands at 1516, 1436, and 1212 cm−1,
and three clear negative bands at 1630, 1580, and 1170 cm−1 can be observed together with several
features in the 1300–1400 cm−1 region. Some of the referred absorptions can be unambiguously
assigned to the presence of a polyaniline skeleton. Particularly, the complete disappearance of
the leucoemeraldine state at 0.6 V is evidenced by the vanishing of the aromatic C-C stretching
mode at 1516 cm−1 and of the C-N-C stretching at 1212 cm−1 [27,28]. The formation of oxidized
emeraldine (0.6 V) and pernigraniline (1.0 V) structures is also supported by the development of
quinoid C=C stretching vibrations at 1580 cm−1 [28,29], by the -CH in-plane bending at oxidized
aniline rings at 1170 cm−1, and, finally, by the generation of several intermediate-order C-N vibrations
in the 1300–1400 cm−1 frequency window [29,30]. On the other hand, the successful incorporation
of piperazine structures to the polyaniline chain is evidenced by two representative bands, which
cannot be observed for a pristine polyaniline. These absorptions correspond to the activation of the
CH2 bending upon oxidation (positive-going feature at 1435 cm−1 [31]), and to the carbonyl C=O
stretching at 1630 cm−1. This latter band supports the voltammetric result in Figure 3, and confirms
that a significant fraction of piperazine rings are present in the form of electroactive ketopiperazines
(C=O � C-OH). The absence of additional vibrations at around 1660 and 2030 cm−1 shows that
neither amide structures nor isocyanates are formed and, consequently, that piperazine was not
overoxidized during the electropolymerization process under the experimental conditions employed.
FTIR assignments are collected in the Supplementary Material (Table S1).

Additionally, the electrodeposited copolymer was examined by ex situ XPS in order to analyze
its surface composition, and also to give support to the chemical structures suggested by in situ FTIR
spectroscopy. A film grown after 10 voltammetric cycles as in Figure 3 was rinsed with ultrapure water,
dried under nitrogen, stored in a dry place for 24 h, and then analyzed by XPS. Figure 6 shows the
photoelectronic spectra of C 1s and N 1s core levels. The C 1s signal can be fitted with four peaks
at 284.5, 285.4, 286.6, and 288.7 eV. Both the high energy level and the weak intensity of the latter
contribution are compatible with the presence of a small amount of carbonyl carbon, which was
probably associated to the ketopiperazine centers. On the other hand, there are two major signals
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that were undoubtedly associated to aromatic carbon, and hence to aniline rings. This is the main
peak at 284.6 eV, which was attributed to plain aromatic carbon, and the signal at 285.4 eV, which was
due to aromatic carbon bonded to neutral nitrogen. On the other hand, binding energies at around
286.6 eV are characteristic of carbon bonded to positive nitrogen [32], and consequently, this peak is
compatible with the presence of piperazine rings within the polymer backbone. The best fit for the N
1s spectrum shows only two contributions at 399.6 and 401.6 eV, but unfortunately, it is not possible
to distinguish signals coming from the piperazine and aniline environments. The peak at 399.6 eV is
clearly attributed to neutral nitrogen, but it could be associated to any of the amine, imine or even
amide groups, as these species do not show significantly different chemical shifts. In the same way,
the higher binding energy signal at 401.6 eV is compatible with the presence of piperazine within the
material. That peak is assigned to positively charged nitrogen atoms resulting from the protonation of
imine centers (located exclusively at aniline rings) and secondary amine positions (at both piperazine
and aniline rings) [32].

Figure 5. Set of in situ FTIR spectra collected during the oxidation of an electrochemically obtained
poly(aniline-co-piperazine) film in 0.1 M of HClO4/D2O test solution. Reference potential 0.1 V. Sample
potential labeled for each spectrum: 100 interferograms at each potential.

Chemically obtained polyanilines are usually amorphous solids, but more or less ordered
structures can also be obtained depending on the synthesis conditions [33]. In general, better
ordering is observed for electrochemically-prepared thin films [34]. The surface morphology of
the aniline–piperazine copolymer electrodeposited on platinum after 10 cycles has been examined by
SEM. The top image in Figure 7 shows how this organic coating is completely distributed over the
surface in the form of flat ribbon strings with a width of about 3–5 μm. These structures are quite
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different from those detected for unmodified polyaniline deposited on Pt under similar experimental
conditions, for which a uniformly distributed, smooth film is obtained (Figure 7b). According to
these observations, the presence of a significant amount of piperazine units is seen at the origin of the
particular morphologic features shown by the copolymer material.

 
(a) (b) 

Figure 6. Deconvoluted (a) C 1s and (b) N 1s X-ray photoelectron spectroscopy (XPS) core-level spectra
of an electrodeposited aniline–piperazine copolymer. The sample was obtained as in Figure 3.

 
(a) 

 
(b) 

Figure 7. Scanning electron micrographs at 1000× magnification of copolymer (a) and polyaniline
(b) deposited under the same experimental conditions.
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3.3. Testing the Electrocatalytic Properties of the Copolymer towards Dopamine and Ascorbic Acid

Platinum electrodes coated with copolymer films have been employed to determine dopamine
(DA) and ascorbic acid (AA) in synthetic samples. The sensitivity of the measurement and the
catalytic performance of the copolymer have been evaluated in acidic medium. First, DA samples
were prepared within a concentration range from 0.2 to 3.0 mM. Then, the oxidation current of this
analyte was recorded for the Pt electrode covered with the copolymer at a potential of 0.85 V, which
corresponds to the first anodic peak of the DA→DQ reaction (see Figure S1 in Supplementary Materials
for a CV curve). This anodic peak potential is nearly the same as that reported in the literature for
bare Pt electrodes in acidic medium [35,36]. Figure 8a shows how the oxidation current of dopamine
increases almost linearly at increasing analyte concentrations. From that plot, it can be derived that
the copolymer demonstrates quite a sensitive response, in the order of 29 μA mM−1, within the
range of concentrations studied. A similar electrocatalytic effect can be observed in Figure 8b for AA
electrooxidation. For such a reaction, cyclic voltammograms recorded with a Pt electrode covered with
the copolymer material (see Figure S2 in Supplementary Materials for a CV curve) shows the anodic
peak centered at 0.89 V, which is a value slightly below that usually obtained for bare Pt surfaces under
similar experimental conditions [37,38]. Also in this case, the determination of AA on the copolymer
substrate shows linearly increasing faradaic responses with a sensitivity of about 22 μA mM−1.

μ
μ

Figure 8. Peak oxidation currents recorded for a Pt electrode covered with a piperazine–aniline
copolymer in 1 M of HClO4 aqueous solutions containing an increasing concentration of analyte:
(a) dopamine; (b) ascorbic acid.

4. Conclusions

The electrochemical oxidation of piperazine on platinum electrodes at moderate potentials
(roughly below 1.0 V/RHE) preserves the ring structures and produces ketopiperazines as the main
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reaction product. In situ FTIR spectroscopy strongly suggested that ring opening and overoxidation
occur at higher potentials to form both amides and isocyanates. As a result, it was observed that
the homopolymerization of piperazine cannot be achieved in perchloric acid aqueous solution under
electrochemical conditions.

On the contrary, piperazine can be successfully copolymerized with aniline in acidic medium.
The deposited copolymer shows some electrochemical features similar to those of pristine polyaniline,
particularly those related with leucoemeraldine-to-emeraldine and emeraldine-to-pernigraniline
transitions. However, a key difference arises in the intermediate potential region between both transitions.
As shown by in situ FTIR and XPS spectroscopies, the intermediate redox peak is a consequence of the
incorporation of piperazine units to the copolymer structure. Most of these piperazine centers undergo
electrochemical oxidation during the copolymerization potential scans and, as a result, a new reversible
hydroxy � ketopiperazine redox transformation seems to occur as the intermediate voltammetric feature
centered at 0.68 V. It should be noted that, owing to the conservative potential program applied during
the deposition process, any significant amount of overoxidation products was not incorporated to the
copolymer structure. As a result, the deposited material is chemically stable, and presents a well-defined
electrochemical behavior.

It was observed that the aniline–piperazine copolymer shows a linear response when applied to
the electrochemical determination of dopamine or ascorbic acid in synthetic samples. The sensitivity
of the measurement is in both cases high enough to assure the correct quantification of analytes. This
electrode material has to be tested in real samples, but according to the results presented in this
contribution, it shows potential application in DA and AA sensors, owing to its facile synthesis, high
chemical stability, and reproducible linear response.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/6/1012/
s1, Figure S1: Linear Sweep Voltammogram showing the oxidation of 3 mM DA on a Pt electrode covered with the
aniline-piperazine copolymer. DA oxidation peak is centered at 0.85 V, Figure S2: Linear Sweep Voltammogram
showing the oxidation of 30 mM AA on a Pt electrode covered with the aniline-piperazine copolymer. AA
oxidation peak is centered at 0.89 V, Table S1: Observed frequencies and proposed assignments for the vibrational
bands derived from Figures 2 and 5.

Author Contributions: F.H., F.M. and E.M. conceived and designed the experiments; S.D., S.L.-B. and C.N.K.
performed the experiments; S.D., C.N.K., F.H., F.M. and E.M. analyzed the data; S.D., F.H. and E.M. wrote the
paper. All authors participated in the Investigation and in manuscript preparation. All authors contributed in
Writing-Review & Editing of the manuscript and approved the final version.

Funding: This research was funded by the Spanish Ministerio de Economía y Competitividad and FEDER funds,
grant MAT2016-76595-R. The stay of S. Dkhili at the University of Alicante was funded by the Ministry of Higher
Education and Scientific Research of Tunisia.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Grieshaber, D.; MacKenzie, R.; Vörös, J.; Reimhult, E. Electrochemical Biosensors—Sensor Principles and
Architectures. Sensors 2008, 8, 1400–1458. [CrossRef] [PubMed]

2. Janata, J.; Josowicz, M. Conducting polymers in electronic chemical sensors. Nat. Mater. 2003, 2, 19–24.
[CrossRef] [PubMed]

3. Otero, T.F. Biomimetic Conducting Polymers: Synthesis, Materials, Properties, Functions, and Devices.
Polym. Rev. 2013, 53, 311–351. [CrossRef]

4. Joulazadeh, M.; Navarchian, A.H. Ammonia detection of one-dimensional nano-structured polypyrrole/metal
oxide nanocomposites sensors. Synth. Met. 2015, 210, 404–411. [CrossRef]

5. Le, T.-H.; Kim, Y.; Yoon, H. Electrical and Electrochemical Properties of Conducting Polymers. Polymers
2017, 9, 150. [CrossRef]

6. Yoon, H. Current Trends in Sensors Based on Conducting Polymer Nanomaterials. Nanomaterials 2013, 3,
524–549. [CrossRef] [PubMed]

7. Gerard, M.; Chaubey, A.; Malhotra, B.D. Application of conducting polymers to biosensors. Biosens. Bioelectron.
2002, 17, 345–359. [CrossRef]

76



Materials 2018, 11, 1012

8. Wu, Y.; Hu, S. Biosensors based on direct electron transfer in redox proteins. Microchim. Acta 2007, 159, 1–17.
[CrossRef]

9. Nöll, T.; Nöll, G. Strategies for “wiring” redox-active proteins to electrodes and applications in biosensors,
biofuel cells, and nanotechnology. Chem. Soc. Rev. 2011, 40, 3564–3576. [CrossRef] [PubMed]

10. López-Bernabeu, S.; Gamero-Quijano, A.; Huerta, F.; Morallón, E.; Montilla, F. Enhancement of the direct
electron transfer to encapsulated cytochrome c by electrochemical functionalization with a conducting
polymer. J. Electroanal. Chem. 2017, 793, 34–40. [CrossRef]

11. Gu, D.; Yang, G.; He, Y.; Qi, B.; Wang, G.; Su, Z. Triphenylamine-based pH chemosensor: Synthesis, crystal
structure, photophysical properties and computational studies. Synth. Met. 2009, 159, 2497–2501. [CrossRef]

12. Li, S.; Ge, Y.; Piletsky, S.A.; Lunec, J. (Eds.) Molecularly Imprinted Sensors: Overview and Applications, 1st ed.;
Elsevier: Amsterdam, The Netherlands, 2012.

13. Ghosh, K.; Tarafdar, D.; Samadder, A.; Khuda-Bukhsh, A.R. Piperazine-based simple structure for selective
sensing of Hg2+ and glutathione and construction of a logic circuit mimicking an INHIBIT gate. New J. Chem.
2013, 37, 4206–4213. [CrossRef]

14. Sun, Z.; Li, H.; Guo, D.; Liu, Y.; Tian, Z.; Yan, S. A novel piperazine-bis(rhodamine-B)-based chemosensor for
highly sensitive and selective naked-eye detection of Cu2+ and its application as an INHIBIT logic device.
J. Lumin. 2015, 167, 156–162. [CrossRef]

15. Zhang, F.; Yang, X.; Jiang, L.; Liang, C.; Zhu, R.; Li, H. Piperazine-functionalized ordered mesoporous
polymer as highly active and reusable organocatalyst for water-medium organic synthesis. Green Chem. 2013,
15, 1665–1672. [CrossRef]

16. Sachdev, D.; Maheshwari, P.H.; Dubey, A. Piperazine functionalized mesoporous silica for selective and
sensitive detection of ascorbic acid. J. Porous Mater. 2016, 23, 123–129. [CrossRef]

17. Ramachandran, R.; Balasubramanian, S.; Aridoss, G.; Parthiban, P.; Yamuna, G.; Kabilan, S. Synthesis and
studies of semiconducting piperazine–aniline copolymer. Eur. Polym. J. 2006, 42, 1885–1892. [CrossRef]

18. Horányi, G.; Bakos, I. Experimental evidence demonstrating the occurrence of reduction processes of ClO4−

ions in an acid medium at platinized platinum electrodes. J. Electroanal. Chem. 1992, 331, 727–737. [CrossRef]
19. Heacock, R.A.; Marion, L. The infrared spectra of secondary amines and their salts. Can. J. Chem. 1956, 34,

1782–1795. [CrossRef]
20. Wang, S.L.; Lin, S.Y.; Chen, T.F. Thermal-Dependent dehydration process and intramolecular cyclization of

lisinopril dihydrate in the solid state. Chem. Pharm. Bull. 2000, 48, 1890–1893. [CrossRef] [PubMed]
21. Cheam, T.C.; Krimm, S. Vibrational analysis of crystalline diketopiperazine—I. Raman and i.r. spectra,

Spectrochim. Acta Part A Mol. Spectrosc. 1984, 40, 481–501. [CrossRef]
22. Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts, 3rd ed.; John Wiley & Sons:

Chichester, UK, 2004.
23. Pattar, V.P.; Magdum, P.A.; Patill, D.G.; Nandibewoor, S.T. Thermodynamic, kinetic and mechanistic

investigations of Piperazine oxidation by Diperiodatocuprate(III) complex in aqueous alkaline médium.
J. Chem. Sci. 2016, 128, 477–485. [CrossRef]

24. Shim, Y.-B.; Won, M.; Park, S. Electrochemistry of Conductive Polymers VIII. J. Electrochem. Soc. 1990, 137,
538. [CrossRef]

25. Cotarelo, M.; Huerta, F.; Quijada, C.; Cases, F.; Vázquez, J. The electrocatalytic behaviour of
poly(aniline-co-4adpa) thin films in weakly acidic médium. Synth. Met. 2004, 144, 207–211. [CrossRef]

26. Owens, J.L.; Dryhurst, G. Electrochemical reduction of tetraketopiperazine. Anal. Chim. Acta 1976, 87, 37–50.
[CrossRef]

27. Ping, Z.; Nauer, G.E.; Neugebauer, H.; Theiner, J.; Neckel, A. In situ Fourier transform infrared attenuated
total reflection (FTIR-ATR) spectroscopic investigations on the base-acid transitions of leucoemeraldine.
Electrochim. Acta 1997, 42, 1693–1700. [CrossRef]

28. Louarn, G.; Lapkowski, M.; Quillard, S.; Pron, A.; Buisson, J.P.; Lefrant, S. Vibrational properties of
polyaniline—Isotope effects. J. Phys. Chem. 1996, 100, 6998–7006. [CrossRef]

29. Abidi, M.; López-Bernabeu, S.; Huerta, F.; Montilla, F.; Besbes-Hentati, S.; Morallón, E. The chemical and
electrochemical oxidative polymerization of 2-amino-4-tert-butylphenol. Electrochim. Acta 2016, 212, 958–965.
[CrossRef]

30. Quillard, S.; Berrada, K.; Louarn, G.; Lefrant, S.; Lapkowski, M.; Pron, A. In situ Raman spectroscopic studies
of the electrochemical behavior of polyaniline. New J. Chem. 1995, 19, 365–374.

77



Materials 2018, 11, 1012

31. Hendra, P.J.; Powell, D.B. The infra-red and Raman spectra of piperazine. Spectrochim. Acta 1962, 18, 299–306.
[CrossRef]

32. NIST X-ray Photoelectron Spectroscopy Database, Version 4.1 (Web Version), 2012. Available online: http:
//Srdata.Nist.Gov/Xps/ (accessed on 15 January 2018).

33. Langer, J.J. Polyaniline micro- and nanostructure. Adv. Mater. Opt. Electron. 1999, 9, 1–7. [CrossRef]
34. Yonezawa, S. Effects of the Solvent for the Electropolymerization of Aniline on Discharge and Charge

Characteristics of Polyaniline. J. Electrochem. Soc. 1995, 142, 3309. [CrossRef]
35. Stern, D.A.; Salaita, G.N.; Lu, F.; McCargar, J.W.; Batina, N.; Frank, D.G.; Laguren-Davidson, L.; Lin, C.H.;

Walton, N. Studies of L-DOPA and related compounds adsorbed from aqueous solutions at platinum(100)
and platinum(111): Electron energy-loss spectroscopy, Auger spectroscopy, and electrochemistry. Langmuir
1988, 4, 711–722. [CrossRef]

36. Kavanoz, M.; Ülker, E.; Bük, U. A Novel Polyaniline–Poly(3-Methylthiophene)–Poly(3,3′-Diaminobenzidine)
Electrode for the Determination of Dopamine in Human Serum. Anal. Lett. 2015, 48, 75–88. [CrossRef]
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Abstract: Hybrid silica-modified materials were synthesized on glassy carbon (GC) electrodes
by electroassisted deposition of sol-gel precursors. Single-wall carbon nanotubes (SWCNTs) were
dispersed in a silica matrix (SWCNT@SiO2) to enhance the electrochemical performance of an inorganic
matrix. The electrochemical behavior of the composite electrodes was tested against the ferrocene
redox probe. The SWCNT@SiO2 presents an improvement in the electrochemical performance towards
ferrocene. The heterogeneous rate constant of the SWCNT@SiO2 can be enhanced by the insertion
of poly(3,4-Ethylendioxythiophene)-poly(sodium 4-styrenesulfonate) PEDOT-PSS within the silica
matrix, and this composite was synthesized successfully by reactive electrochemical polymerization
of the precursor EDOT in aqueous solution. The SWCNT@SiO2-PEDOT-PSS composite electrodes
showed a heterogeneous rate constant more than three times higher than the electrode without
conducting polymer. Similarly, the electroactive area was also enhanced to more than twice the area of
SWCNT@SiO2-modified electrodes. The morphology of the sample films was analyzed by scanning
electron microscopy (SEM).

Keywords: PEDOT-PSS; SiO2; sol-gel; hybrid materials; ferrocene

1. Introduction

The need for sensors in molecular analysis has stimulated the development of new electrocatalytic
materials and electrochemical devices. Most of these materials can be categorized as nanomaterials
(metal nanoparticles, nanotubes, graphene, etc.) exhibiting novel electronic, optical or mechanical
properties [1–3]. Single-wall carbon nanotubes (SWCNTs) comprise an interesting group of materials
with applications in electrocatalysis that can be employed as sensing elements [4–7]. Electrodes
modified with carbon nanotubes have been applied to the electrochemical detection of a large number
of species (dopamine, uric acid, nicotinamide adenine dinucleotide, ascorbic acid, tyrosine, insulin, etc.).
These nanotubes have been also used as transducers for direct electron transfer to redox enzymes [8–10].
A major drawback of carbon nanotubes is their strong tendency to aggregate when they are deposited on
a substrate, because of the strong π–π attractive interaction between the tube walls. The aggregation of
nanotubes produces the loss of some of the physicochemical properties in the macroscopic measurement.
Therefore, the dispersion of the active material onto the supporting electrode, keeping the nanoscopic
character of the electrocatalytic material, is a key point for the development of sensors with superior
properties. The immobilization of the nanomaterial can be performed inside a porous inorganic
matrix, such as silica, in a simple way following sol-gel methodologies. This technique provides an
easy method to encapsulate chemical species in a stable host. These modifiers provide enhanced
electrocatalytic activity related to an improvement of the heterogeneous electron transfer rate [11]. The
electrocatalytic activity of single-wall carbon nanotubes (SWCNTs) dispersed within a SiO2 matrix
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(SWCNT@SiO2) was examined against redox probes presented in previous works. This material
improves heterogeneous rate transfer of the electrodes for all the common redox probes.

Following this approach, several silica nanocomposites functionalized with carbon materials have
been employed as electrode modifiers in several applications [12]. The development of highly sensitive
electrochemical sensors, e.g., biosensors, was achieved by the combination of conducting polymers
with graphene or carbon nanotubes, which provide to the composite high electrical conductivity, active
surface area and fast electron transfer rate [13–15].

However, most of SWCNTs incorporated in silica remain isolated from the underlying electrode
with no direct electrical connection [16,17]. In this work, the electrochemical performance of carbon
nanotubes dispersed in silica was tested against the ferrocene redox probe. This species is an
outer-sphere redox probe. The electrochemical reaction happened without any adsorption step and
showed low reorganization energy upon redox transitions [18]. For those reasons, ferrocene has been
routinely used to investigate electron-transfer kinetics in chemically modified electrodes [19,20] since
this redox probe is usually incorporated as a mediator in electrochemical biosensors [21–23].

The objective of the present work was to make a better electrical contact between the dispersed
carbon nanotubes in silica gels by growing conductive molecular wires between the SWCNT and
the supporting electrode. Due to the low solubility of the 3,4-ethylendioxythiophene (EDOT)
monomer in aqueous solutions, it is necessary to add a surfactant to the solution. Poly (sodium
4-styrenesulfonate) (PSS) behaves as a surfactant but also as an electrolyte that supplies enough
conductivity to the solution, remaining inserted in the polymer film as a doping agent [24]. These
poly(3,4-Ethylendioxythiophene)-poly(sodium 4-styrenesulfonate) PEDOT-PSS films find applications
as the transducers of biosensors for peroxides, or as mediators for redox enzymes [25,26].

We chose PEDOT-PSS since this polymer presents a poor electrocatalytic performance for the
electron transfer to the ferrocene redox probe [11]. In that manner, if any electrocatalytic effect
is observed for the composite material, this effect could be related only to the electrical wiring of
the SWCNT with the electrode and not to the mere presence of the polymer. The morphology of
the nanocomposite electrodes was characterized by electron microscopy and the electrochemical
performance of the new nanocomposite electrode, SWCNT@SiO2-PEDOT-PSS, was tested against
a model redox probe. The effect of the nanotubes within the silica layer was studied in separate
electrodes to confirm the wiring effect provided by the conducting polymer.

2. Materials and Methods

SWCNTs were purchased from Cheap Tubes Inc. (Brattleboro, VT, USA, purity 95%, 1–2 nm
diameter) and were used without further purification. 3,4-Ethylendioxythiophene (EDOT), poly
(sodium 4-styrenesulfonate) (PSS), ferrocenium hexafluorophosphate (Fc), tetraethyl orthosilicate
and ethanol (EtOH) were purchased from (Sigma-Aldrich, Madrid, Spain). Potassium chloride,
hydrochloric acid and sulfuric acid were purchased from Merck Company and all the solutions were
freshly prepared with deionized water obtained from an Elga Labwater Purelab Ultra system.

Cyclic voltammetry (CV) experiments were carried out in a conventional three-electrode cell under
N2 atmosphere. A platinum wire was used as the counter electrode. The working electrode used was a
glassy carbon (GC, geometric area = 0.07 cm2, Carbone Lorraine, model V-25) rod. The current density
was calculated from this geometric area. The GC electrode was submitted to the following cleaning
procedure before each experiment. The GC was polished with fine emery paper and subsequently
rinsed with ultrapure water. Potentials were measured against the reversible hydrogen electrode
(RHE) immersed in the same electrochemical cell. An EDAQ EA163 model potentiostat coupled to an
EG&G Parc Model 175 was used for both the synthesis and electrochemical testing of the samples. The
surface morphology of modified GC electrodes was studied by scanning electron microscopy (SEM)
and images were obtained using the field emission scanning electron microscope (FESEM).

Before deposition, GC electrodes were cleaned by polishing with alumina slurries and were rinsed
with water. The precursor of silica was synthesized by a mixture of 2.69 mmol of TEOS, 8.2 mL of
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EtOH and 5.8 mL of a solution of 0.01M HCl with 0.46 M KCl. This was stirred for 1 h in a closed
vial. After 2 h, the resulting sol was submitted to evaporation by vacuum heating until the complete
removal of the released ethanol from alkoxide hydrolysis was achieved.

Stable SWCNT aqueous suspensions were obtained as follows: 20 mg of SWCNT were poured into
a vial containing 20 mL of 1% poly (4-styrenesulfonic acid) aqueous solution. The carbon nanotubes
were dispersed and suspended by the application of an ultrasonic field by a VIRTIS probe (Virsonic
475, 475W maximum output power) at 1 min intervals for 1 h. To avoid overheating, samples were
ice-cooled between sonication intervals.

For the preparation of SWCNT@SiO2 on GC electrodes, 2.52 mL of the SWCNT solution were
poured into the silica precursor solution. This mixture containing SWCNT and the hydrolyzed silica
precursor was placed in an electrochemical glass cell which contained a platinum wire counter electrode
and a reversible hydrogen reference electrode to proceed with the electroassisted deposition. Further
details of the deposition method are provided in other research [11,27].

EDOT electropolymerization was carried out in an aqueous medium prepared by dissolving 1.46
g PSS in 10.0 mL ultrapure water; 53 μL EDOT monomer were then added and the resulting solution
was stirred in an ultrasonic bath for 30 min.

At least 3 replicas of the synthesized electrodes were obtained. The different electrodes were
tested with distinct redox probes, obtaining peak separation variations of less than 6 mV between the
different samples. The most representative electrodes of each species are shown in this work.

3. Results and Discussion

3.1. Electrochemical Behavior of Modified Electrodes

The redox chemistry of ferrocene was studied using cyclic voltammetric (CV) with the modified
electrodes. Ferrocene/ferricenium (Fc/Fc+) is one of the most common outer-sphere redox probes and it
is very sensitive to the active sites for electron transfer in SWCNTs as it may react through both nanotube
walls and tips [7]. The test solution was prepared with 1.0 mM ferrocenium hexafluorophosphate
(FcPF6) in a 0.5 M sulfuric acid solution. The resultant stabilized CV curves are shown in Figure 1.

Electrodes were modified by silica films obtained by electroassisted deposition at a current density
of 2.5 mA cm−2. For these experiments, the total charge applied to the deposition of silica Qsilica was
150 mC cm−2.

Figure 1 shows the stabilized cyclic voltammogram of a GC/SiO2 (150 mC·cm−2) electrode
immersed in a test solution of 0.5 M sulfuric acid solution containing Fc+ at scan rate of 100 mV·s−1.
The stabilized voltammograms were obtained after 10 cycles between the upper and lower potential
limits of the cyclic voltammogram. In the scan for positive potentials, we observed an oxidation peak
at 0.53 V that corresponded to the oxidation peak of Fc to Fc+. In the reverse scan, we observed a
reduction peak at 0.40 V that corresponded to the reduction of Fc+ to Fc. The peak potential separation
between anodic and cathodic features (ΔEp) was 130 mV. A fast, reversible, one-electron transfer would
ideally have a ΔEp = 59 mV at 298 K. The discrepancy from this ideal value was mainly attributed to
slow electron transfers. Figure 1 also shows the stabilized cyclic voltammogram of a GC electrode
modified with SWCNT@SiO2 prepared in equivalent conditions to the previous electrode. The shape
of the voltammogram was similar to the previous one, but the peak potential separation between
anodic and cathodic features was 120 mV. This indicated that the response of the redox probe was more
reversible in the present case than in SiO2-modified electrodes in the absence of carbon nanotubes. It
also indicated that these species can improve the electron transfer after their incorporation into the
silica matrix.

81



Materials 2020, 13, 1200

Figure 1. Stabilized cyclic voltammograms of a silica-modified electrode (solid line) and a Single-Wall
Carbon Nanotubes in a silica matrix (SWCNT@SiO2)-modified electrode (dashed line) in a solution of
1.0 mM FcPF6 in 0.5M H2SO4. Scan rate of 100 mV s−1.

Since SWCNT may remain electrically isolated within the dielectric silica matrix, a good strategy
to improve the performance of this electrode is the growth of a conducting polymer through the silica
functionalized electrodes. Figure 2 shows the electrochemical synthesis of PEDOT-PSS through a
SWCNT@SiO2-modified electrode.

Figure 2. Cyclic voltammetric scans of an SWCNT@SiO2 electrode in a solution of
3,4-ethylendioxythiophene (EDOT) in poly (sodium 4-styrenesulfonate) (PSS). Anodic limit of 1.0 V.
Scan rate of 100 mV s−1.

82



Materials 2020, 13, 1200

The first potential cycle was a featureless voltammetric profile and was recorded until a potential
value above 0.80 V was reached. This point corresponded to the onset potential of EDOT monomer
oxidation and, consequently, to the formation of PEDOT-PSS. The inversion potential was set at 1.0 V
to obtain a suitable growth rate of the polymeric material. On subsequent potential scans, the presence
of a current plateau in the potential region between −0.2 and 0.8 V, showing capacitive features and an
increasing voltammetric charge, was observed. This feature was assigned to the growth of PEDOT-PSS
across the silica matrix.

Following the synthesis process, the electrodes coated with the polymeric films were rinsed
with water and then immersed in a solution containing Fc+ with 0.5 M acid sulfuric solution. The
voltammetric response of PEDOT-PSS electrosynthesized on the SWCNT@SiO2 electrode is shown in
Figure 3.

Figure 3. Stabilized cyclic voltammograms of an SWCNT@SiO2-PEDOT-PSS electrode in a solution of
1.0 mM FcFP6 in 0.5M H2SO4 at different scan rates.

The voltammetric responses of SWCNT@SiO2-PEDOT-PSS presented clear current coming from
capacitive processes of the conducting polymer at potentials lower than 0.4 V. The Fc/Fc+ redox
processes appeared at around 0.5 and 0.4 V for oxidation and reduction process, respectively, at the
different scan rates.

To go into detail about the behavior of the modified electrodes, a kinetic analysis of their
electrochemical performance was carried out. The kinetic reversibility of an electrochemical reaction
can be evaluated from cyclic voltammetry experiments due to the Nicholson method, by making use
of the values of peak potential separation at different scan rates. Figure 4A presents these values for
the different electrodes immersed in the test solution of Fc+.

As observed for SiO2-modified electrodes at a low scan rate (10 mV·s−1), the value of peak potential
separation was 115 mV but when the scan rate was increased, this parameter sharply increased reaching
values of around 140 mV at 200 mV·s−1. A similar trend was observed for the SWCNT@SiO2 electrode,
although the peak potential separation was lowered by the presence of the nanotubes inserted in
the matrix. This indicated that a higher scan rate drove to a lower reversibility. The behavior of the
SWCNT@SiO2-PEDOT-PSS electrode is completely different, and we can observe a lower dependency
of the reversibility with the scan rate.
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Figure 4. (A) Voltammetric peak potential separation between oxidation and reduction process of
ferrocene as a function of the voltammetric scan rate for different electrodes. (B) Variation of the
reciprocal of the Matsuda–Ayabe Λ parameter as a function of the square root of the voltammetric
scan rate for different glassy carbon (GC)-modified electrodes. (a) SiO2; (b) SWCNT@SiO2; (c)
SWCNT@SiO2-PEDOT-PSS.

From the peak potential separation, we can obtain the Λ parameter defined by Matsuda and
Ayabe [28]. It is usually assumed that an electrode process will be kinetically reversible for Λ > 15,
quasireversible for 15 ≥Λ ≥ 0.001 and irreversible for Λ values lower than 0.001. In the present case, the
silica-modified electrode presents values of Λ ranging from 0.69 (at 10 mV·s−1) to 0.45 (at 200 mV·s−1).
The SWCNT@SiO2 electrode presents Λ from 0.85 to 0.54 and the composite SWCNT@SiO2-PEDOT-PSS
have Λ values from 0.67 to 0.57. In all cases, this probe can be categorized as quasireversible for these
electrodes. The relationship between the standard rate constant, k0, for the electron transfer of the
electrochemical reaction and the Λ parameter, was shown by Matsuda [28]:

1
Λ

=
1
k0

(nFD
RT

)1/2
υ1/2 (1)

A representation of the reciprocal of Λ against the square root of the scan rate allows the
determination of the heterogeneous rate constant from the slope of each curve for each material.
Figure 4B shows this plot where a linear trend is observed for all the electrodes. From the slope, the
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values of k0 were determined. The electrode modified with silica presented a value of 1.61 × 10−2 cm·s−1,
whereas the electrode with carbon nanotubes (SWCNT@SiO2) presented a slightly higher electron
transfer of 1.74 × 10−2 cm·s−1. Finally, the greatest result was the composite electrode where the rate
transfer was enhanced to a value of 5.47 × 10−2 cm·s−1, indicating that the nanotubes were properly
connected to the electrode support.

The electroactive area for electron transfer can be also determined from the voltammetric
measurement. In this case, the classical Randles–Sevcik equation can be only applied to
reversible systems:

jp(rev) = 2.687× 105ACn3/2(Dυ)1/2 (2)

where jp(rev) is the current density for a reversible redox process (this current density is referred to
the geometric area of the electrode), A is the real electroactive area for the electron transfer, (this is
a unitless parameter also called the roughness factor), C is the concentration of the redox probe (in
mol cm-3), n is the number of electrons transferred, D is the diffusion coefficient (cm2·s−1) of the redox
probes and υ is the scan rate (V·s−1). The application of this equation to both quasireversible and
irreversible systems is only possible after the correction of the experimental peak current (Ip):

j(rev) =
jp

k(Λ)
(3)

where k(Λ) is an adimensional parameter defined by Matsuda and Ayabe, which accounts for the
kinetic factor governing the peak current.

Figure 5 presents the Randles–Sevcik plots of peak current vs. the square root of the scan rate.
For the SiO2-modified electrode, the Fc+/Fc reaction occurs at an effective electrode area of A = 1.10,
which is the real area that is very similar to the geometric area of the glassy carbon support. Upon the
introduction of the electrocatalytic carbon nanotubes, the value of A reached 1.86, indicating that some
nanotubes were directly connected to the electrode support. Finally, the SWCNT@SiO2-PEDOT-PSS
composite electrode presented a value of A = 2.39, which is indicative of a proper connection of some
remaining nanotubes dispersed in the silica with the GC support.
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Figure 5. Randles–Sevcik plot for ferrocene oxidation with different GC-modified electrodes: (a) SiO2;
(b) SWCNT@SiO2; (c) SWCNT@SiO2-PEDOT-PSS.
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3.2. Surface Characterizations by Scanning Electron Microscopy

The scanning electron micrographs of the SWCNT@SiO2 electrode and modified electrode with
PEDOT-PSS are shown in Figure 6.

 
Figure 6. Scanning electron microscopy (SEM) images of GC-modified electrodes: (a) SWCNT@SiO2;
(b)SWCNT@SiO2-PEDOT-PSS.

For the SWCNT@SiO2 electrode, the electrochemically deposited layer looks homogeneous all
over the surface, with randomly distributed pores showing an approximate diameter of around 2 μm.
These results revealed the granular morphology and that the edges and angles of SWCNT became
smooth and PEDOT-PSS was deposited onto the surfaces of the electrode. On the other hand, this
resulting SWCNT@SiO2-PEDOT-PSS electrode shows a rounded edge and broad (near one micron)
dendritic structures, which provide the modified sample with an aspect quite different from the
smoother, unmodified polymer films shown in Figure 6b. These striking architectures were formed
by PEDOT-PSS emerging from the silica material and their shape is a consequence of the patterned
growth of the PEDOT forced by the structure of silica.

4. Conclusions

The electrochemical behavior of the composite electrodes was tested against the ferrocene redox
probe. The SWCNT@SiO2 electrodes contain electrocatalytic nanotubes dispersed within its structure,
as demonstrated by the improvement of the electrochemical performance in terms of heterogeneous
rate constant and the electroactive area. However, the modest improvement of those parameters
indicated that a major part of the SWCNT remains electrically isolated from the electrode support.
PEDOT-PSS films were synthesized successfully by reactive electrochemical polymerization across
SWCNT@SiO2-modified electrodes. The SWCNT@SiO2-PEDOT-PSS composite electrodes obtained
a heterogeneous rate constant more than three times higher than the electrode without conducting
polymer. Similarly, the electroactive area was also enhanced to almost double of the supporting GC
electrode for the SWCNT@SiO2-modified electrodes. A further increase of electroactive area was
observed for the SWCNT@SiO2-PEDOT-PSS composite electrodes.
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Abstract: Polyaniline (PANI) is one of the best known conductive polymers with multiple applications.
Recently, it was also used in separation techniques, mostly as a component of composites for
solid-phase microextraction (SPME). In the present paper, sorbent obtained by in situ polymerization
of aniline directly on silica gel particles (Si-PANI) was used for dispersive solid phase extraction
(d-SPE) and matrix solid–phase extraction (MSPD). The efficiency of both techniques was evaluated
with the use of high performance liquid chromatography with diode array detection (HPLC-DAD)
quantitative analysis. The quality of the sorbent was verified by Raman spectroscopy and microscopy
combined with automated procedure using computer image analysis. For extraction experiments,
triterpenes were chosen as model compounds. The optimal conditions were as follows: protonated
Si-PANI impregnated with water, 160/1 sorbent/analyte ratio, 3 min of extraction time, 4 min of
desorption time and methanolic solution of ammonia for elution of analytes. The proposed procedure
was successfully used for pretreatment of plant samples.

Keywords: polyaniline; Si-PANI; d-SPE; MSPD; triterpenes; sample pretreatment

1. Introduction

Polyaniline (PANI) is one of the best known conductive polymers with broad application in
many fields such as chemistry, physics, optics, materials and biomedical science. It was applied,
e.g., as a component of sensors, diodes, solar batteries, electromagnetic shields, and materials for
protection against corrosion [1–5]. Due to the unique properties of PANI such as simplicity of synthesis,
mechanical and chemical flexibility, resistance on pH and temperature, hydrophobicity, π-conjugated
structure, polar groups, and ion exchange ability [1,2,6,7], it also proved to be useful in extraction
techniques, mainly as a component of various composites, e.g., with graphene [8], montmorillonite [9],
cyclodextrin [10], polyester [11], etc. Metal fibers covered with these types of materials were used for
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solid-phase microextraction (SPME), magnetic solid phase extraction (MSPE), headspace solid phase
microextraction (HS-SPME) and magnetic dispersive solid phase extraction (MDSPE) of different target
compounds from the matrix. Polyaniline and sorbents modified with PANI were also successfully
applied in solid phase extraction (SPE) [12–18]. However, reports on the applications of polyaniline
based materials for plant samples are scarce. For instance, Arnnok et al. [19] used polyaniline-modified
zeolite in DSPE of fruit and vegetables to isolate carbamate, organophosphate, sulfonylurea, pyrethroid
and neonicotinoid; Alizadeh et al. [11] adapted polyester-polyaniline fiber for SPME of volatile organic
compounds (VOCs) from lemon juice, and silica modified with polyaniline (Si-PANI) was applied
as an SPE adsorbent for sample clean-up before HPLC analysis of triterpenes in plant extracts [18].
SPE is one of the most common techniques for pretreatment of biological materials; however, it has
some drawbacks, e.g., the relatively time-consuming procedure, the high consumption of solvent,
and the risk of losses of volatile analytes [20–22]. Therefore, recently, the other techniques have gained
attention of researchers dispersive solid phase extraction (d-SPE) and matrix solid–phase extraction
(MSPD). Both techniques are useful for pretreatment of samples with complex matrix, due to high
efficiency combined with low cost, simplicity and high speed of process [23–27].

In the present study, Si-PANI was tested as a sorbent for d-SPE and MSPD of oleanolic, ursolic
and betulinic acid from Viscum album L. and Ocimum basilicum L. Polyaniline was chosen for covering
of silica because the mix mode retention mechanism allows to retain various group of analytes,
both charged and uncharged, cationic and anionic forms. The extraction conditions such as: form of
PANI, washing solution and eluent were optimized experimentally. The physico-chemical features
of the sorbent such as polyaniline form and quality the deposition of PANI film on silica were
verified by Raman spectroscopy and microscopy combined with automated procedure using computer
image analysis.

2. Methods and Materials

2.1. Materials and Reagents

Silica gel Lichrospher 60 Si, aniline (for analysis EMSURE), ammonium peroxydisulphate (extra
pure) used for synthesis of the adsorbent, solvents and reagents: ammonia solution, hydrochloric
acid, ortho-phosphoric acid, ammonium acetate, methanol, acetonitrile (gradient grade for liquid
chromatography) were from Merck (Darmstadt, Germany). Water was deionized using ULTRAPURE
Milipore Direct-Q® 3UV–R (Merck). Standards of betulinic (BA) (≥98%), oleanolic (OA) (≥97%), and
ursolic (UA) (≥98.5%) acid were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Extracts from Viscum album L. and Ocimum basilicum L were prepared by extraction of pulverized
plant material (1.00 g) with methanol (2 × 20 mL) in ultrasonic bath (2 × 15 min). The obtained extracts
were concentrated to 10 mL and filtered through Millex Samplicity Filters 0.20 μm (Merck).

2.2. Methodology

2.2.1. Synthesis and Characteristic of Si-PANI Sorbent

In situ polymerization of aniline was conducted directly on silica particles with the use of
ammonium peroxydisulphate as an oxidation agent at a temperature of 0–2 ◦C. The procedure was
described in detail in our previous publications [7,28]. The deposition of polyaniline on silica particles
was verified by Raman analysis using a Thermo Scientific DXR confocal Raman microscope with the
Omnic 8 software (Thermo Fisher Scientific Madison, Madison, WI, USA). The parameters for analysis
of PANI distribution were as follows: excitation laser wavelength 780 nm, filters 780 nm, registered
wavenumber range from 200 to 2000 cm−1, laser power 10 mW and exposure time to 5 s per point.

Video images of silica and Si-PANI obtained with the use of confocal Raman microscope (50×
magnification) were binarized and segmented using Fiji image processing and ImageJ software
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analysis [29,30]. The dimensions of analyzed beads were calculated on the basis of Feret diameter [31]
using GrapPad Prism 5.0 (GrapPad Software, San Diego, CA, USA).

Si-PANI was deprotonated or protonated using 0.1 M methanolic solution of ammonia and HCl,
respectively and the obtained sorbents were pre-washed with methanol (5 mL) and water (5 mL) to
neutral pH of leakage.

2.2.2. Extraction Experiments

Optimisation of extraction procedure was conducted using a methanolic standard solution of
oleanolic (OA), betulinic (BA) and ursolic acid (UA) at concentration of 0.1 mg/mL. All the experiments
were performed in triplicate at ambient temperature.

Dispersive Solid Phase Extraction (d-SPE)

OA, UA and BA solution (1 mL) was mixed with various amounts of sorbent (100, 150, 200
and 250 mg), degassed, and dynamically shaken using vortex for 1–10 min. The suspension was
subsequently centrifuged at 9000 rpm for 5 min, supernatant was removed and analyzed with the use
of HPLC. The amount of retained compounds was calculated as a difference between applied amount
and amount found in supernatant.

The analytes were eluted by shaking with 3 mL portions of various solvents, supernatants were
filtered, analyzed with the use of HPLC and % of recovery was calculated.

Finally, the optimized d-SPE conditions were applied for sample pretreatment of plant extracts.

2.2.3. Matrix Solid Phase Dispersion (MSPD)

Pulverized plant material was mixed with Si-PANI, ground to powder (ca. 5 min), packed into a
3-mL polypropylene column, and retained by two polyethylene frits. Eluent was passed through the
column using Millipore vacuum pump system (Merck) at the flow rate of 1 mL/min and the eluates
were analyzed by HPLC.

2.2.4. HPLC Analysis

The HPLC analysis was conducted using a VWR Hitachi Chromaster 600 chromatograph with
a spectrophotometric detector (DAD) and EZChrom Elite software (Merck) on a Discovery C18
reversed-phase column (25 cm × 4.0 mm i.d., 5 μm particle size) (Supelco, Sigma-Aldrich, St. Louis,
MO, USA). Mobile phase consisted of acetonitrile-water—1% phosphoric acid (90:10:0.5 v/v/v).
Flow rate of eluent was 1 mL/min and column temperature was 10 ◦C [18]. Chromatograms were
recorded from 200 to 400 nm. The triterpenic acids were quantified at 205 nm.

3. Results and Discussion

3.1. Characteristics of Si-PANI

The morphology of Si-PANI particles was assessed using a confocal microscope and automated
procedure of computer image analysis (Figure 1). Blue color of Si-PANI particles showed that
polyaniline was successfully deposited on silica (Figure 1a). Moreover, no changes of particle shape
were observed and this proved that the synthesis conditions did not cause the destruction of silica.
The analysis of diameters (Figure 1b) showed the slight increase of Si-PANI particle diameter (average
diameter was 10.7 μm) comparing to bare silica (average diameter was 10 μm) as a result of covering the
surface with polyaniline film. The intensity of the PANI signal recorded during Raman analysis proved
that polyaniline was deposited more intensively inside the adsorbent grain (Figure 1c). This may be
explained by the fact that silica has a porous structure and the surface of grain inner pores is larger
than the outside pores.
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Figure 1. The morphology of Si-PANI particles: (a) microscope picture of silica and Si-PANI; (b) particle
diameter distribution of silica and Si-PANI; (c) the examples of spatial distribution of polyaniline on
the surface within the particle.

Polyaniline may occur in various forms [1]; therefore, in order to establish its form after
protonation and deprotonation of Si-PANI bed, the Raman spectra were recorded (Figure 2).
Both spectra matched the spectral pattern of the emeraldine [32]. Although minor shifts in some
peak positions were observed, the differences between spectra were irrelevant.

Figure 2. Smoothed Raman spectra of Si PANI sorbent: protonated (red line) and deprotonated
(blue line).

3.2. Optimization of d-SPE Parameters

In order to establish the optimal conditions for d-SPE of triterpenic acids, the main parameters
affecting the extraction efficiency and recovery of analytes were investigated using standard solution
of UA, OA and BA.
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3.2.1. Form of PANI and Impregnation Solution

The interaction of sorbent with analyte strongly affect the ability of trapping the analyte from
solution. Four variants of experiment, using protonated (Si-PANI (+)) and deprotonated (Si-PANI)
sorbent impregnated with methanol or water, were conducted to establish the optimal conditions to
bond the highest amount of investigated compounds. The results are presented in Figure 3.

Figure 3. Percentage of retained analytes depending on Si-PANI form and impregnation solution.

As can be seen, the form of polyaniline and impregnation have an impact on efficiency of trapping
the triterpenic acids from solution. Surprisingly, a high percentage of extraction efficacy was obtained
both for protonated and deprotonated sorbent; however, the different impregnation solutions were
required for particular form (water and methanol, respectively).

The structure of Si-PANI and Si-PANI (+) was modeled (Figure 4) to compare the charge density
of the surface what could be helpful to explain the observed effect.

Figure 4. Modeled chain of polyaniline: (a) Deprotonated and (b) Protonated form.

Based on modeled structures, significant differences in distribution of charge on polyaniline
were noted. As a result, the protonation of PANI with HCl, surface of sorbent was positively
charged, the anions (Cl−) were accumulate to compensate and the electrical double layer was formed
(on Figure 4b the density of charge at Cl− is visible). Presumably, Si-PANI (+) gained the ability to
anion exchange. Impregnation with water occurred optimal for Si-PANI (+) because in water the
ionization of analytes increased and then, the ability to exchange Cl- on anionic analytes was possible
(ion exchange mode of retention).

In turn, on deprotonated Si-PANI, the charges were focused on nitrogen (Figure 4a) and the
retention was probably mostly caused by π-π interactions between aromatic rings of analytes and
aromatic rings of sorbent which were enhanced by methanol [33].
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3.2.2. Time of Extraction

The bonding of analyte in d-SPE strongly depends on time. The partition of analyte between
solution and sorbent is dynamic process and appropriate time is necessary to obtain equilibrium [26,27].
Our investigation showed that the amount of bonded triterpenic acids increased up to 3 min and then
remained constant (the plateau effect was observed) (Figure 5). No statistically significant differences
between the investigated compounds or between both forms of sorbent were noted.

Figure 5. Effect of extraction time on percentage of retained analytes.

3.2.3. Ratio of Sorbent to Analyte

Since the number of active sites on adsorbent surface should be sufficient to trap the total
amount of target compound, the sorbent/analyte ratio is a significant factor affecting the extraction
efficiency. As can be seen on Figure 6 the ratio 160:1 (mg of sorbent/mg analytes) was found to be
optimal for all investigated triterpenic acids. Moreover, we noticed that the curves of relationship
between sorbent/analyte ratio and percentage of retained compound were similar for protonated and
deprotonated Si-PANI.

Figure 6. Effect of sorbent/analytes ratio on percentage of retained analytes.
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3.2.4. Elution Solvent

The high recovery of analytes bonded with sorbent requires the selection of appropriate desorption
solvent. Different factors should be taken into consideration, e.g., affinity of solvent to sorbent and
analyte, its volatility and solubility of target compound.

Organic solvents with relatively low boiling point such as methanol, acetonitrile, ethanol and
acetone are the most commonly used because they easily evaporate and therefore, the concentration of
sample solution is possible without the risk of degradation the analyte. Sometimes, acids or buffers
are added to change the ionization of investigated components or adsorbent and hereby, to decrease
their interaction. As our study showed, the pure solvents had weak elution strength toward triterpenic
acids bonded on Si-PANI. However, the additional low amount of ammonia, hydrochloric acid and
ammonium acetate significantly increased the ability to elute of investigated triterpenes, probably as a
result of ion exchange of bonded analyte on anion from mobile phase. The highest elution strength had
0.1 M methanolic solutions of investigated modifiers (Figure 7). The differences of elution from Si-PANI
and Si-PANI (+) could be explain by stronger π-π interaction on deprotonated form. The higher % of
recovery was obtained for protonated form of adsorbent (above 97%, 77%, and 80% for ammonia, HCl
and ammonium acetate solution, respectively) comparing to deprotonated (ca. 89%, 55%, and 67% for
ammonia, HCl and ammonium acetate solution, respectively).

Therefore, Si-PANI (+) was chosen for further experiments.

 

Figure 7. Effect of various solutions on the elution of retained analytes.

3.2.5. Desorption Time

Effect of time on desorption of analytes from sorbent is presented on Figure 8. Only slight
differences of desorption kinetics between investigated compounds were noted. The amount of eluted
analytes increased up to 4 min and then a plateau was observed.

95



Materials 2018, 11, 467

Figure 8. Effect of desorption time on percentage of eluted analytes.

3.3. Application of Si-PANI Sorbent for Pretreatment of Plant Material

Based on the conducted experiments, the optimal conditions for d-SPE of triterpenic acids were
as follows: Si-PANI (+) impregnated with water, 3 min of extraction time, 2 mL of methanol water
mixture (1:1, v/v) as washing solution, 4 min of desorption time and methanolic solution of ammonia
as elution solvent. To verify the utility of the procedure, methanolic extracts from Viscum album L. and
Ocimum basilicum L. were purified with the use of the above conditions. Moreover, MSPD was also
conducted to assess the application potential of Si-PANI for isolation of triterpenic acids directly from
raw plant material. The conditions for MSPD were established based on optimized d-SPE procedure
and were as follows: Si-PANI (+) impregnated with water, 3 min of grinding time, 2 mL of methanol
water mixture (1:1, v/v) as washing solution, and methanolic solution of ammonia as elution solvent.

The amount of triterpenic acids isolated using both techniques was determined by HPLC method.
The validation parameters are summarized in Table 1 and the results of quantification are presented in
Table 2.

Table 1. Validation parameters for determination of triterpenic acids (n = 5).

Parameters Oleanolic Acid Ursolic Acid Betulinic Acid

Concentration range 0.05–1.00 mg/mL 0.005–1.00 mg/mL 0.002–0.10 mg/mL
Correlation coefficient (r) 0.9994 0.9998 0.9999

Linear regression equation y = 80,370,931x − 55,822 y = 13,2468,713x − 13,814 y =101,240,680x − 28,874
RSD values of peak area 0.64–1.32% 0.83–1.22% 0.41–0.78%

LOD (μg/mL) 0.13 0.14 0.12
LOQ (μg/mL) 0.43 0.46 0.40

Table 2. The content of investigated analytes obtained with the use of various extraction methods (mg
analytes/g of dried material ± SD).

Compound
Viscum Album L. Ocimum Basilicum L.

Without Purification d-SPE MSPD Without Purification d-SPE MSPD

BA 0.82 ± 0.10 0.78 ± 0.04 0.57 ± 0.04 - - -
OA 6.95 ± 0.41 6.55 ± 0.30 4.81 ± 0.21 0.69 ± 0.09 0.64 ± 0.07 0.45 ± 0.03
UA - - - 1.14 ± 0.11 1.04 ± 0.10 0.77 ± 0.06
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As can be seen, the differences between a determined amount of investigated compounds in
raw and d-SPE purified extracts were relatively low (5.1 and 5.9% for BA and OA, respectively
in Viscum album and 7.5 and 9.2% for OA and UA, respectively in Ocimum basilicum). Moreover,
the significant reduction of the accompanying matrix comparing to raw extracts was observed in
three-dimensional (3D) HPLC chromatograms (Figure 9) and this proved the utility of the proposed
method for sample pre-treatment of plant extracts.

Figure 9. 3D HPLC chromatograms of investigated plant extracts obtained with the use of various
extraction methods; I-Viscum album L. and II-Ocimum basilicum L.

Pre clean-up of the sample is an especially essential step before chromatographic analysis. It allows
us to extend the column longevity because it prevents the clogging of inter-grain spaces and pores that
may led to the reduction of an active surface of stationary phase and decreasing of chromatographic
system efficacy (lower theoretical plate number, resolution and peak symmetry). It also prevents the
excessive increase of pressure in the chromatographic system.

The reduction of the matrix was also observed for MSPD; however, the differences of quantified
analytes in raw and MSPD extract were significant (in the range of 36–42%); thus, despite the
simplicity, and relatively low time-consumption, this technique may be considered only for preliminary
screening studies.

In our previous study [18], two commercially available sorbents were applied for SPE of triterpenic
acids; however, they were less favorable due to weak sorption (octadecyl silica) or difficult elution
(aminopropyl silica). The cost of Si-PANI is slightly higher than bare silica; however, it is lower than
its other modifications and Si-PANI may be an alternative for these types of sorbents.

4. Conclusions

In the present study, Si-PANI sorbent obtained by in situ polymerization of aniline directly on silica
gel particles (Si-PANI) was applied for dispersive solid phase extraction (d-SPE) and matrix solid–phase
extraction (MSPD) of plant samples before HPLC analysis of triterpenic acids. The conditions of
procedures were optimized experimentally. The sorbent was protonated (+) and deprotonated to
change the ionization of surface and thus, to obtain the different sorption mechanism. Both on
Si-PANI (+) and Si-PANI, analytes were strongly retained; however different impregnation solutions
were required (water and methanol, respectively). Due to easier elution of investigated compounds,
protonated sorbent was favorable. The other established optimal conditions were as follows: 3 min of
extraction time, 2 mL of methanol water mixture (1:1, v/v) as washing solution, 4 min of desorption
time and methanolic solution of ammonia as elution solvent. The optimized procedure was successfully
used for pretreatment of Viscum album L. and Ocimum basilicum L samples using MSPD and d-SPE.
The significant reduction of the matrix was observed for both techniques; however, after MSPD,
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the amount of determined analytes were lower than after d-SPE and this technique may be considered
only for preliminary screening studies.
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7. Sowa, I.; Wójciak-Kosior, M.; Drączkowski, P.; Strzemski, M.; Kocjan, R. Synthesis and properties of a newly
obtained sorbent based on silica gel coated with a polyaniline film as the stationary phase for non-suppressed
ion chromatography. Anal. Chim. Acta 2013, 787, 260–266. [CrossRef] [PubMed]

8. Mehdinia, A.; Khani, H.; Mozaffari, S. Fibers coated with a graphene-polyaniline nanocomposite for the
headspace solid-phase microextraction of organochlorine pesticides from seawater samples. Microchim. Acta
2014, 181, 89–95. [CrossRef]

9. Abolghasemi, M.M.; Parastari, S.; Yousefi, V. Microextraction of phenolic compounds using a fiber coated
with a polyaniline-montmorillonite nanocomposite. Microchim. Acta 2015, 182, 273–280. [CrossRef]

10. Lei, Y.; He, M.; Chen, B.; Hu, B. Polyaniline/cyclodextrin composite coated stir bar sorptive extraction
combined with high performance liquid chromatography-ultraviolet detection for the analysis of trace
polychlorinated biphenyls in environmental waters. Talanta 2016, 150, 310–318. [CrossRef] [PubMed]

11. Alizadeh, M.; Pirsa, S.; Faraji, N. Determination of lemon juice adulteration by analysis of gas
chromatography profile of volatile organic compounds extracted with nano-sized polyester-polyaniline fiber.
Food Anal. Methods 2017, 10, 2092–2101. [CrossRef]

12. Bagheri, H.; Saraji, M. New polymeric sorbent for the solid-phase extraction of chlorophenols from water
samples followed by gas chromatography-electron-capture detection. J. Chromatogr. A 2001, 910, 87–93.
[CrossRef]

13. Bagheri, H.; Saraji, M. Conductive polymers as new media for solid-phase extraction: Isolation of
chlorophenols from water sample. J. Chromatogr. A 2003, 986, 111–119. [CrossRef]

14. Bagheri, H.; Saraji, M.; Barceló, D. Evaluation of polyaniline as a sorbent for SPE of a variety of polar
pesticides from water followed by CD-MEKC-DAD. Chromatographia 2004, 59, 283–289.
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Abstract: Owing to its exciting physicochemical properties and doping–dedoping chemistry,
polyaniline (PANI) has emerged as a potential adsorbent for removal of dyes and heavy metals
from aqueous solution. Herein, we report on the synthesis of PANI composites with magnetic oxide
(Fe3O4) for efficient removal of Basic Blue 3 (BB3) dye from aqueous solution. PANI, Fe3O4, and their
composites were characterized with several techniques and subsequently applied for adsorption
of BB3. Effect of contact time, initial concentration of dye, pH, and ionic strength on adsorption
behavior were systematically investigated. The data obtained were fitted into Langmuir, Frundlich,
Dubbanin-Rudiskavich (D-R), and Tempkin adsorption isotherm models for evaluation of adsorption
parameters. Langmuir isotherm fits closely to the adsorption data with R2 values of 0.9788, 0.9849,
and 0.9985 for Fe3O4, PANI, and PANI/Fe3O4 composites, respectively. The maximum amount
of dye adsorbed was 7.474, 47.977, and 78.13 mg/g for Fe3O4, PANI, and PANI/Fe3O4 composites,
respectively. The enhanced adsorption capability of the composites is attributed to increase in surface
area and pore volume of the hybrid materials. The adsorption followed pseudo second order kinetics
with R2 values of 0.873, 0.979, and 0.999 for Fe3O4, PANI, and PANI/Fe3O4 composites, respectively.
The activation energy, enthalpy, Gibbs free energy changes, and entropy changes were found to
be 11.14, −32.84, −04.05, and −0.095 kJ/mol for Fe3O4, 11.97, −62.93, −07.78, and −0.18 kJ/mol for
PANI and 09.94, −74.26, −10.63, and −0.210 kJ/mol for PANI/Fe3O4 respectively, which indicate the
spontaneous and exothermic nature of the adsorption process.

Keywords: Basic Blue 3 dye (BB3), polyaniline/Fe3O4 composite; Freundlich; Langmuir; Tempkin
and Dubbanin-Radushkavitch adsorption isotherm

1. Introduction

The use of organic synthetic dyes has increased dramatically and uncontrollably in last few decades.
Different types of dyes are frequently employed in plastics, paper, cosmetics, leather, and textile
industries for coloring purposes [1–3]. These dyes are released in water as effluents, which are of
low biological oxygen demand (BOD) and high chemical oxygen demand (COD) [4]. Some of these
dyes, such as azo-dyes, are toxic and carcinogenic in nature. Their addition into nearby streams and
rivers contaminates water and greatly upsets the biological activities of aquatic life [5,6]. It is highly
desirable to explore efficient technologies for remediation and separation of these potential pollutants
from effluents.
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Various protocols and techniques, such as reverse osmosis, precipitation, coagulation, membrane
filtration, chemical oxidation, electrochemical methods, ion exchange, and adsorption are used to
remove these dyes and other hazardous materials from polluted water [7,8]. However, adsorption is
the most frequently used technique to remove dyes from water, because this technique, in addition to
easiness and low cost, causes low generation of residues and the adsorbent used may be regenerated
and reused [9–11]. Several adsorbents, such as rice husk, sawdust, activated carbon, orange peel,
and chitosan, have been used to remove dyes from aqueous environment [12–15]. However, the major
drawback of the use of these materials is that they must be activated either physically or chemically
before use. Physically these adsorbents are usually activated at very high temperature, which needs
high energy. After removal of dyes, desorption must be carried out to regenerate the adsorbent,
which is sometimes complicated and mostly generates secondary pollutants [16], while if thrown
without treatment, they will cause water pollution. These complications make the use of these materials
very expensive and time consuming, and threatening to the environment. Although activated carbon
has been known as the most efficient adsorbent owing to its high specific surface area, its use is
also restricted due to the non-selectivity and regeneration issues. Therefore, there is a need for the
development of an environment-friendly material that is easy to regenerate [17].

In recent years, some conducting polymers, such as polyaniline, polythiophene, polypyrrole,
and their composites with other materials have attracted much interest because of their conducting
behavior and fascinating physicochemical properties. Such materials have been successfully applied in
solar cells, fuel cells, sensors, super-capacitors, and for corrosion protection in organic coating [18–20].
Polypyrrole/TiO2, polypyrrole/graphene oxide/Fe3O4, and polyaniline/magnetite have also been applied
as adsorbents to remove dyes and heavy metals from aqueous environments [21–23]. Polyaniline,
which exists in various oxidation states, is environmentally stable and a good conducting material with
excellent electrochemical properties and can be easily prepared with less cost [24–26]. PANI and its
composites with other materials, such as TiO2, MnO2, Fe2O3, SeO2, SiO2, Ag, Cd, and Zn, have been
applied in sensors, biosensors, rechargeable batteries, fuel cells, and solar cells [27–31]. Some of
these composites have also been used as adsorbents to remove heavy metals and dyes from aqueous
environments [32,33]. Janaki et al. [34] removed Coomassie brilliant blue, congo red, and methylene
blue from aqueous solution using polyanilline/chitosan composites. Sultana et al. [35] synthesized
copper ferrite nanoparticles doped polyanilline for removal of direct yellow-27 from aqueous solution.
Ayad and Al-Naser [1] applied polyanilline nanotube base as an adsorbent to remove methylene blue
from an aqueous environment.

Magnetic materials such as Fe3O4 have attracted special attraction from scientists because of
their numerous applications, such as in drug delivery systems [36], magnetic resonance imaging
(MRI) [37,38], efficient hyperthermia for removal of cancer [39], clinical diagnosis [40], and removal
of heavy metals form aqueous solution [41,42]. Fe3O4 can be prepared by a number of methods,
including hydrothermal method [43], chemical co-precipitation method [44], sol-gel [45], gas phase [46],
liquid phase [47], and micro emulsion methods [48]. Polyaniline/magnetite(Fe3O4) composites have
the advantage of being stable at high temperatures and can be synthesized easily from low cost
materials, which make them superior over the other existing natural/synthetic and biodegradable
polymers for the adsorption of dyes. They can be regenerated easily after adsorption and due to
their conductive nature, electrochemical study of these materials after adsorption can be carried out.
Several reports are available on the use of PANI/iron-oxide-based materials as adsorbents for dyes;
a comparison of adsorption properties of these materials with the present work is made in Table S1 of
Supplementary Information.

The present study is aimed at investigating the adsorption capacity of Fe3O4 and PANI by
synthesizing PANI/Fe3O4 composites for the removal of Basic blue 3 dye from aqueous solution.
For comparison, PANI and Fe3O4 were also synthesized and tested for dye removal efficiency. Chemical
co-precipitation protocol was adopted for the preparation of Fe3O4 in basic medium in the temperature
range of 85–90 ◦C. PANI and PANI/Fe3O4 composites were synthesized by chemical oxidation method
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using FeCl3 as an oxidant. The synthesized Fe3O4, PANI and composites were characterized with
Fourier transforms infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray diffraction
(XRD), energy Dispersive X-Ray spectroscopy (EDX), and surface area measurements. Batch adsorption
experiments were carried out to study the effect of pH, initial concentration of dye, contact time, and
temperature on the adsorption phenomenon by using UV-Visible spectrophotometer. The resulted data
were fitted into Friundlich, Langmuir, Tempkin, and The Dubinin-Radushkevitch (D-R) adsorption
models. Kinetics and thermodynamic aspects of the adsorption of Basic blue 3 dye on these materials
were also investigated.

2. Experimental

2.1. Materials

Aniline (Across) was distilled before use under vacuum. Basic blue 3 dye, FeCl3·6H2O
(Sigma-Aldrich, St. Louis, MO, USA), FeSO4·7H2O (Merck, Kenilworth, NJ, USA), Na2SO4 (Panreac
Quimica SA, Barcelona, Spain), and Dodecyl benzene sulphonic acid, DBSA, (Across) were used as
received. All chemicals used were of analytical grade.

2.2. Synthesis of PANI

PANI was synthesized via chemical oxidation method by adding 0.3 mol (0.82 mL) aniline in
30 mL double distilled water. Then, 0.02 mol (0.25 mL) Do-decylbenzene sulphonic acid (DBSA)
prepared in 40 mL double distilled water was added as an emulsifying agent as well as a dopant.
Afterwards, 0.01 M FeCl3. 6H2O solution (30 mL) was added dropwise to this mixture as an oxidant.
The solution was stirred on a magnetic stirrer for about 12 h. Initially, the solution was a milky white
color, but after an hour the solution turned light green and then dark green after 3 hours. Finally,
the product was extensively washed with acetone and double distilled water till the filtrate became
clear and dried in an oven at 60 ◦C for 24 h.

2.3. Synthesis of Fe3O4

Chemical co-precipitation method was used to synthesize Fe3O4 by mixing FeCl3·6H2O and
FeSO4·7H2O in a molar ratio of 2:0.5. DBSA was used as the emulsifying agent. The reaction was
performed in basic medium (pH 10) in the temperature range of 85–90 ◦C. Then, 5 M ammonia solution
(60 mL) was added as precipitating agent, which turned the reaction mixture black. The mixture was
continuously stirred for about 2 h. Then, it was washed with plenty of distilled water and ethanol
until the filtrate became clear. The resulting black precipitate was dried in an oven at 80 ◦C for 10 h
and finally annealed in a furnace at 600 ◦C for 5 h [49]. The schematic representation of the process is
presented in Scheme 1.

Scheme 1. Synthesis of Fe3O4.
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2.4. Synthesis of PANI/Fe3O4 Composites

Chemical oxidation method was used to synthesize PANI/Fe3O4 composites. First, 0.2 g Fe3O4

was mixed with 1.818 mL of aniline suspended in double distilled water (50 mL) and DBSA (0.5 mL).
The mixture was stirred for about 30 min and followed by addition of 0.15 M FeCl3·6H2O prepared
in 40 mL double distilled water as oxidizing agent. Initially the reaction mixture was milky white
due to DBSA but turned reddish brown after addition of Fe3O4 particles. When oxidant was added a
light green color appeared within 20 min, which changed into dark black after about 2 h. After 8 h
continuous stirring, the synthesized product was washed with acetone and plenty of double distilled
water. Finally, the clean precipitate was dried in an oven at 60 ◦C for 24 h. The schematic representation
of the process in provided in Scheme 2.

Scheme 2. Synthesis of PANI/Fe3O4 Composite.

2.4.1. Batch Adsorption Study for Removal of BB3 Dye

Basic blue 3 dye solution of desired concentrations ranging 0.01–110 (mg/L) were prepared in
20 mL volume by dilution method from the respective stock solution. To these solutions, Fe3O4 was
added and shacked in a shaker at a speed of 150 rpm for 90 min. These solutions were then filtered and
the concentration of dye was determined using a carry-50 UV-Visible spectrophotometer. The amount
of dye adsorbed was determined by using the following equation [50].

qe =
(C i−Ce)

m
×V (1)

where qe (mg/g) is the amount of dye adsorbed at equilibrium, Ci and Ce are the initial concentration
and the concentration of dye present at equilibrium, respectively, m (g) is the amount of adsorbent
added, and V (L) is the volume of solution. The effects of contact time, pH, initial concentration of
dye, temperature, and ionic strength on the adsorption process were studied. The data obtained were
used to calculate the kinetics and thermodynamic parameters. The same procedure was adopted for
studying adsorption of Basic blue 3 dye on PANI and PANI/Fe3O4 composites.

After adsorption of BB3 dye on PANI/Fe3O4 composite, it was collected in filter paper with plenty
of double distilled water to run out the adsorbed dye. After removal of BB3, the PANI/Fe3O4 composite
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was washed with 0.1 M HCl, to remove the remaining dye from the surface. In this way composites
were regenerated and could be reused

2.4.2. Characterization

The surface morphologies of Fe3O4, PANI, and PANI/Fe3O4 composites were studied with
scanning electron microscopy (SEM) using a JSM-6490 (JEOL, Tokyo, Japan) electron microscope.
FTIR spectra of the Fe3O4, PANI, and Fe3O4/PANI composites were recorded with IRAffinity-1S
Shimadzu Fourier Transform Infrared Spectrophotometer (Shimadzu, Tokyo, Japan) in the spectral
range of 400 to 4000 cm−1. X-ray diffraction (XRD) were recorded with by using Cu Kα radiations
(λ = 1.5405 Å) through JEOL JDX-3532 (JEOL, Tokyo, Japan). UV-Visible spectrophotometer (Perkin
Elmer, Buckinghamshire, UK) was used to find out the concentration of dye in the solution and to check
the amount of dye adsorbed on the composite. Energy-dispersive X-ray (EDX) spectrophotometer
model (Oxford, UK) Inca 200 was used for determination of elemental composition. BET surface areas
of PANI, Fe3O4, and composite before and after adsorption were determined in N2 atmosphere by
adsorption–desorption method with surface area analyzer model 2200 e Quanta Chrome (Boynton
Beach, FL, USA).

3. Results

3.1. Characterization

After synthesis, different techniques were used in order to know about the structural and
morphological features and to get insights into the formation of composites and their adsorption
properties. For comparison purposes, the same studies were carried out in parallel for Fe3O4 and
PANI alone.

3.1.1. SEM Study

The surface morphology of Fe3O4, PANI, and PANI/Fe3O4 composites were studied with scanning
electron microscopy. The SEM image (Figure 1a) shows that Fe3O4 consists of finite spherical shape
with average particle size of 0.25 μm, which tends to form aggregates. It is somewhat porous in texture
and becomes rough after adsorption of BB3 (Figure 1b). The adsorption of dye on the surface of Fe3O4

decreases its porosity, as reported elsewhere [51]. Shreepathi and Holze reported fibrous morphology
of PANI prepared in different concentrations of DBSA [52]. The SEM image of PANI synthesized in
this work shows cauliflower-like surface morphology, which after adsorption of dye changes into
clusters of small ball-like structures, shown in Figure 1c,d. The SEM image of PANI/Fe3O4 depicts
surface characteristics of both PANI and Fe3O4. Close observation of the composite morphology
indicates adherence of Fe3O4 particles on the surface of PANI. The average size of composite particles
was 0.28 μm. The development of magnetic micro and nanoparticle composites with PANI has been
reported to greatly enhance adsorption characteristics of the hybrid materials [53–56].

3.1.2. UV-Vis Spectroscopic Study

UV-Vis spectroscopy is widely used for studying optical properties of materials. UV-Visible spectra
of Fe3O4, PANI, and PANI/Fe3O4 composites were recorded in ethanol and chloroform. Figure 2A
shows the UV-Vis spectra of Fe3O4, PANI, and PANI/Fe3O4 composites before adsorption of BB3.
In Fe3O4 spectrum, the band at 441.9 is due to the surface plasmon resonance effect (SPR). The surface
plasmon resonance phenomenon occurs due to interactions between incident radiations and valence
electrons of the metal atom in Fe3O4 and causes the valence electron of the metal to oscillate with the
frequency of the electromagnetic source [57]. The other band at 570.7 nm arises due to the presence of
DBSA moieties in the synthesized magnetic oxide particles, as reported earlier [58].
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Figure 1. SEM images of Fe2O3, PANI, and PANI/Fe2O3 composites before (a,c,e) and after (b,d,f)
adsorption of BB3.

In the spectrum of PANI, the band at 325–338 nm is due to π-π* transitions of the benzenoid
ring and the band at 660–680 nm is attributed to excitation of the quinoid ring [59]. The spectrum of
PANI/Fe3O4 composites shows a small band at 441 nm due to doping of benzenoid amine with Fe3O4

particles, while the band at 770 nm is due to the change from polaron to bipolaron state, suggesting
interactions between PANI and Fe3O4 materials, which is in close resemblance to the already reported
results [60,61].

Figure 2B shows the UV-Vis spectra of Fe3O4, PANI, and PANI/Fe3O4 composites after adsorption
of BB3, respectively. The appearance of absorption band at 647–651nm in all the spectra clearly indicates
the adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4 composites. As reported previously, BB3 gives
a strong absorption band at 654 nm [62]. This absorption band is more intense in the spectrum of the
composites as compared to the spectra of PANI and Fe3O4. The enhancement in the intensity of the
absorption band of the composite around 650 nm shows strong interactions and adsorption capability
of PANI/Fe3O4 composites towards BB3 as compared to pristine PANI and Fe3O4.
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Figure 2. UV-Vis spectra of Fe3O4, PANI, and PANI/Fe3O4 composites (A) before and (B) after
adsorption of BB3. The inset (A) shows the spectrum of PANI/Fe3O4 in the long wavelength region.

3.1.3. FTIR Spectroscopy

FTIR spectroscopy is used to study and identify organic, polymeric, and in some cases inorganic
materials. Figure 3A shows FTIR spectra of Fe3O4, PANI, and PANI/Fe3O4 composites before adsorption
of BB3. The details of FTIR signals associated with different types of vibrations are summarized in
Table S2 of the Supplementary information.

A characteristic absorption band is observed at 554.8 cm−1 due to the stretching vibration of Fe–O
bonds in the Fe3O4 spectrum. In an early study, stretching vibrations of Fe–O bonds were reported at
560 cm−1 [63]. This shift in the Fe–O band towards lower frequency in the present study may be due
to the presence of DBSA in the Fe3O4 particles. Peaks at 1133.6 and 1534.6 cm−1 correspond to CH2

bending modes of DBSA. Similarly, a weak peak at 3494.3 cm−1 is because of –OH stretching attached
to the Fe3O4 surface and shows close resemblance to the already reported work [64]. Another weak
band at 1734.7 cm−1 is assigned to residual NH4OH, as already reported elsewhere [65]. The peak
at 554.8 cm−1 is due to stretching vibrations of Fe–O disappearing and a new peak at 539.5 cm−1

appearing, showing BB3 dye adsorbtion onto Fe3O4, as shown in Figure 3B. This is because of the
interaction of oxygen present in the dye structure with Fe of Fe3O4. The appearance of more intense
peaks at 1224.6 and 1365.7 in Figure 3B is also attributed to the adsorption of BB3 [66].

FTIR spectrum of PANI is also shown in Figure 3A. Peaks at 1568 cm−1 and 1466 cm−1 are due
to C=C and C=N stretching vibrations of benzoinoid and quinoid rings, respectively. Phang and
Kuramoto have reported the C=C and C=N stretching vibrations of PANI at 1572 and 1497 cm−1,
respectively [54]. The bands at 1307.6 cm−1 are due to C–N•+ stretching of secondary aromatic amine
of PANI doped with protic acid. The peak at 670.1 cm−1 shows out-of-plane bending vibrations of
the C–H bond. The peak at 1017.9 cm−1 is assigned to –SO3H group of DBSA bonded to nitrogen of
PANI. The bands at 1133.7 and 829.2 cm−1 are assigned to the aromatic C–H bending in-plane and

106



Materials 2019, 12, 1764

out-of-plane deformation of C–H. The peaks at 2844.6, 2931.6, and 3249.9 cm−1 are assigned to N–H
stretching vibrations of secondary amines. In the early research, such peaks appeared in the range of
3000–3500 cm−1 [67]. The shifting towards the low frequency range in the present work may be due to
the presence of DBSA. After adsorption of BB3 dye, all these peaks shift towards high frequency, with
a decrease in the intensity of peaks at 2844.6 and 2931.6 cm−1, as shown in the Figure 3B [50].

Figure 3. FTIR spectra of (A) Fe3O4, PANI, and PANI/Fe3O4 before and (B) after adsorption of BB3.

All these peaks appeared in the FTIR spectra of PANI/Fe3O4 composites, with a slight shift
towards low frequency, as shown in Figure 3A. The shifting of absorption bands towards low frequency
shows the existence of physical forces between PANI and Fe3O4. The band at 3249.9 cm−1 in the FTIR
spectrum of PANI is replaced by a broad absorption plateau in the FTIR spectrum of PANI/Fe3O4

composites. The appearance of a very small peak at 539.5 cm−1, due to Fe–O bond stretching, shows
the presence of Fe3O4 in the composite [68]. The absorption bands in the FTIR spectrum of PANI/Fe3O4

shift towards low frequency after adsorption of BB3, as was also observed in the spectra of PANI and
Fe3O4, but the peaks are more intense in the former case, as shown in Figure 3B.

3.1.4. EDX Spectroscopy

EDX study is very important to analyze elemental composition of materials. Figure 4 shows
the EDX spectra of Fe3O4, PANI, and PANI/Fe3O4 composites before and after adsorption of BB3
dye, respectively. The highest percentages of Fe and O is present in Fe3O4, which are 53.23 and
46.77 by weight, respectively (Figure 4a). Elsewhere, Fe and O contents were reported to be 41.6 and
41.56% [69]. After BB3 adsorption, Fe content was decreased to 40.44%, while O was increased to
53.18%. The increase in oxygen and appearance of carbon in the EDX spectrum (Figure 4b) are evidence
of the adsorption of dye onto Fe3O4.
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Figure 4. EDX of Fe3O4, PANI, and PANI/ Fe3O4 before (a,c,e) and after (b,d,f) adsorption of BB3.

The presence of C and N in the EDX spectra of PANI and PANI/ Fe3O4 composites indicates their
formation. The weight percentages of C and N are 64.35 and 17.04 in PANI, respectively. Besides C
and N, some other elements, such as Fe, O, S, and Cl, are also present in PANI texture. Their presence
is attributed to the contribution from FeCl3 and DBSA, which were used as oxidant and emulsifying
agents, respectively. The increase in the percentage weights of C and O indicates adsorption of BB3
on PANI, shown in Figure 4d. Figure 4e shows the EDX spectrum of the PANI/Fe3O4 composite.
It contains 41.76 and 1.45% C and N, respectively, in addition to 13.27% Fe, indicating formation of
the PANI/Fe3O4 composite. Like PANI, PANI/Fe3O4 composites also contain 2.66% S due to DBSA.
In the EDX spectrum of the composite, the contents of both C and O increase after interaction with BB3
(Figure 4f), which suggests the adsorption of BB3 on the composite [70]. These observations support
the results obtained through UV-Vis and FTIR spectroscopies.

3.1.5. XRD Study

X-ray diffraction is an important technique used to determine the structure and composition of
synthesized materials. Figure 5A shows XRD patterns of Fe3O4, PANI, and PANI/Fe3O4 composites
before adsorption of BB3. The characteristic diffraction peaks appeared at 2θ = 24.04◦, 33.06◦, 35.6◦,
49.3◦, 53.9◦, and 62.7◦ in the XRD spectrum of Fe3O4, which indicates spinel cubic crystals of Fe3O4.
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The formation of a strong peak at 33.06◦ indicates the formation of Fe3O4. These peaks were matched
with the standard cards on powder diffraction files-2 (PDF 89-598) and have close agreement [71].
After adsorption of BB3, the intensities of diffraction peaks decrease due to interactions between dye
and Fe3O4 (Figure 5B) [72].

Figure 5. XRD of Fe3O4, PANI, and PANI/ Fe3O4 (A) before and (B) after adsorption of BB3.

XRD spectrum (Figure 5A) of PANI shows its amorphous nature. No apparent change is observed
in the spectrum of PANI after adsorption of BB3 (Figure 5B). Deshpande et al. [73] have reported
a PANI film with amorphous shape. One can observe the presence of Fe3O4 in the PANI matrix
due to diffraction peaks in the XRD spectrum of PANI/Fe3O4, but the intensities of these peaks are
smaller than those in the spectrum of pure Fe3O4 particles, showing interaction between Fe3O4 and
PANI. Obviously, the crystanality in the composites arises due to the presence of Fe3O4 particles.
After adsorption of BB3 the peaks in the XRD spectrum of the composites simply disappeared. These
observations indicate the strong overlaying layer of the dye on the surface of composites, thereby
blunting the XRD peaks that were observed before adsorption of the dye [74].

3.1.6. Surface Area Analysis

Surface area analysis has a major role in the adsorption phenomenon. The surface areas of
Fe3O4, PANI, and PANI/Fe3O4 composites before and after adsorption of BB3 were determined by
adsorption–desorption of nitrogen gas through Brunauer–Emmett–Teller (BET) method (Figure 6) [75].
The obtained results are summarized in Table 1, which show that the surface areas of Fe3O4, PANI,
and PANI/Fe3O4 composites before adsorption of BB3 are 65.818, 70.263, and 99.759 m2/g, respectively
(Figure 6A). After adsorption of BB3, the surface areas of Fe3O4, PANI, and PANI/Fe3O4 composites
decreased to 46.608, 46.698, and 53.196 m2/g, respectively (Figure 6B). The decrease in surface areas
of Fe3O4, PANI, and PANI/Fe3O4 composites after adsorption of dye confirms that PANI/Fe3O4

composites can adsorb comparatively more dye than Fe3O4 and PANI. These results correlate to those
obtained through SEM, XRD, EDX, and FTIR.
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Figure 6. Surface area analysis of (A) Fe3O4, PANI, and PANI/ Fe3O4 before and (B) after adsorption
of BB3.

Table 1. Surface area and Barrett, Joyner, and Halenda (BJH) para meters of Fe3O4, PANI, and
PANI/Fe3O4 composites before and after adsorption of BB3 dye.

Observations Sample BJH Average Pore Radius (Å) BJH Pore Volume (cc/g) Surface Area (m2/g)

Before adsorption
Fe3O4 14.879 0.033 65.818
PANI 15.500 0.021 70.263

PANI/Fe3O4 14.951 0.062 99.759

After adsorption
Fe3O4 14.864 0.023 46.608
PANI 14.822 0.020 46.698

PANI/Fe3O4 14.944 0.046 53.196

Beside surface area, BET calculation can also be applied to determine the pore volume and average
pore diameter, as shown in Table 1.

3.2. Equilibrium Study

An equilibrium study is very valuable for understanding the interaction of BB3 with Fe3O4,
PANI, and PANI/Fe3O4 composites. The adsorption data are shown in Table 2, which shows that
the adsorption capacity of the dye on these materials increases as the concentration of dye increases.
BB3 is a cationic dye and gets adsorbed on Fe3O4, PANI, and PANI/Fe3O4 composites from aqueous
solution due to interactions with negative sites on the surface of the adsorbent. In the literature it has
been explained that these binding sites are present (electron pair) on oxygen of Fe3O4 and nitrogen of
amine and imine PANI and PANI/Fe3O4, which are capable of interacting with oppositely charged
ions present in the dye [76]. The data obtained from the equilibrium study were fitted into Freundlich,
Langmuir, Tempkin, and D-R adsorption isotherms for estimation of various adsorption parameters.
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Table 2. Parameters calculated from adsorption isotherm models applied for adsorption of BB3 on
Fe3O4, PANI, and PANI/Fe3O4 composites.

Adsorbents Freundlich Langmuir Tempkin D-R

Fe3O4

1/n 0.9593 qmax 7.474 β −0.8096 qs 0.888
Kf 1.312 KL 0.0911 KT 8.565 Eads 0.899
R2 0.9755 RL 0.1210 R2 0.5048 R2 0.8036
- - R2 0.9788 - - - -

PANI

1/n 0.8673 qmax 47.977 β −5.626 qs 9.183
Kf 16.912 KL 0.0141 KT 22.26 Eads 0.999
R2 0.9797 RL 0.4710 R2 0.6196 R2 0.8620
- - R2 0.9849 - - - -

PANI/Fe3O4

1/n 0.9112 qmax 78.13 β −10.372 qs 20.54
Kf 44.719 KL 0.0071 KT 33.04 Eads 0.897
R2 0.9911 RL 0.6410 R2 0.7514 R2 0.9437
- - R2 0.9985 - - - -

Freundlich adsorption equation is expressed by the following equation.

ln qe= lnKf +
1
n

ln Ce (2)

where qe (mg/g) is the amount of dye adsorbed per gram of adsorbent, Ce (mg/L) is the concentration
of dye at equilibrium, Kf is Freundlich isotherm constant, and n is the intensity of adsorbent. A plot of
lnqe vs. lnCe is shown in Figure 7a.

Figure 7. Adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4. (a) Freundlich, (b) Langmuir, (c)
Tempkin, and (d) D-R adsorption isotherms.
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From the value of the slope obtained from the Freundlich adsorption isotherm, it can be
demonstrated whether adsorption is favorable or unfavorable, reversible or irreversible. It also
explains whether the system is heterogeneous or not [77]. If 1/n > 1, adsorption is unfavorable at low
concentration but favorable at high concentration; if 1/n < 1, adsorption is favorable over the entire
range of concentrations and the system is heterogeneous. However, if 1/n = 1, then the system is
homogenous [78]. The values of 1/n obtained from the Freundlich adsorption isotherm in the present
study are 0.9593, 0.8673, and 0.9112 for adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4 composites,
respectively, as shown in Table 2. These values are in close resemblance with the literature showing that
adsorption is favorable and heterogeneous. R2 values show that the Freundlich adsorption isotherm
fits to the adsorption data for Fe3O4, PANI, and PANI/Fe3O4 composites.

The adsorption data were also analyzed through the Langmuir adsorption isotherm, which is
expressed in the following equation.

Ce

qe
=

1
qmaxKL

+
1

qmaxCe
(3)

where qmax is the max adsorption capacity (mg/g), qe is the amount of dye adsorbed at equilibrium
(mg/g), Ce is the equilibrium adsorption concentration (mg/L), and KL is the constant related to energy
(Langmuir constant). From the Langmuir isotherm, RL (dimensionless separating factor) is calculated
by the following equation.

RL =
1

(1 + K LCi)
(4)

From RL value it can be demonstrated whether adsorption is favorable, unfavorable, reversible,
or irreversible. If RL value is less than one but more than zero (0 < RL < 1) adsorption is favorable,
but if 1 < RL adsorption is unfavorable. If RL = 0 adsorption is irreversible and RL = 1 indicates that
adsorption is reversible [79]. The adsorption data obtained through the Langmuir isotherm are given
in Table 2, which show that the maximum adsorption capacities (qmax) are 7.474, 47.977, and 78.13 mg/g
for Fe3O4, PANI and PANI/Fe3O4 composites, respectively. The values of Langmuir constant (KL) and
dimensionless separating constant (RL) for all the three types of adsorbents shows that adsorption of
BB3 on Fe3O4, PANI, and PANI/Fe3O4 composites is monolayer and favorable. R2 values show that
the Langmuir adsorption isotherm fits more closely to the adsorption data than the other isotherms.

Tempkin adsorption isotherm, shown in the Equation (5), was also applied to explain the
adsorption data.

qe= βlnKT+βlnCe (5)

R2 values show that Tempkin isotherm does not fit very well to adsorption data as compared
to Freundlich and Langmuir isotherms, but is still helpful in explaining the binding forces between
adsorbents and adsorbate. KT is the binding constant at equilibrium and corresponds to maximum
binding energy [80]. Its values calculated from the intercept of plot qe vs. lnCe (Figure 7c) are 8.565,
22.26, and 33.04 L/g for Fe3O4, PANI, and PANI/Fe3O4 composites, respectively. These results show
that there are strong binding forces between BB3 and PANI/Fe3O4 as compared to binding forces of
dye with Fe3O4 and PANI, respectively. The value of constant β is related to the heat of adsorption in
Equation (6)

β =
RT
b

(6)

where b is Tempkin isotherm constant of binding energy (J/mol K). The negative sign of β values for
all the three adsorbents shows that adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4 composites
is exothermic.
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The Dubinin-Radushkevitch (D-R) adsorption equation has also been successfully applied to the
data obtained by plotting lnqe vs. ε2, and is shown in Figure 7d. A linearized form of D.R adsorption
equation is given below

lnqe= lnqs−Bε2 (7)

where qs is the theoretical monolayer saturation capacity (mg/g), B is the constant, called D-R model
constant, and ε2 is the Polanyi potential, which is calculated by the Equation (8)

ε = RTlog(1+
1

Ce
) (8)

where R is the general gas constant and T is the absolute temperature. From the D-R model, energy of
adsorption was calculated by Equation (9)

Eads =
1√

(1− 2B)
(9)

In the literature it has been explained that for physical adsorption, the value of adsorption energy
should be less than 40 kJ/mol [81]. Its value also tells about the route of adsorption through ion
exchange process. In the early literature it has been explained that for ion exchange process the
value of adsorption energy should be in the range of 8–16 kJ/mol. The values of qs calculated from
the linear plot of D-R isotherm are 0.888, 9.183, and 20.54 mg/g for Fe3O4, PANI, and PANI/Fe3O4

composites, respectively, showing that adsorption is physical. Similarly, values of (Eads), shown in
Table 2, demonstrate that adsorption does not follow ion exchange process [82]. A comparison of
the adsorption efficiency of the synthesized materials with those reported earlier is also provided in
Table 3.

Table 3. Comparative adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4 with other adsorbents.

Adsorbents pH T (◦C) Maximum Adsorption (mg/g) Refs.

Aleppo pine-tree sawdust 7 20 65.4 [83]
Ethylenediamine modified rice husk 4.7 25 3.29 [84]

Wood activated Charcoal 7 10–50 0.59–0.64 [85]
Quartinized sugarcane bagass 6–8 20 37.59 [86]

Activated sludge biomass - 20 36.5 [87]
Palm fruit bunch particles - - 91.33 [88]

CM-60 weak acid acrylic resin 5.5 17–50 34.36–59.53 [89]
Activated Carbon 8 32 406 [90]

Fe3O4 12 30 7.474 Present study
PANI 8 30 47.97 Present study

PANI/Fe3O4 10 30 78.13 Present study

3.3. Effect of Ionic Strength

Electrostatic interactions, such as ionic strength, greatly affect the surface properties of the
adsorbent [91]. The effect of ionic strength on adsorption of BB3 (dye concentration 80 mg/L in 20 mL
volume) on Fe3O4, PANI, and PANI/Fe3O4 was observed by adding sodium sulphate solution in
the range of 0.01–0.3 mol dm−3. The obtained results (Figure 8) show that the adsorption capacities
of Fe3O4, PANI, and PANI/Fe3O4 composites decrease as the concentration of salt (ionic strength)
increases. The minimum dye adsorption on Fe3O4, PANI, and PANI/Fe3O4 was observed at 0.25, 0.21,
and 0.25 ionic strengths, respectively. The competition of Na+ or SO4

2− ions with BB3 dye for active
sites present on the surface of Fe3O4, PANI, and PANI/Fe3O4 might be a reason for the decrease in
adsorption capability [71,92]. This competition is related to the interactions between hydrated ions
and active sites of the adsorbent. Cations with a smaller hydrated radius occupy more active sites on
the adsorbent, leading to stronger interaction with the adsorbent [93].
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Figure 8. Effect of ionic strength on adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4 composites.

3.4. Effect of pH

The pH of the solution plays a major role in the removal of adsorbates from aqueous solutions.
Figure 9 shows the effect of pH on the adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4. As BB3 is
a cationic dye, at low pH the H+ ions compete with dye for active sites present on the surface of the
adsorbent and protonate them. These active sites are Fe–O and –C–N groups. Similarly, the nitrogen
and oxygen in the dye are also protonated. This causes electrostatic repulsion between dye and
adsorbent, hence reducing adsorption [94]. As the pH of dye solutions increases, the adsorption
increases and reaches a maximum for Fe3O4, PANI, and PANI/Fe3O4 composites when the pH of
the dye solution is 12, 8, and 10, respectively. At high pH de-protonation of Fe–OH and –C–N–H
groups occurs, resulting in negatively charged sites, such as Fe–O− and –C–N−, which have stronger
interactions with dye. Figure 9 also indicates that after optimum pH, adsorption once again decreases.
This may be due to hydroxylation of active sites of adsorbents [95].

Figure 9. Effect of pH on adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4 composite.
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3.5. Effect of Contact Time and Temperature

Contact time and temperature are also important parameters for explaining the adsorption
phenomenon. The adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4 composites as a function of
time is shown in Figure 10a, which shows that the adsorption increases with the passage of time.
This figure also shows that initially adsorption is fast and contributes significantly to the equilibrium,
but as the time passes, the adsorption slows down and its contribution to equilibrium decreases. This is
due to filling of active sites on the surface of the adsorbent by the molecules of dye, and gradually
adsorption becomes less effective. At this time, a dynamic equilibrium is established between the
amount of dye adsorbed and desorbed from the adsorbent. This time is termed “equilibrium time”
and the dye adsorbed at the equilibrium time is referred to as the maximum adsorption capacity of the
adsorbent. It is evident from Figure 10a that the equilibrium time of adsorption is reached for Fe3O4,
PANI, and PANI/Fe3O4 composites within 50 to 60 min [96]. Figure 10b shows that adsorption of BB3
on PANI and PANI/Fe3O4 composites is maximal at 30 ◦C and decreases beyond this temperature,
indicating exothermic behavior.

Figure 10. Adsorption of BB3 at (a) different time intervals and (b) temperature on Fe3O4, PANI, and
PANI/Fe3O4 composites.

3.6. Effect of Adsorbent Dose

The effect of adsorbent dose on adsorption of BB3 (50 mg/L) is studied with different amounts
(0.02 g, 0.06 g, and 0.1 g) of Fe3O4, PANI, and PANI/Fe3O4 composites, respectively. The results are
shown in the Figure 11, which shows that amount of adsorption of BB3 increases as the amount of
adsorbent increases. This shows that as the amount of adsorbent increases, more active sites are
available for the adsorption of dye, which results in more interactions between dye and adsorbent. The
figure shows that the adsorption capacity of PANI/Fe3O4 composites is more than Fe3O4 and PANI.
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Figure 11. Effect of adsorbent dose for (a) Fe3O4, (b) PANI, and (c) PANI/ Fe3O4 composite on
adsorption of BB3.

3.7. Kinetic Study

Kinetic study is very important to explain the adsorption phenomenon. The data obtained from
adsorption of BB3 dye were analyzed through Lagergren’s pseudo first order, Ho and McKay’s pseudo
second order, and Weber and Morris’s intra particle diffusion models by using Equations (10)–(12).

log(q e−qt) = logqe −
K1t

2.303
(10)

t
qt

=
1

K2qe
2 +

t
qe

(11)

qt = kd.t1/2 + C (12)

where qe and qt are the amount of dye adsorbed (mg g-1) at equilibrium and at time t, K1, K2, and Kd

are rate constant of pseudo first order (min−1), pseudo second order (g mg−1 min−1), and intra-particle
diffusion models (g mg−1 min−1/2), respectively. C (mg g-1) is the constant and t is the time in minutes.
Figure 12a–c shows the fitted curves of pseudo first order, pseudo second order, and intra-particle
diffusion models for BB3 adsorbed on Fe3O4, PANI, and PANI/Fe3O4 composites, respectively.
The kinetics data obtained are shown in Table 4. The correlation factor (R2) indicates that the pseudo
second order kinetic model fits more closely to data as compared to the pseudo first order and
intra-particle diffusion models. Values of rate constant indicate that as the temperature increases,
rate of adsorption decreases [77,78].
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Figure 12. Kinetics models: (a) First order and (b) second order kinetics, (c) intra-particle diffusion
model of adsorption of BB3 dye on Fe3O4, PANI, and PANI/Fe3O4 composite.

Table 4. Parameters of Kinetics models of BB3 adsorption onto Fe3O4, PANI, and PANI/Fe3O4 composite.

Pseudo 1st Order Pseudo 2nd Order Intra Particle Diffusion

Adsorbents
K1

(min−1)
qe

(mg g−1)
R2 K2

(g mg−1 min−1)
qe

(mg g−1)
R2 Kd

(g mg−1 min−1/2)
C

(mg g−1)
R2

Fe3O4 −0.0081 3.859 0.644 0.259 7.145 0.873 0.2887 0.353 0.745
PANI −0.0128 1.733 0.688 0.211 44.50 0.979 0.1946 2.712 0.679

PANI/Fe3O4 −0.0513 2.869 0.932 0.136 76.71 0.999 0.2192 5.122 0.777

3.8. Mechanism of Adsorption

Actually, many factors, such as structure and charge on dye, surface of adsorbent, hydrophilic,
and hydrophobic properties, electrostatic interaction, and physical forces, such as hydrogen bonding
and dipole-dipole interaction, affect the adsorption of BB3 on PANI/Fe3O4 composites. Therefore,
different mechanisms can be proposed for the adsorption of BB3 on Fe3O4, PANI, and PANI/ Fe3O4

composites. When BB3 is added to water, it dissociates in a positively-charged complex cation and
negatively charged chloride ion as shown below (Scheme 3).

 
Scheme 3. Dissociation of BB3 in a positively-charged complex cation and negatively charged chloride
ion into.
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There is a possibility of H-bonding between amine and imine groups of PANI/Fe3O4 with nitrogen
and oxygen present in the BB3 structure. Similarly, the surface hydroxyl groups of Fe3O4 may also
form H-bonds with dye molecules [97].

There may exist Vander Waal’s interaction between hydrophobic parts of the dye and hydrophobic
parts of the PANI/Fe3O4 composite, because the nonpolar groups have a tendency to associate in aqueous
solution. Another possibility is the existence of electrostatic interaction between positively-charged
nitrogen present in the dye structure and a lone pair present on the nitrogen of amine and imine group
of PANI and PANI/Fe3O4 [98]. The adsorption behavior of BB3 on PANI/Fe3O4 in basic medium is
shown as the following (Scheme 4).

 
Scheme 4. Adsorption behavior of BB3 on PANI/Fe3O4 in basic medium.

Where R represents the non-polar part of the PANI/Fe3O4 with = NH, −NH2 of PANI, and −OH
group of Fe3O4.

During the adsorption process the amount of energy released compensates for the entropy change
of adsorbed molecules and depends upon the forces between adsorbent and adsorbate molecules;
the stronger the force, the more energy will be released. The energy released during the adsorption
process for H-bond is (2–40 kJ/mol), dipole-dipole interaction is (2–29 kJ/mol), Vander Waals forces is
(4–10 kJ/mol), and is about 5 kJ/mol for hydrophobic forces, and more than 60 kJ/mol for electrostatic
interaction [99]. In the present study the enthalpy change are −32.84, −62.93, and −74.26 kJ/mol when
BB3 adsorbs on Fe3O4, PANI, and PANI/Fe3O4, respectively.

3.9. Calculation of Thermodynamic Parameters

Thermodynamic parameters, such as activation energy, Gibb’s free energy change, enthalpy
change, and entropy change, are helpful to explain the nature of adsorption. Activation energy is
calculated by Arrhenius equation, shown below.

k = Aexp(−Ea/RT) (13)

where Ea is the activation energy, T is the absolute temperature, A is the Arrhenius constant, and k is
the rate constant. Gibb’s Free energy change is calculated by the following equation.

ΔG = −RTln
qe

Ce
(14)

Enthalpy change and entropy change are calculated by Van’t Hoff equation by plotting the lnqe/Ce

vs. 1/T, as given below.

ln
qe

Ce
=

ΔS
R
− ΔH

RT
(15)

where ΔH is the enthalpy change and ΔS is the change in entropy, and T is the absolute temperature.
Figure 13a shows the Arrhenius plot, obtained by plotting lnK2 vs. 1/T after adsorption of BB3.
From the slope the activation energy values of adsorption of BB3 were to found to be 11.14, 11.97,
and 09.94 kJ/mol, respectively, which indicate that adsorption is physical and is a diffusion control
process (Table 5) [100]. The value of enthalpy change is also helpful in explaining the adsorption
phenomenon. It was reported that enthalpy change in the range of 84–420 kJ/mol suggests chemical
interaction between dye and adsorbent (chemisorption), while its value below 84 kJ/mol indicates
physical adsorption [95]. The values of enthalpy change in the present work, as shown in Table 5,
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are −32.84, −62.93, and −74.26 kJ/mol for the adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4

composite, respectively, thereby confirming the physical process. The negative sign of ΔH indicates
that adsorption is exothermic. The ΔG value is also helpful in explaining the adsorption phenomenon,
it explains the spontaneity and non-spontaneity of adsorption. The negative sign for ΔG shown in
Table 5 indicates that adsorption is exothermic and spontaneous. The ΔG values in the range of
−20 to 0 kJ/mol show physiosorption, and from −400 to −80 kJ/mol show chemisorption [101,102].
The ΔG values for Fe3O4, PANI, and PANI/Fe3O4 composite used as adsorbents are −04.05, −07.78,
and −10.63 kJ/mol, respectively, which suggest that adsorption of BB3 dye on all the three adsorbents
is physical, exothermic, and spontaneous [103]. These observations strongly correlate with the data
presented in Section 3.5 for temperature effect on the absorption phenomenon.

Figure 13. (a) Arrhenius plot for calculation of activation energy. (b) The van’t Hoff plot for calculation
of enthalpy and entropy.

Table 5. Thermodynamic parameters of adsorption of BB3 on Fe3O4, PANI, and PANI/Fe3O4 composite.

Adsorbents (kJ/mol) (kJ/mol) (kJ/(mol·K)) Ea (kJ/mol)

Fe3O4 −04.05 −32.84 −0.095 11.14
PANI −07.78 −62.93 −0.182 11.97

PANI/Fe3O4 −10.63 −74.26 −0.210 09.94

4. Conclusions

PANI/Fe3O4 composites, whose syntheses were confirmed through various spectroscopic
techniques, such as SEM, FTIR, EDX, UV, and XRD, can effectively be utilized as adsorbents for
removal of BB3 (cationic dye) from aqueous solution. It was envisaged that the synergy between PANI
and magnetite would impart promising properties onto the composite material, as a high amount of
dye (78.13 mg/g) was adsorbed on PANI/Fe3O4 composites in comparison to that adsorbed for Fe3O4

(7.474 mg/g) and PANI (47.977). The enhanced adsorption capability of the composites is attributed to
the increase in surface area and pore volume of the hybrid materials. The adsorption followed pseudo
second order kinetics, with R2 values of 0.873, 0.979, and 0.999 for Fe3O4, PANI, and PANI/Fe3O4

composites, respectively. The activation energy, enthalpy, Gibbs free energy changes, and entropy
changes were found to be 11.14, −32.84, −04.05, and −0.095 kJ/mol for Fe3O4, 11.97, −62.93, −07.78,
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and −0.18 kJ/mol for PANI, and 09.94, −74.26, −10.63, and −0.210 kJ/mol for PANI/Fe3O4, respectively,
indicating the spontaneous and exothermic nature of the adsorption process. The Langmuir adsorption
isotherm model fitted more closely to the data. The adsorption was greater in basic medium than
in acidic medium. The adsorption was well-described by the pseudo second order kinetic model.
Thermodynamically, adsorption is proven to be exothermic and spontaneous.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/11/1764/s1,
Table S1: Comparison of different synthesis methods for PANI/iron oxide and their use as adsorbent for removal
of various dyes, Table S2: Summery of FTIR absorption bands.
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Abstract: Conducting polymers (CPs), especially polyaniline (PANI) based hybrid materials have
emerged as very interesting materials for the adsorption of heavy metals and dyes from an aqueous
environment due to their electrical transport properties, fascinating doping/de-doping chemistry and
porous surface texture. Acid Blue 40 (AB40) is one of the common dyes present in the industrial
effluents. We have performed a comparative study on the removal of AB40 from water through
the application of PANI, magnetic oxide (Fe3O4) and their composites. Prior to this study, PANI
and its composites with magnetic oxide were synthesized through our previously reported chemical
oxidative synthesis route. The adsorption of AB40 on the synthesized materials was investigated
with UV-Vis spectroscopy and resulting data were analyzed by fitting into Tempkin, Freundlich,
Dubinin–Radushkevich (D–R) and Langmuir isotherm models. The Freundlich isotherm model fits
more closely to the adsorptions data with R2 values of 0.933, 0.971 and 0.941 for Fe3O4, PANI and
composites, respectively. The maximum adsorption capacity of Fe3O4, PANI and composites was,
respectively, 130.5, 264.9 and 216.9 mg g−1. Comparatively good adsorption capability of PANI in the
present case is attributed to electrostatic interactions and a greater number of H-bonding. Effect of
pH of solution, temperature, initial concentration of AB40, contact time, ionic strength and dose of
adsorbent were also investigated. Adsorption followed pseudo-second-order kinetics. The activation
energy of adsorption of AB40 on Fe3O4, PANI and composites were 30.12, 22.09 and 26.13 kJmol−1

respectively. Enthalpy change, entropy change and Gibbs free energy changes are −6.077, −0.026 and
−11.93 kJ mol−1 for adsorption of AB40 on Fe3O4. These values are −8.993, −0.032 and −19.87 kJ mol−1

for PANI and −10.62, −0.054 and −19.75 kJ mol−1 for adsorption of AB40 on PANI/Fe3O4 composites.
The negative sign of entropy, enthalpy and Gibbs free energy changes indicate spontaneous and
exothermic nature of adsorption.

Keywords: Acid blue 40 dye; adsorption isotherms; kinetics and thermodynamic study

1. Introduction

The discovery of conducting polymers in 1977 initiated an interesting field of research.
These polymers showcased fascinating physico-chemical properties which made them suitable for
numerous applications [1]. Polyaniline, polythiophene, polypyrrole and their derivatives are the most
studied conducting polymers [2–5] and show optical as well as conducting properties due to the
presence of π conjugated electrons in their skeleton [6]. Polyaniline (PANI) has gained a lot interest
among the conducting polymers family because it can be synthesized easily from low-cost materials.
It is highly conductive and possesses good environmental stability [3,7,8].
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A number of methods including chemical oxidation, electro-chemical oxidation, enzymatic,
interfacial, self-assembling and seeding methods have been applied to synthesize PANI [9–13].
Chemical and electro-chemical oxidation methods are the most common methods which involve the
polymerization of aniline in an acidic or basic medium. However, the conducting emeraldine form
of PANI is usually synthesized in an acidic environment [14]. PANI has been effectively applied in
corrosion protection, batteries, solar cells, supercapacitors and adsorption of heavy metals and dyes
from an aqueous solution [3,15–18]. The suitability of PANI as an adsorbent to remove dyes from
an aqueous environment is due to the presence of a large number of amine and imine functional
groups which are expected to interact with dyes. The charge transfer induced by doping enables PANI
to interact with ionic species through electrostatic interactions [19]. Although PANI has been used
widely as an adsorbent for the removal of dyes from water, its performance is restricted due to two
main challenges. Firstly, its particles aggregate due to intermolecular interactions, resulting in the
decrease of surface area and hence the adsorption capacities [20]. Secondly, acid doped PANI is prone
to de-doping due to the evaporation of the small acid molecules at room temperature. This causes a
reduction in the surface charge of PANI which ultimately affect the electrostatic interaction between
PANI and dye [21].

To overcome these challenges, considerable work has been done in recent years to synthesize
composites of PANI with inorganic substances such as Ag, Cd, SiO2, TiO2, ZnO, MnO2 and magnetic
oxide (Fe3O4) [22–25]. These composites exhibit characteristics electrical, optical, catalytic and
mechanical properties that are better than single components in some cases. The composites of PANI
and Fe3O4 have attracted much attention because of easy synthesis and numerous applications in areas
such as in biosensors, sensors, solar cells and purification of water [26–29].

Just like PANI, magnetic oxide also finds applications in drug delivery systems [30], clinical
diagnosis [31], efficient hyperthermia for the removal of cancer [32], microwave devices, magnetic
resonance imaging (MRI) [33,34] and the removal of heavy metals from an aqueous solution [35,36].
Electric explosion of wire, laser target evaporation and biomineralization are commonly used for
controlled size and morphology of Fe3O4 [37], but the wet chemical methods, like the chemical
co-precipitation method [38], sol-gel [39], hydrothermal method [40], gas phase [41], liquid phase [42]
and two-phase methods such as microemulsion methods [43] are also used for the preparation of Fe3O4.

In general, composites of PANI and Fe3O4 have been synthesized either through in situ formations
of magnetic oxide composites in the presence of PANI [44] or polymerization of aniline monomers
in the presence of iron oxide. In comparison with the former, the latter strategy gives better results
because of the magnetic properties of the resulting hybrid materials [45].

Bhaumik et al. [46] prepared nanofibers composites from metallic nanoparticles and PANI and
applied these composites to remove arsenic (V), chromium (VI) and Congo red from an aqueous
solution. Different polymer salts (PANI–HNO3, PANI–H2SO4 and PANI–H3PO4) are reported to
use as adsorbents to remove Direct Blue 78 (DB78) from water [47]. The dye uptake was in the
order PANI–H3PO4 > PANI–H2SO4 > PANI–HNO3. The rate of adsorption was decreased as the
concentration of DB78 and pH of dye solution increased. The adsorption followed pseudo-second-order
kinetics. Cui and co-workers [48], studied the adsorption of Hg (II) onto polyaniline/attapulgite
(PANI/ATP) composites. (PANI/ATP) composites were synthesized by the chemical oxidation method.
The maximum amount of dye adsorbed was 800 mg/g when the pH of Hg (II) solution was 5.9 and
followed pseudo-second-order kinetics.

In the present study, PANI/Fe3O4 is used as an adsorbent to remove Acid Blue 40 (AB40) from
water. The adsorption behaviors of PANI/Fe3O4 were compared with PANI and Fe3O4 which were
synthesized and tested according to our previous work [49]. The chemical oxidation method was
used to synthesize PANI and PANI/Fe3O4 composites using FeCl3·6H2O as an oxidant in an acidic
medium, while the chemical co-precipitation method was adopted to synthesize Fe3O4 materials in
the basic medium at a temperature of 85–90 ◦C. All these synthesized materials were characterized
through UV-Vis, SEM, FTIR, EDX and surface area measurements. Adsorption study was carried out
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to determine the effect of pH, initial concentration, temperature, contact time, adsorbent dosage and
ionic strength on adsorption phenomenon using UV-Vis spectroscopy. Freundlich, Langmuir, D–R and
Tempkin adsorption isotherm models were applied to analyze the adsorption data. The adsorption
mechanism was determined on the basis of kinetic study. Thermodynamic aspects of adsorption of
AB40 on these materials were also investigated.

2. Experiment

2.1. Materials

Aniline was purchased from Across and distilled under vacuum. Acid Blue 40 dye, FeCl3·6H2O
and Na2SO4 (Sigma-Aldrich, St. Louis, MO, USA), Dodecyl benzene sulfonic acid (DBSA) (Across)
and FeSO4·7H2O (Merck, Kenilworth, NJ, USA ) were used without further purification.

2.2. Synthesis of PANI

PANI was synthesized via our previously reported chemical oxidation method [49]. Typically,
0.02 M (1.182 mL) aniline was suspended in 50 mL of 0.01 M H2SO4 solution. To this suspension 0.01 M
(0.15 mL) DBSA was added as an emulsifying agent. Then 50 mL of 0.01 M FeCl3·H2O prepared in
0.01 M H2SO4 was added drop by drop as an oxidant with constant stirring. After 20 min of continuous
stirring, a milky white color suspension turned to light green and then dark green in one hour. The final
product was thoroughly washed with acetone and then with double-distilled water until the filtrate
became clear. The obtained powder was dried in an oven for 24 h at 60 ◦C.

2.3. Synthesis of Fe3O4

Fe3O4 was synthesized by the chemical co-precipitation method by adding 0.15 mL DBSA and 2 M
of FeCl3·6H2O dissolved in 50 mL of 0.1 M NaOH to 0.5 M FeSO4·7H2O solution. The whole mixture
was stirred continuously at 85–90 ◦C. After 20 min of stirring, 30 mL of 5 M ammonia solution was
added at once which turned the color of the reacting mixture to black. The pH of the reacting mixture
was kept at 10 during the whole experiment. After two hours of continuous stirring at 85–90 ◦C,
the precipitate was washed with ethanol and double distilled water until the effluent became clear.
The black precipitate was dried at 80 ◦C for 10 h and then annealed at 600 ◦C for 5 h in a furnace
(NEYCRAFT JFF 2000 Fiber Furnace, France).

2.4. Synthesis of PANI/Fe3O4 Composites

PANI/Fe3O4 composites were synthesized by suspending 0.15 g Fe3O4 particles in 30 mL of 0.01 M
H2SO4 solution followed by addition of 50 mL (0.02 M) of aniline solution prepared in 0.01 M H2SO4

and 0.5 mL (0.01) DBSA, respectively. After 30 min of continuous stirring, 50 mL of 0.01 M FeCl3·6H2O
was added as an oxidizing agent. A light green color appeared within the stirring mixture after 20 min
of the oxidant’s addition. The color of this mixture turned dark black after about one hour. After
continuously stirring for 6 h, the product was separated and washed with acetone and double-distilled
water. The clean precipitate was dried in oven at 60 ◦C for 24 h.

2.5. Batch Adsorption Study for Removal of AB40 Dye

Twenty-milliliter solutions of different concentrations between 5–120 mgL−1 were prepared from
the stock solution of AB40 dye. To these solutions, PANI was added and shacked for about 120 min.
These solutions were then filtered to determine the concentration of dye in the filtrate using UV-Visible
spectrophotometer and applying Equation (1) [50].

qe =
(C i− Ce)V

m
(1)
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where qe (mg g−1) refers to adsorption at equilibrium, Ci (mg L−1) and Ce (mg L−1) show initial and
equilibrium concentration of dye, respectively, m (g) is the mass of adsorbent while V represents
the volume of solution in mL. The effect of temperature, contact time, ionic strength, pH and initial
concentration of dye solution on the adsorption behavior was studied. The adsorption data were
utilized to calculate the thermodynamic and kinetics parameters. The same procedure was employed
for studying adsorption of AB40 on Fe3O4 and PANI/Fe3O4 composite.

Before the adsorption process, standard solutions of AB40 dye were prepared was in the range
0.005–2 mg L−1 and their maximum absorption was determined via UV-Visible spectrophotometer
(Perkin Elmer, Waltham, MA, USA). The absorption values were plotted against concentration of
the standard dye solutions and calibration curve was obtained according to the Beer–Lambert law.
The slope so obtained was used as reference for the determination of concentration in rest of the
experiments. The calibration curve is also shown in the supporting files (Figure S1).

After the adsorption of AB40 dye, the adsorbents were put onto the filter paper and washed
several times with double-distilled water to run out the adsorbed dye. Then it was washed with 0.1 M
NaOH to remove the remaining dye. This process enables the reutilization of the adsorbent.

2.6. Characterization

FTIR spectra of the synthesized materials were registered in the spectral range of 400 to 4000 cm−1

through a Fourier transmission infrared spectrophotometer (Shimadzu, Tokyo, Japan). X-ray diffraction
(XRD) patterns were recorded by using Cu Kα radiations of wavelength 1.5405 Å with the help of a
JEOL JDX-3532 (JEOL, Tokyo, Japan). The concentration of dye in the solution and its adsorbed amount
onto the synthesized materials were checked through UV-visible spectrophotometer (Perkin Elmer,
Buckinghamshire, UK). An energy-dispersive X-ray (EDX) spectrophotometer (Inca 200, Oxford, UK)
was utilized to determine the percentage of different elements. Brunauer–Emmett–Teller (BET) surface
areas of the composite as well as PANI and Fe3O4, were determined in the N2 atmosphere through
adsorption–desorption method with a surface area analyzer model 2200 e Quanta Chrome (Quanta
Chrome, Boynton Beach, FL, USA). The surface morphologies were studied through scanning electron
microscopy (SEM) (JSM-6490, JEOL, Tokyo, Japan).

3. Results and Discussion

3.1. Scanning Electron Microscopy (SEM)

SEM images provide interesting information about surface morphology and size of adsorbent
materials under investigation. Figure 1a,b shows SEM images of Fe3O4 particles before and after
adsorption of AB40 dye. The Fe3O4 particles are round in shape with an average size of 0.15 μm.
After adsorption of AB40, the porosity decreases in the agglomerated surface of Fe3O4 but the average
particles size increases to 0.23 μm (Figure 1b). Keyhanian et al. [50] have reported the agglomeration of
magnetic particles of Fe3O4 after adhering of methyl violet dye from an aqueous solution.

Rods- or wires-like porous structure can be seen in the SEM image of PANI with 0.21 μm average
diameter of the rods (Figure 1c). These rods are aggregated to each other like fibers. After the
adsorption of AB40 (Figure 1d), the morphology of PANI changes to a cauliflower shape with some
needle-like structures present on the surface. Such a change in morphology was also reported during
the adsorption of anionic dyes on PANI doped with Potash Alum [51]. Figure 1e shows an SEM image
of PANI/Fe3O4 composites. It shows a porous morphology where Fe3O4 particles have adhered with
PANI interconnected rods. Similar morphology was depicted by nanocomposites of PANI/ Fe3O4

coated on MnFe2O4 [52]. Just like PANI, morphology of PANI/Fe3O4 composites also changes after the
adsorption of AB40. The dye distributes homogeneously over the surface of composite imparting a
broccoli-like appearance to it as shown in Figure 1f.
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Figure 1. SEM images of magnetic oxide (Fe3O4), polyaniline (PANI) and PANI/Fe3O4 composite
before (a,c,e) and after (b,d,f) adsorption of acid blue 40 (AB40) dye.

3.1.1. Optical Studies

Figure 2A represents the UV-Vis spectra of the synthesized materials before adsorption of the dye.
A weak band in the region of 450 nm arises due to the interaction of electromagnetic radiations with
the valence electrons of iron in the Fe3O4. As a result, the valence electron of the metal atom starts to
oscillate with the frequency of the electromagnetic source [53]. This phenomenon is known as surface
plasmon resonance (SPR). Another band at 485.85 nm is due to the presence of DBSA moiety with
Fe3O4 and closely resembles already reported work [54]. The two characteristic bands of PANI can be
observed in its spectrum at 333.91 and 633.42 nm. The band at 633.42 nm is due to charge transfer from
the benzenoid ring to the quinoid ring and the band at 333.91 nm is attributed to ᴫ-ᴫ* transitions of
the benzenoid ring [55]. In the spectrum of PANI/Fe3O4 composites, the band at 333.91 nm shows a
redshift due to the doping of the benzenoid amine with Fe3O4 particles. Moreover, the bipolaron band
at 633.42 nm is shifted to 773.14 nm suggesting that some physical interactions between PANI and
Fe3O4 particles may exist [56].

Figure 2B represent UV-visible spectra of Fe3O4, PANI and composite of Fe3O4 with PANI after
adsorption of AB40. One can observe a band in the region of 618–620 nm in all the spectra of Fe3O4,
PANI and composite of Fe3O4 and PANI which indicates the adsorption of AB40. This band has been
demonstrated that AB40 shows strong absorption at 620 nm [57]. The intensity of this band is higher
for PANI, which is different from our previous work where more intense peaks, due to adsorption
of Basic Blue 3 dye, was observed in the spectrum of PANI/Fe3O4 composite [49]. The reason can be
explained by the fact that in the PANI/Fe3O4 composite, the positively charged active sites of PANI
are covered by Fe3O4. Moreover, the oxygen of Fe3O4 behave as negatively charged sites, which may
cause repulsion to the negative charge of the anionic dye and hence reduces its adsorption.
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Figure 2. UV-visible spectrum of Fe3O4, PANI and PANI/ Fe3O4 composite (A) before and (B) after
adsorption of AB40.

3.1.2. Energy Dispersive X-ray (EDX) Study

Figure 3 shows the EDX analysis of PANI, Fe3O4 and PANI/Fe3O4 composites before and after
adsorption of AB40. The weight percent of Fe and O in Fe3O4 is 68.74 and 29.15, respectively. After the
adsorption of AB40, the weight percent of Fe decreases from 68.74 to 62.09, while the percent weight
of O and C increases due to the presence of oxygen and carbon in the AB40 texture. Similarly,
the appearance of nitrogen and Sulphur in spectrum 3b is more evidence of the adsorption of AB40
onto Fe3O4, as these elements are present in the dye texture [58]. Figure 3c shows the EDX spectrum of
PANI before adsorption of AB40. One can observe a 9.54 percent nitrogen and 68.06 percent carbon
by weight in this spectrum. The presence of sulfur and oxygen may be due to the presence of DBSA
while Fe and Cl may be due to the presence of FeCl3·H2O which was used as oxidant. After adsorption
of AB40, although weight percent of carbon decreases but weight percent of nitrogen and oxygen
increases which shows that AB40 adsorb on PANI (Figure 3d) [59]. In the EDX spectrum of PANI/Fe3O4

composite, peaks for nitrogen, oxygen, carbon and iron can clearly be observed in Figure 3e, confirming
the formation of composites. The sulfur percent by weight is 2.66 and is due to the presence of some
moiety of DBSA. After the adsorption of AB40, the weight percent of carbon, nitrogen and sulfur is
increased (Figure 3f) [60].
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Figure 3. EDX spectra of Fe3O4, PANI and PANI/Fe3O4 composites before (a,c,e) and after (b,d,f)
adsorption of AB40.

3.1.3. FTIR Study

Figure 4A,B represent, respectively, FTIR spectra of Fe3O4, PANI and PANI/Fe3O4 composite
before and after adsorption of AB40. The peak located at 543.1 cm−1 is due to the stretching vibration
of the Fe–O bond in the Fe3O4 spectrum [61]. A wide peak at 3427.34 cm−1 shows stretching vibrations
of –OH group attached to Fe3O4 surface [62]. The shifting of all peaks towards a lower frequency and
the appearance of a very small peak at 2343.2 cm−1 in Figure 4B indicates that the AB40 dye comes in
contact with Fe3O4 after adsorption [9,63].

FTIR spectrum of PANI shows –N–H group of secondary amine at 3231.5 cm−1. Similarly, the
peaks at 2842.8 and 2932.8 cm−1 can be attributed to the symmetric and asymmetric stretching vibrations
of the C–H bond, respectively. Vivekanandan et al. have reported such asymmetric and symmetric
C–H stretching vibrations at 2923.62 and 2825.55 cm−1, respectively [9]. Peaks at 1602.8 and 1469.3 cm−1

attribute to C=C and C=N stretching vibrations of the benzenoid and quinoid rings. The band at
1304.2 cm−1 corresponds to the –C–N+ stretching vibrations of the secondary aromatic amine. Similarly,
the peaks at 1140.3 and 826.5 cm−1 represent the bending vibrations of the aromatic C–H bond in plane
and out of plane deformation [64]. The peak at 1020.4 cm−1 shows the S=O stretching vibrations of
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the –SO3H group, confirming the presence of DBSA moiety in the PANI texture [65,66]. The peak at
677.2 cm−1 shows the out of plane bending vibrations of the C–H bond.

In the spectrum of PANI/Fe3O4 composites, all peaks are shifted to the low-frequency range
in comparison with PANI, indicating a presence of some physical forces between PANI and Fe3O4

particles. The appearance of the small peak at 542.7 cm−1 shows Fe-O stretching, which confirms the
formation of PANI/Fe3O4 composites [67]. After the adsorption of AB40, there is a slight shift of peaks
towards a low frequency, both in the spectrum of PANI and PANI/Fe3O4 composites. Moreover, the
appearance of the peak at 2356.7 cm−1 shows the adsorption of AB40 dye on PANI and PANI/Fe3O4

composites [68]. This peak is more intense in the spectrum of AB40 adsorbed on PANI as compared to
the PANI/Fe3O4 composite which is in agreement with the UV-visible study.

Figure 4. FTIR spectra of Fe3O4, PANI and PANI/ Fe3O4 composites before (A) and after (B) the
adsorption of AB40.

3.1.4. Surface Area Study

The surface area of adsorbent plays a unique role in the adsorption study. The Brunauer–Emmett–
Teller (BET) technique was employed to determine the average pore size radius, pore volume and
specific surface area of PANI, Fe3O4 and PANI/Fe3O4 composite via nitrogen adsorption–desorption
analysis (Figure 5). The results obtained are summarized in Table 1. The data shows that specific surface
area of PANI/Fe3O4 composite is greater than PANI and Fe3O4 particles [69]. After the adsorption of
AB40, the surface area of Fe3O4, PANI and PANI/Fe3O4 composite decreases [70]. However, the extent
of reduction is more for PANI as compared to Fe3O4 and PANI/Fe3O4 composites, showing a greater
adsorption of the dye on PANI.
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Figure 5. Brunauer–Emmett–Teller (BET) surface area of Fe3O4, PANI and PANI/Fe3O4 composites
before (A) and after (B) the adsorption of AB40.

Table 1. Surface area, average pore volume and pore radius of PANI, Fe3O4 and PANI/Fe3O4 composites.

Status Materials
Surface Area

(m2/g)
BJH Average Pore

Radius (A0)
BJH Pore Volume

(cc/g)

Fe3O4 71.314 15.749 0.053

Before adsorption PANI 95.423 16.565 0.049

PANI/Fe3O4 98.184 15.501 0.069

Fe3O4-AB40 53.707 13.334 0.033

After adsorption PANI-AB40 43.938 11.743 0.043

PANI/Fe3O4-AB40 65.269 12.804 0.036

3.2. Isotherms Study

The most important step in the adsorption study is the fitting of adsorption isotherm models to
adsorption data in order to describe how interaction occurs between adsorbent and dye. A number
of adsorption isotherms are available and have been successfully applied by the earlier researcher to
analyze the adsorption data [71]. In this study, four adsorption isotherms models, namely Freundlich,
Tempkin, Langmuir and Dubinin–Radushkevich (D–R) were tested. Adsorption parameters so
calculated have been summarized in Table 2. The correlation factor R2, indicates that Freundlich
adsorption isotherm equation fit more closely to the adsorption data. The linearized form of Freundlich
adsorption equation is expressed in Equation (2);

lnqe= lnkf +
1
n

lnce (2)

where qe (mg g−1) and Ce (mg L−1) are the solid and liquid phase equilibrium concentration of dye. Kf

is constant, and is known as the Freundlich constant and 1/n is the slope obtained by plotting lnqe

vs. Ce shown in Figure 6A. The values of 1/n vary due to heterogeneity of the adsorbing materials.
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The values of 1/n shows favorable (0 < 1/n < 1), unfavorable (1/n > 1) or irreversible (1/n = 0)
adsorption. However, if its value is unity, the system is at equilibrium and will show heterogeneity [72].
In the present work, the values of 1/n calculated from Freundlich for Fe3O4, PANI and PANI/Fe3O4

composites are 0.126, 0.504 and 0.723 respectively showing favorable physical adsorption [73].

Table 2. Summary of parameters calculated from adsorption isotherms models.

Adsorbents
Adsorption Isotherms

Freundlich Langmuir Tempkin D-R

1/n Kf R2 qmax KL RL R2 ßT KT R2 qS Eads R2

Fe3O4 0.126 22.88 0.933 130.5 0.195 0.059 0.499 26.38 3.050 0.917 98.83 3.199 0.933
PANI 0.504 98.21 0.971 264.9 1.579 0.339 0.773 14.24 153.6 0.957 166.7 23.63 0.971

PANI/Fe3O4 0.723 58.99 0.946 216.9 0.499 0.167 0.859 22.15 14.17 0.902 134.5 11.29 0.909

Figure 6. The Isotherm plots (a) Freundlich, (b) Langmuir, (c) Separation factor, (d) Tempkin and (e)
D–R of adsorption of AB40 on Fe3O4, PANI and PANI/Fe3O4 composite.

The data were also fitted in the Langmuir adsorption isotherm equation (Equation (3)) as
shown below;

ce

qe
=

1
qmaxkL

+
1

qmax
ce (3)
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where Ce (mg L −1) and qe (mg g−1) indicates the concentration of dye and amount of dye adsorbed per
gram of adsorbent at equilibrium, respectively. Similarly, KL (mg L−1) represent the Langmuir constant
related to adsorption energy and qmax (mg g−1) is the maximum adsorption capacity of adsorbing
materials which can be calculated from the slope. The maximum adsorption capacity of AB40 onto
Fe3O4, PANI and PANI/Fe3O4 composites are 130.5, 264.9 and 216.9 mg g−1, respectively, as compared
in Table 3A. The dimensionless constant (RL) also called separation factor, expresses essential features
of the Langmuir isotherm and is represented by Equation (3a).

RL =
1

(1 + K LCi)
(3a)

where Ci (mg L−1) is the initial concentration of AB40. Values of RL indicate that isotherm is either
favorable (1 > RL > 0), linear (RL = 1), irreversible (RL = 0) or unfavorable (1 < RL) [74]. In the present
study, the values of RL range from 0.00525 to 0.34988 as depicted in Figure 6c, which shows that
adsorption of AB40 onto Fe3O4, PANI and PANI/Fe3O4 composites is favorable at low concentration [75].

Table 3. Kinetics parameters for adsorption of AB40 on Fe3O4, PANI and PANI/Fe3O4 composite based
on pseudo-first-order and pseudo-second-order equations.

Pseudo 1st Order Pseudo 2nd Order

Adsorbents K1 (min−1) qe (mg g−1) R2 K2 (g mg−1 min−1) qe (mg g−1) R2

Fe3O4 -0.015 1.765 0.812 0.0665 126.3 0.999
PANI -0.033 4.823 0.885 0.0028 258.8 0.983

PANI/ Fe3O4 -0.047 2.495 0.881 0.0213 207.3 0.994

The Tempkin isotherm is also an important isotherm model and has been used by researchers to
analyze their adsorption data [76,77]. The Tempkin isotherm assumes that due to interactions of the
dye with the adsorbent, the adsorption decreases linearly and is characterized by binding energies.
It is represented by the following equation (Equation (4));

qe= βlnkT+βlnce (4)

where Ce (mg L−1), qe (mg g−1) and KT (L g−1) are equilibrium concentration, equilibrium adsorption
and binding constant at equilibrium. It is obtained by plotting qe vs. lnCe (Figure 6d). The constant β,
considers the interaction between adsorbent and dye (Equation (4a)).

β =
RT
b

(4a)

where b is the Tempkin isotherm constant of binding energy (J mol−1K−1). The correlation factors
(R2) given in Table 2 show that the Tempkin isotherm also fit the adsorption data. The values of KT

show that there is strong interaction between AB40 and PANI as compared to Fe3O4 and PANI/Fe3O4

composites (Table 2).
Dubinin–Radushkevich (D–R) as expressed in Equation (5) was also fitted to the adsorption data.

lnqe= lnqs −βε2 (5)

where qe is the amount of dye in mg adsorbed per gram of adsorbent (mg g−1), β (mol2 K−1J−2) is the
activity coefficient useful in obtaining the mean adsorption energy Ead (kJ mol−1), qs is the adsorption
maximum, and ε is Polanyi potential. ε and Ead are expressed by Equations (5a) and (5b) respectively.

ε = RTln(1+
1
ce
) (5a)
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Ead =
1√

1 − 2β
(5b)

where R is the gas constant which has a value of 8.314 (J mol−1 K−1) and T is the kelvin temperature.
D–R adsorption model is a unique model used to differentiate between the chemical and physical

adsorption on the basis of adsorption energy. In early research, it has been demonstrated that if the
value of adsorption energy is less than 40 kJ mol−1, the adsorption is physical [78]. In the present work,
the values of Ead, calculated by the Equation (5b) are less than 40 kJ mol−1 for adsorption of AB40 and
PANI as compared to Fe3O4 and PANI/Fe3O4 composites showing physical adsorption as shown in
Table 2.

3.3. Effect of Contact Time and Temperature on Adsorption

The contact time between adsorbent and dye is of great interest in the adsorption process.
The optimum time of equilibrium was determined by adding 0.0340 ± 0.0001 g of each Fe3O4, PANI
and PANI/Fe3O4 composite to 20 mL of AB40 (50 mg L−1) in a series of experiments and was shacked
at 150 rpm at 30 ◦C. The adsorption data so obtained was plotted as a function of time (Figure 7a).
The graph shows that adsorption is very fast in the initial 10–15 min. The initial fast adsorption is due to
a strong interaction between active sites of adsorbents and dye molecules. After 40–50 min, adsorption
rate of dye become constant due to filling of active sites on the surface of adsorbents. This time period
is defined as the dynamic equilibrium time. At the equilibrium time, rate of adsorption and desorption
occurs simultaneously with the same speed [79]. Maximum adsorption of AB40 on Fe3O4, PANI and
PANI/Fe3O4 composite is observed at 30 ◦C indicating exothermic nature (Figure 7b).

Figure 7. Effect of (a) time and (b) temperature on adsorption of AB40 onto Fe3O4, PANI and
PANI/Fe3O4 composite.

3.4. Effect of pH on Adsorption

The pH of the dye solution plays a unique role in adsorption process. In the present work, the effect
of pH on adsorption was investigated between 2–12. Results so obtained are plotted as adsorption
versus pH (Figure 8). The plot indicates that adsorption of AB40 is high in acidic medium on all three
adsorbents. When at a low pH, the backbone of adsorbents is positively charged and the active sites
like Fe–O and –C=N are protonated. These positively charged sites have a strong interaction with the
negatively charged sites of AB40 dye and hence enhance the adsorption. On the other hand, in a basic
medium, the deprotonation of Fe–O–H and –C–N–H will create a negative charge in these groups
which will repel the negatively charged sites of dye electrostatically, thus adsorption reduces [80].
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Figure 8. The effect of solution pH on adsorption of AB40 on PANI, Fe3O4 and PANI/Fe3O4 composite.

3.5. Effect of Ionic Strength on Adsorption

The effluent of industrial water also contains several ions. Therefore, the presence of these ions
will also affect the adsorption process. In the present study, ionic strength effect of sodium sulfate
and calcium chloride on adsorption has been studied in the pH between 5–6. The adsorption data so
obtained are plotted against ionic strength (Figure 9). The plots (Figure 9a,b) show that adsorption
of AB40 on PANI, Fe3O4 and PANI/Fe3O4 composite increases with an increase in ionic strength.
This can be attributed to the fact that when both dye and adsorbent have similar charges, an increase
in ionic strength will increase adsorption. This effect is more prominent in the adsorption of AB40
on PANI/Fe3O4 composite as compared to pristine PANI, because PANI/Fe3O4 composite contains a
greater number of sites with a lone pair of electrons which behave as negatively charged groups [81].
Moreover, the significant increase in the adsorption of AB40 by increasing the ionic strength can be
attributed to the dimerization of dye. A number of intermolecular forces like dipole-dipole, ion-dipole
and Van der Waals forces have been suggested as the cause of the dimerization. Alberghina and
co-workers have observed such type of dimerization while studying salts and temperature effect on
adsorption of reactive dyes onto activated carbon [51].

Figure 9. The effect of ionic strength of (a) Na2SO4.7H2O and (b) CaCl2.2H2O on adsorption of AB40
onto Fe3O4, PANI and PANI/Fe3O4 composite.
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3.6. Effect of Adsorbent Dosage on Adsorption

To investigate the effect of adsorbent dosage on adsorption, 0.034, 0.045, 0.075 and 0.1 g of each
Fe3O4, PANI and PANI/Fe3O4 composite were added to 100 mg L−1 of AB40 separately and shook at
150 rpm at 30 ◦C and the amount adsorbed was noted (Figure 10). An increase in the adsorption of dye
was observed by increasing the adsorbent dose. Initially the rate of adsorption is fast due to greater
number of active site and splitting effect of the flux between adsorbents and dye [82].

Figure 10. Effect of adsorbent dosage on adsorption of AB40 onto Fe3O4, PANI and
PANI/Fe3O4 composite.

3.7. Adsorption Kinetics

Four kinetic equations namely pseudo 1st order, pseudo 2nd order, Elovich model and intra-particle
diffusion models were used to analyze the adsorption data. The relationship between the amount
of dye adsorbed on adsorbents and adsorption time was determined. Pseudo-first-order and
pseudo-second-order equations are expressed in Equations (6) and (7) respectively as below;

ln(q e− qt) = lnqe− k1t (6)

t
qt

=
1

k2qe
2 +

t
qe

(7)

where qe (mg g−1) is the equilibrium adsorption and qt (mg g−1) is the amount of dye adsorbed after
time t (min). K1 (min−1) and K2 (g mg−1 min−1) are the rate constants of pseudo-first-order and
pseudo-second-order equations respectively.

The Elovich kinetic model can be expressed as shown below in Equation (8);

qt=
1
β

ln(αβ) +
1
β

lnt (8)

where α (mg g−1 min−1) shows an initial rate of adsorption and β (mg g−1) is the desorption constant
relating to the activation energy and the extent of surface coverage.

Intra-particle diffusion model is expressed in Equation (9);

qt= kdt1/2+ c (9)

where Kd (g mg−1 min−1/2) represent the rate of diffusion constant and C (mg g−1) is the constant of
boundary layer thickness.
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The fitted curves of adsorption of AB40 onto Fe3O4, PANI and PANI/Fe3O4 composites are
shown in Figure 11. The parameters of kinetics are summarized in Tables 3 and 4. The correlation
factor of pseudo-first-order (R2), are 0.812, 0.885 and 0.881 for adsorption of AB40 onto Fe3O4,
PANI and PANI/Fe3O4 composites. These values indicate that adsorption of AB40 does not follow
pseudo-first-order kinetics [83]. Similarly R2 of Elovich model for PANI/Fe3O4 composites is 0.707 and
intra-particle diffusion model for Fe3O4 is 0.864 indicating that these models also do not fit well for the
adsorption data of AB40 on all of the three adsorbents [84]. R2 values of pseudo-second-order equation
show that the adsorption kinetics are more accurately described by this model (Table 3). Moreover,
the qe values calculated by the pseudo-second-order equation agree more closely with the adsorption
isotherm values [85].

Figure 11. The Kinetics model (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich model and
(d) intra-particle diffusion model for adsorption of AB40 on Fe3O4, PANI and PANI/Fe3O4 composite.
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Table 4. Kinetics parameters for adsorption of AB40 on Fe3O4, PANI and PANI/Fe3O4 composite with
Elovich model and intra-particle diffusion model.

Elovich Model Intra Particle Diffusion Model

Adsorbents α (mg g−1min−1) β (g mg−1) R2 kd (g mg−1min−1/2) C (mg g−1) R2

Fe3O4 131.9 0.258 0.911 0.556 32.45 0.864
PANI 439.8 0.637 0.929 1.257 61.89 0.916

PANI/ Fe3O4 378.7 0.267 0.707 0.847 53.47 0.917

3.8. Adsorption Mechanism

Two routes can be proposed for the adsorption of AB40 on the surface of PANI salt and PANI/Fe3O4

composite. In the first one, electrostatic interaction may occur between the molecules of AB40 and
PANI. The second one involves the formation of an H-bond between the dye and –NH group of PANI.
H-bond formation is also possible between AB40 and –OH group present on the surface of Fe3O4.

The electrostatic interactions are based on the fact that when dye is dissolved in water it splits
into positively and negatively charged ions (Dye-SO3

−). These negatively charged anions (Dye-SO3
−)

interact with positively charged sites (–+NH–) on PANI surface. The enhancement of dye adsorption
in acidic medium is good evidence of electrostatic interaction expressed in Section 3.4. Existence of
physical forces (H-bond) is also supported by FTIR spectra shown in Figure 4B. After adsorption of
AB40, all peaks in the spectra of PANI and PANI/Fe3O4 composite are shifted towards low-frequency
values. Moreover, appearance of peak at 2356.7 cm−1 shows existence of AB40 adheres to the surface
of PANI and PANI/Fe3O4 composites [72].

3.9. Thermodynamics of Adsorption

The nature of adsorption can be described well with thermodynamic parameters like Gibbs free
energy, change in enthalpy and change in entropy. Values of Gibbs free energy were calculated by the
equation shown below (Equation (10));

ΔG = −RTlnKe (10)

where Ke is the equilibrium constant, R is the gas constant having the value of 8.314 J K−1 mol−1 and
T represents the Kelvin temperature. The negative sign of ΔG values shows that the adsorption of
AB40 onto Fe3O4, PANI and PANI/ Fe3O4 composites are spontaneous (Table 5). The values of ΔG
which range from −20 to zero kJ mol−1 show physical adsorption [47]. The values of ΔH and ΔS were
calculated from the slope and intercept of van’t Hoff equation respectively by plotting lnke vs. 1/T
(Figure 12b). The van’t Hoff equation is expressed as below;

lnKe= −ΔH
RT

+
ΔS
R

(11)

Ke=
qe

ce
(11a)

where qe (mg g−1) is the adsorption maximum and Ce (mg L−1) is the concentration of dye at equilibrium.
The negative values of ΔH and ΔS shown in Table 4 show that adsorption is exothermic and correlate
to the effect of temperature on adsorption expressed in Section 3.3. Activation energy also expresses
the nature of adsorption. Its values are calculated from the slope of Arrhenius equation by plotting lnK
vs. 1/T shown in Figure 12b. The Arrhenius equation is expressed as below;

lnk = lnA − Ea
RT

(12)
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where K is the rate constant, A is Arrhenius constant, Ea is the activation energy, R is the general
gas constant and T is kelvin temperature. The activation energy of adsorption of AB40 onto Fe3O4,
PANI and PANI/Fe3O4 composites are 30.12, 22.09 and 26.13 kJ mol−1 showing physical adsorption.
Ozcan and co-workers have demonstrated that physical adsorption is characterized by the activation
energy values range from 5 to 40 kJ mol−1 and its higher values (40–800) kJ mol−1 express chemical
adsorption [85].

Table 5. Activation energy and thermodynamic parameters of AB40 adsorption.

Adsorbents ΔH (kJ mol−1) ΔS (kJ mol−1) ΔG (kJ mol−1) Ea (kJ mol−1)

Fe3O4 −6.077 −0.026 −11.93 30.12
PANI −8.993 −0.032 −19.87 22.09

PANI/Fe3O4 −10.62 −0.054 −19.75 26.13

Figure 12. (a) Arrhenius plot and (b) van’t Hoff plot for calculation of activation energy and
thermodynamic parameters.

4. Conclusions

PANI, Fe3O4 and their composite can effectively be utilized for the removal of AB40 dye from
aqueous environment. The comparison of adsorption behavior of the three materials for the uptake
of AB40 reveals that the dye interaction with PANI was higher than both Fe3O4 and composites
materials. This enhancement in adsorption on PANI can be attributed to the electrostatic interaction
between oppositely charged sites of PANI and AB40. Greater number of active sites leading to physical
forces also enhanced the adsorption of dye on PANI. In case of PANI/Fe3O4 composites the lone
pair electrons present on the oxygen causes repulsive interaction with the negatively charged dye
and reduces the adsorption. This fact was confirmed in the effect of ionic strength on adsorption
where PANI/Fe3O4 composites showed higher adsorption than pristine PANI. The maximum amount
of dye adsorbed on PANI, Fe3O4 and PANI/Fe3O4 composites were 264.9, 130.5 and 216.9 mg g−1,
respectively. The enhancement of adsorption on PANI was also supported by its smaller value of
activation energy than Fe3O4 and PANI/Fe3O4 composites. Freundlich adsorption isotherm model
fitted more closely with the adsorption data. The adsorption was high in acidic conditions and followed
pseudo-second-order kinetics. The negative sign of the values of enthalpy changes, entropy changes
and Gibbs free energy changes confirmed spontaneous and exothermic nature of adsorption.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/18/2854/s1,
Figure S1: UV-Visible calibration curve of AB40.

142



Materials 2019, 12, 2854

Author Contributions: A.M. wrote the original draft and executed all the experiments. A.u.H.A.S. supervised.
A.u.H.A.S. and S.B. contributed to writing and corrected and edited the manuscript.

Funding: This research was funded by the Higher Education Commission Pakistan (project No. 20-1647 and
20–111/NRPU/R&D/HEC). The APC was funded by the German Research Foundation and the Open Access
Publication Funds of the Technische Universität Braunschweig.

Acknowledgments: We acknowledge support from the German Research Foundation and the Open Access
Publication Funds of the Technische Universität Braunschweig. S.B. wants to thank the Alexander von Humboldt
Foundation Germany for support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bhadraa, S.; Khastgir, D.; Singhaa, N.K.; Leeb, J.H. Progress in preparation, processing and applications of
polyaniline. Prog. Polym. Sci. 2009, 34, 783–810. [CrossRef]

2. Kiskan, B.; Yagci, Y. Synthesis and characterization of thermally curable polyacetylenes by polymerization of
propargyl benzoxazine using rhodium catalyst. Polymer 2008, 49, 2455–2460. [CrossRef]

3. Shah, A.-U.-H.A.; Kamran, M.; Bilal, S.; Ullah, R. Cost Effective Chemical Oxidative Synthesis of Soluble and
Electroactive Polyaniline Salt and Its Application as Anticorrosive Agent for Steel. Materials 2019, 12, 1527.
[CrossRef] [PubMed]

4. Del Valle, M.A.; Diaz, F.R.; Armijo, F.; Soto, P. Electro-synthesis and characterization of polythiophene
nano-wires/platinum nano-particles composite electrodes. Study of formic acid electro-catalytic oxidation.
Electrochim. Acta 2012, 71, 277–282. [CrossRef]

5. Shen, C.; Sun, Y.; Yao, W.; Lu, Y. Facile synthesis of polypyrrole nanospheres and their carbonized products
for potential application in high-performance supercapacitors. Polymer 2014, 55, 2817–2824. [CrossRef]

6. Fahim, M.; Shah, A.H.A.; Bilal, S. Highly stable and efficient performance of binder free symmetric
supercapacitor fabricated with electroactive polymer synthesized via interfacial polymerization. Materials
2019, 12, 1626. [CrossRef] [PubMed]

7. Ganesan, R.; Shanmugam, S.; Gedanken, A. Pulsed sonoelectrochemical synthesis of polyaniline nanoparticles
and their capacitance properties. Synth. Met. 2008, 158, 848–853. [CrossRef]

8. Kulkarni, S.B.; Joshi, S.S.; Lokhande, C.D. Facile and efficient route for preparation of nanostructured
polyaniline thin films: Schematic model for simplest oxidative chemical polymerization. Chem. Eng. J. 2011,
166, 1179–1185. [CrossRef]

9. Vivekanandan, J.; Ponnusamy, V.; Mahudeswaran, A.; Vijayanand, P.S. Synthesis, characterization and
conductivity study of polyaniline prepared by chemical oxidative and electrochemical methods. Arch. Appl.
Sci. Res. 2011, 3, 147–153.

10. Xu, P.; Singh, A.; Kaplan, D.L. Enzymatic Catalysis in the Synthesis of Polyanilines and Derivatives of
Polyanilines. Adv. Polym. Sci. 2006, 194, 69–94.

11. Abdolahi, A.; Hamzah, E.; Ibrahim, Z.; Hashim, S. Synthesis of Uniform Polyaniline Nanofibers through
Interfacial Polymerization. Materials 2012, 5, 1487–1494. [CrossRef]

12. Guo, X.; Fei, G.T.; Su, H.; Zhang, L.D. Synthesis of polyaniline micro/nanospheres by a copper(II)-catalyzed
self-assembly method with superior adsorption capacity of organic dye from aqueous solution. J. Mater. Chem.
2011, 21, 8618. [CrossRef]

13. Lee, S.; Hong, J.Y.; Jang, J. Synthesis and electrical response of polyaniline/poly(styrene sulfonate)-coated
silica spheres prepared by seed-coating method. J. Colloid. Inter. Sci. 2013, 398, 33–38. [CrossRef] [PubMed]

14. Zhang, Y.; Shao, Y.; Zhang, T.; Meng, G.; Wang, F. The effect of epoxy coating containing emeraldine base
and hydrofluoric acid doped polyaniline on the corrosion protection of AZ91D magnesium alloy. Corros. Sci.
2011, 53, 3747–3755. [CrossRef]

15. Xu, W.; Zhao, K.; Niu, C.; Zhang, L.; Cai, Z.; Han, C.; He, L.; Shen, T.; Yan, M.; Qu, L. Heterogeneous branched
core–shell SnO2–PANI nanorod arrays with mechanical integrity and three dimensional electron transport
for lithium batteries. Nano Energy 2014, 8, 196–204. [CrossRef]

16. Farooq, S.; Tahir, A.; Krewer, U.; Shah, A.A.; Bilal, S. Efficient photocatalysis through conductive polymer
coated FTO counter electrode in platinum free dye sensitized solar cells. Electrochim. Acta 2019, 320, 134544.
[CrossRef]

143



Materials 2019, 12, 2854

17. Mujawar, S.H.; Ambade, S.B.; Battumur, T.; Ambade, R.B.; Lee, S.H. Electropolymerization of polyaniline on
titanium oxide nanotubes for supercapacitor application. Electrochim. Acta 2011, 56, 4462–4466. [CrossRef]

18. Li, R.; Liu, L.; Yang, F. Preparation of polyaniline/reduced graphene oxide nanocomposite and its application
in adsorption of aqueous Hg(II). Chem. Eng. J. 2013, 229, 460–468. [CrossRef]

19. Shen, J.; Shahid, S.; Amura, I.; Sarihan, A.; Mi Tian, M.; Emanuelsson, E.A. Enhanced adsorption of cationic
and anionic dyes from aqueous solutions by polyacid doped polyaniline. Synth. Met. 2018, 245, 151–159.
[CrossRef]

20. Huang, Y.; Li, J.; Chen, X.; Wang, X. Applications of conjugated polymer based composites in wastewater
purification. RSC Adv. 2014, 4, 62160–62178. [CrossRef]

21. Lee, Y.M.; Nam, S.Y.; Ha, S.Y. Pervaporation of water/isopropanol mixtures through polyaniline membranes
doped with poly(acrylic acid). J. Membr. Sci. 1999, 159, 41–46.

22. Bober, P.; Stejskal, J.; Trchováa, M.; Prokes, J. In-situ prepared polyaniline–silver composites: Single-and
two-step strategies. Electrochim. Acta 2014, 122, 259–266. [CrossRef]

23. He, K.; Li, M.; Guo, L. Preparation and photocatalytic activity of PANI-CdS composites for hydrogen
evolution. Int. J. Hydrogen Energy 2012, 37, 755–759. [CrossRef]

24. Yilmaz, H.; Zengin, H.S.; Unal, H.I. Synthesis and electrorheological properties of polyaniline/silicon dioxide
composites. J. Mater. Sci. 2012, 47, 5276–5286. [CrossRef]

25. Wanga, J.G.; Yang, Y.; Huanga, Z.H.; Kang, F. Interfacial synthesis of mesoporous MnO2/polyaniline hollow
spheres and their application in electrochemical capacitors. J. Power Sources 2012, 204, 236–243. [CrossRef]

26. Chandraa, S.; Lang, H.; Bahadur, D. Polyaniline-iron oxide nanohybrid film as multi-functional label-free
electrochemical and biomagnetic sensor for catechol. Anal. Chim. Acta 2013, 795, 8–14. [CrossRef] [PubMed]

27. Vellakkat, M.; Kamath, A.; Raghu, S.; Chapi, S.; Hundekal, D. Dielectric Constant and Transport Mechanism
of Percolated Polyaniline Nanoclay Composites. Ind. Eng. Chem. Res. 2014, 53, 16873–16882. [CrossRef]

28. Salem, M.A.; Salem, I.A.; Hanfy, M.G.; Ahmed, B.; Zak, A.B. Removal of titan yellow dye from aqueous
solution by polyaniline/Fe3O4 nanocomposite. Eur. Chem. Bull. 2016, 5, 113–118.

29. Das, S.; Chakraborty, P.; Ghosh, R.; Paul, S.; Mondal, S.; Panja, A.; Nand, A.K. Folic Acid-Polyaniline Hybrid
Hydrogel for Adsorption/Reduction of Chromium(VI) and Selective Adsorption of Anionic Dye from Water.
Chem. Eng. 2017, 5, 9325–9337. [CrossRef]

30. Neuberger, T.; Schöpf, B.; Hofmann, H.; Hofmann, M.; Rechenberg, B. Superparamagnetic nanoparticles for
biomedical applications: Possibilities and limitations of a new drug delivery system. J. Magn. Magn. Mater.
2005, 293, 483–496. [CrossRef]

31. Ito, A.; Shinkai, M.; Honda, H.; Kobayashi, T. Medical application of functionalized magnetic nanoparticles.
J. Biosci. Bioeng. 2005, 100, 1–11. [CrossRef] [PubMed]

32. Pankhurst, Q.A.; Connolly, J.; Jones, S.K.; Dobson, J. Applications of magnetic nanoparticles in biomedicine.
J. Phys. D Appl. Phys. 2003, 36, 167–181. [CrossRef]

33. Khurshid, H.; Hadjipanayis, C.; Chen, H.W.; Li, H.; Mao, H.; Machaidze, R.; Tzitzios, V.; Hadjipanay, G.C.
Core/shell structured iron/iron-oxide nanoparticles as excellent MRI contrast enhancement agents. J. Magn.
Magn. Mater. 2013, 331, 17–20. [CrossRef]

34. Wang, G.; Chang, Y.; Wang, L.; Wei, Z.; Kang, J.; Sang, L.; Dong, X.; Chen, G.; Wang, H.; Qi, H. Preparation
and characterization of PVPI-coated Fe3O4 nanoparticles as an MRI contrast agent. J. Magn. Magn. Mater.
2013, 340, 57–60. [CrossRef]

35. Hyun Do, S.I.; Hoon Jo, Y.; Park, J.Y.; Hong, S.H. As3+removal by Ca–Mn–Fe3O4with and without H2O2:
Effects ofcalcium oxide in Ca–Mn–Fe3O4. J. Hazard. Mater. 2014, 280, 322–330.

36. Hu, J.; Irene, M.C.; Chen, G. Fast Removal and Recovery of Cr(VI) Using Surface-Modified Jacobsite
(MnFe2O4) Nanoparticles. Langmuir 2005, 21, 11173–11179. [CrossRef]

37. Aphesteguy, J.C.; Kurlyandskaya, G.V.; de Celis, J.P.; Safronov, A.P.; Schegoleva, N.N. Magnetite nanoparticles
prepared by co-precipitation method in different conditions. Mater. Chem. Phys. 2015, 161, 243–249. [CrossRef]

38. Amer, M.A.; Meaz, T.M.; Attalah, S.S.; Ghoneim, A.I. Structural and magnetic characterization of the
Mg0.2_xSrxMn0.8Fe2O4 nanoparticles. J. Magn. Magn. Mater. 2014, 363, 60–65. [CrossRef]

39. Lam, U.T.; Mammucari, R.; Suzuki, K.; Foster, N.R. Processing of iron oxide nanoparticles by supercritical
fluids. Ind. Eng. Chem. Res. 2008, 47, 599–614. [CrossRef]

40. Tavakoli, A.; Sohrabi, M.; Kargari, A. A review of methods for synthesis of nano structured metals with
emphasis on iron compounds. Chem. Pap. 2007, 61, 151–170. [CrossRef]

144



Materials 2019, 12, 2854

41. Teja, A.S.; Koh, P. Y Synthesis, properties, and applications of magnetic iron oxide nanoparticles. Prog. Cryst.
Growth Charact. Mater. 2009, 55, 22–45. [CrossRef]

42. Majewski, P.; Thierry, B. Functionalized magnetite nanoparticles synthesis, properties, and bio-applications.
Solid State Mater. Sci. 2007, 32, 203–215. [CrossRef]

43. Jia, Z.; Yujun, W.; Yangcheng, L.; Jingyu, M.; Guangsheng, L. In situ preparation of magnetic chitosan/Fe3O4
composite nanoparticles in tiny pools of water-in-oil microemulsion. React. Funct. Polym. 2006, 66, 1552–1558.

44. Khan, A.; Aldwayyan, A.S.; Alhoshan, M.; Alsalhi, M. Synthesis by in situ chemical oxidative polymerization
and characterization of polyaniline/iron oxide nanoparticle composite. Polym. Int. 2010, 59, 1690–1694.
[CrossRef]

45. Rasha, M.K. Synthesis, characterization, magnetic and electrical properties of the novel conductive and
magnetic Polyaniline/MgFe2O4 nanocomposite having the core–shell structure. J. Alloys Compounds 2011,
509, 9849–9857.

46. Bhaumik, M.; Choi, H.J.; McCrindle, R.I.; Maity, A. Composite nanofibers prepared from metallic iron
nanoparticles and polyaniline: High performance for water treatment applications. J. Colloid. Interface Sci.
2014, 425, 75–82. [CrossRef] [PubMed]

47. Mohamed, A.S. The role of polyaniline salts in the removal of direct blue 78 from aqueous solution: A kinetic
study. React. Funct. Polym. 2010, 70, 707–714.

48. Cui, H.; Qian, Y.; Li, Q.; Zhang, Q.; Zhai, J. Adsorption of aqueous Hg(II) by a polyaniline/attapulgite
composite. Chem. Eng. J. 2012, 211, 216–223.

49. Muhammad, A.; Shah, A.H.A.; Bilal, S.; Rahman, G. Basic Blue Dye Adsorption from Water using
Polyaniline/Magnetite(Fe3O4) Composites: Kinetic and Thermodynamic Aspects. Materials 2019, 12, e1764.
[CrossRef]

50. Keyhanian, F.; Shariati, S.; Faraji, M.; Hesabi, M. Magnetite nanoparticles with surface modification for
removal of methyl violet from aqueous solutions. Arab. J. Chem. 2016, 9, 348–354. [CrossRef]

51. Patra, B.N.; Majhi, D. Removal of Anionic Dyes from Water by Potash Alum Doped Polyaniline: Investigation
of Kinetics and Thermodynamic Parameters of Adsorption. J. Phys. Chem. B 2015, 119, 8154–8164. [CrossRef]
[PubMed]

52. Hosseini, S.H.; Asadnia, A. Polyaniline/Fe3O4 coated on MnFe2O4 nanocomposite: Preparation,
characterization, and applications in microwave absorption. Int. J. Phys. Sci. 2013, 8, 1209–1217.

53. Tung, L.M.; Cong, N.X.; Huy, L.T.; Lan, N.T.; Phan, V.N.; Hoa, N.Q.; Vinh, L.K.; Thinh, N.V.; Tai, L.T.;
Ngo, D.T.; et al. Synthesis, Characterizations of Superparamagnetic Fe3O4–Ag Hybrid Nanoparticles and
Their Application for Highly Eective Bacteria Inactivation. J. Nanosci. Nanotechnol. 2016, 16, 5902–5912.
[CrossRef]

54. Bachan, N.; Asha, A.; Jeyarani, W.J.; Kumar, D.A.; Shyla, J.M. A Comparative Investigation on the Structural,
Optical and Electrical Properties of SiO2–Fe3O4 Core–Shell Nanostructures with Their Single Components.
Acta Metall. Sin. Engl. Lett. 2015, 28, 1317–1325. [CrossRef]

55. Bilal, S.; Gul, S.; Holze, R.; Shah, A.A. An impressive emulsion polymerization route for the synthesis of
highly soluble and conducting polyaniline salt. Synth. Met. 2015, 206, 131–144. [CrossRef]

56. Hatamzadeh, M.; Ahar, M.J.; Jaymand, M. In Situ Chemical Oxidative Graft Polymerization of Aniline from
Fe3O4 Nanoparticles. Int. J. Nanosci. Nanotechnol. 2012, 8, 51–60.

57. Akar, T.; Ozcan, A.S.; Tunali, S.; Ozcan, A. Biosorption of a textile dye (Acid Blue 40) by cone biomass of
Thuja orientalis: Estimation of equilibrium, thermodynamic and kinetic parameters. Bioresour. Technol. 2008,
99, 3057–3065. [CrossRef] [PubMed]

58. Khoshsang, H.; Ghaffarinejad, A.; Kazemi, H.; Jabarian, S. Synthesis of Mesoporous Fe3O4 and Fe3O4/C
Nanocomposite for Removal of Hazardous Dye from Aqueous Media. J. Water Environ. Nanotechnol. 2018, 3,
191–206.

59. Ballav, N.; Debnath, S.; Pillay, K.; Maity, A. Efficient removal of Reactive Black from aqueous solution
usingpolyaniline coated ligno-cellulose composite as a potential adsorbent. J. Mol. Liq. 2015, 209, 387–396.
[CrossRef]

60. Konicki, W.; Pełech, I.; Mijowska, E.; Jasinska, I. Adsorption of anionic dye Direct Red 23 onto
magnetic multi-walled carbonnanotubes-Fe3C nanocomposite: Kinetics, equilibrium and thermodynamics.
Chem. Eng. J. 2012, 210, 87–95. [CrossRef]

145



Materials 2019, 12, 2854

61. Sun, M.; Zhu, A.; Zhang, Q.; Liu, Q. A facile strategyto synthesize mono disperse super paramagnetic
OA-modified Fe3O4 nanoparticles with PEG assistant. J. Magn. Magn. Mater. 2014, 369, 49–54. [CrossRef]

62. Asgari, S.; Fakhari, Z.; Berijanic, S. Synthesis and Characterization of Fe3O4 Magnetic Nanoparticles Coated
with Carboxymethyl Chitosan Grafted Sodium Methacrylate. J. Nanostruct. 2014, 4, 55–63.

63. Ömeroglu Ay, C.; Özcan, A.S.; Erdogan, Y.; Özcan, A. Characterization of Punica granatum L. peels
and quantitatively determination of its biosorption behavior towards lead(II) ions and Acid Blue 40.
Colloids Surf. B 2012, 100, 197–204. [CrossRef] [PubMed]

64. Gul, H.; Shah, A.A.; Bilal, S. Fabrication of Eco-Friendly Solid-State Symmetric Ultracapacitor Device Based
on Co-Doped PANI/GO Composite. Polymers 2019, 11, 1315. [CrossRef] [PubMed]

65. Kellenberger, A.; Dmitrieva, E.; Dunsch, L. Structure Dependence of Charged States in Linear Polyaniline as
Studied by In Situ ATR-FTIR Spectroelectrochemistry. J. Phys. Chem. B 2012, 116, 4377–4385. [CrossRef]
[PubMed]

66. Ding, S.; Mao, H.; Zhang, W. Fabrication of DBSA-Doped Polyaniline Nanorods by Interfacial Polymerization.
J. Appl. Polym. Sci. 2008, 109, 2842–2847. [CrossRef]

67. Umare, S.S.; Shambharkar, B.H.; Ningthoujam, R.S. Synthesis and characterization of polyaniline–Fe3O4
nanocomposite: Electrical conductivity, magnetic, electrochemical studies. Synth. Met. 2010, 160, 1815–1821.
[CrossRef]

68. Oppong, S.O.B.; Anku, W.; Shukla, S.K.; Govender, P. Lanthanum doped–TiO2 decorated on graphene oxide
nanocomposite: A photocatalyst for enhanced degradation of acid blue 40 under simulated solar light.
Adv. Mater. Lett. 2017, 8, 295–302. [CrossRef]

69. Ayad, M.; Zaghlol, S. Nanostructured crosslinked polyaniline with high surface area: Synthesis,
characterization and adsorption for organic dye. Chem. Eng. J. 2012, 204, 79–86. [CrossRef]

70. Germain, J.; Frechet, J.M.; Svec, F. Hypercrosslinked polyanilines with nanoporous structure and high surface
area: Potential adsorbents for hydrogen storage. J. Mater. Chem. 2007, 17, 4989–4997. [CrossRef]

71. Kegl, T.; Ban, I.; Lobnik, A.; Košak, A. Synthesis and characterization of novel γ-Fe2O3-NH4OH@SiO2(APTMS)
nanoparticles for dysprosium adsorption. J. Hazard. Mater. 2019, 378, 120764. [CrossRef] [PubMed]

72. Javadian, H.; Angaji, M.T.; Naushad, M. Synthesis and characterization of polyaniline/g-alumina
nanocomposite: A comparative study for the adsorption of three different anionic dyes. J. Ind. Eng. Chem.
2014, 20, 3890–3900. [CrossRef]

73. Crini, G. Kinetic and equilibrium studies on the removal of cationic dyes from aqueous solution by adsorption
onto a cyclodextrin polymer. Dyes Pigm. 2008, 77, 415–426. [CrossRef]

74. Sharma, P.; Das, M.R. Removal of a Cationic Dye from Aqueous Solution Using Graphene Oxide Nanosheets:
Investigation of Adsorption Parameters. J. Chem. Eng. Data 2013, 58, 151–158. [CrossRef]

75. Bhatt, A.S.; Sakaria, P.L.; Vasudevan, M.; Radheshyam, R.; Sudheesh, P.N.; Bajaj, H.C.; Mody, H.M. Adsorption
of an anionic dye from aqueous medium by organoclays: Equilibrium modeling, kinetic and thermodynamic
exploration. RSC Adv. 2012, 2, 8663–8671. [CrossRef]

76. Song, W.; Gao, B.; Xu, X.; Xing, L.; Han, S.; Duan, P.; Song, W.; Jia, R. Adsorption–desorption
behavior of magnetic amine/Fe3O4functionalized biopolymer resin towards anionic dyes from wastewater.
Bioresour. Technol. 2016, 210, 123–130. [CrossRef] [PubMed]

77. Mittal, A.; Mittal, J.; Malviya, A.; Gupta, V.K. Adsorptive removal of hazardous anionic dye “Congo red”
from wastewaterusing waste materials and recovery by desorption. J. Colloid Interface Sci. 2009, 340, 16–26.
[CrossRef]

78. Patil, M.R.; Khairnar, S.D.; Shrivastava, V.S. Synthesis, characterisation of polyaniline–Fe3O4 magnetic
nanocomposite and its application for removal of an acid violet 19 dye. Appl. Nanosci. 2016, 6, 495–502.
[CrossRef]

79. Abramian, L.; El-Rassy, H. Adsorption kinetics and thermodynamics of azo-dye Orange II onto highly
porous titania aerogel. Chem. Eng. J. 2009, 150, 403–410. [CrossRef]

80. German-Heins, J.; Flury, M. Sorption of Brilliant Blue FCF in soils as affected by pH and ionic strength.
Geoderma 2000, 97, 87–101. [CrossRef]

81. Alberghina, G.; Bianchini, R.; Fichera, M.; Fisichella, S. Dimerization of Cibacron Blue F3GA and other dyes:
Influence of salts and temperature. Dyes. Pigm. 2000, 46, 129–137. [CrossRef]

82. Mahanta, D.; Madras, G.; Radhakrishnan, S.; Patil, S. Adsorption and Desorption Kinetics of Anionic Dyes
on Doped Polyaniline. J. Phys. Chem. B 2009, 113, 2293–2299. [CrossRef] [PubMed]

146



Materials 2019, 12, 2854

83. Cao, J.S.; Lin, J.X.; Fang, F.; Zhang, M.T.; Hu, Z.R. A new absorbent by modifying walnut shell for the removal
of anionic dye: Kinetic and thermodynamic studies. Bioresour. Technol. 2014, 163, 199–205. [CrossRef]
[PubMed]

84. Weng, C.H.; Lin, Y.T.; Tzeng, T.W. Removal of Methylene Blue from Aqueous Solution by Adsorption onto
Pineapple Leaf Powder. J. Hazard. Mater. 2009, 170, 417–424. [CrossRef]

85. Özcan, S.; Erdem, B.; Özcan, A. Adsorption of Acid Blue 193 from Aqueous Solutions Onto Na-Bentonite
and DTMA-Bentonite. J. Colloid Interface Sci. 2004, 280, 44–54. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

147



materials

Article

Enhanced Adsorptive Properties and
Pseudocapacitance of Flexible Polyaniline-Activated
Carbon Cloth Composites Synthesized
Electrochemically in a Filter-Press Cell

César Quijada 1,*, Larissa Leite-Rosa 1, Raúl Berenguer 2 and Eva Bou-Belda 1

1 Departamento de Ingeniería Textil y Papelera, Universitat Politècnica de València. Pza Ferrándiz y
Carbonell, Alcoy, E-03801 Alicante, Spain

2 Departamento de Química Física e Instituto Universitario de Materiales, Universidad de Alicante, Apartado
99, E-03080 Alicante, Spain

* Correspondence: cquijada@txp.upv.es; Tel.: +34-966-528-419

Received: 30 June 2019; Accepted: 1 August 2019; Published: 7 August 2019

Abstract: Electrochemical polymerization is known to be a suitable route to obtain conducting
polymer-carbon composites uniformly covering the carbon support. In this work, we report
the application of a filter-press electrochemical cell to polymerize polyaniline (PAni) on the
surface of large-sized activated carbon cloth (ACC) by simple galvanostatic electropolymerization
of an aniline-containing H2SO4 electrolyte. Flexible composites with different PAni loadings
were synthesized by controlling the treatment time and characterized by means of Scanning
Electron microscopy (SEM), X-Ray Photoelectron Spectroscopy (XPS), physical adsorption of
gases, thermogravimetric analysis (TGA), cyclic voltammetry and direct current (DC) conductivity
measurements. PAni grows first as a thin film mostly deposited inside ACC micro- and mesoporosity.
At prolonged electropolymerization time, the amount of deposited PAni rises sharply to form a
brittle and porous, thick coating of nanofibrous or nanowire-shaped structures. Composites with
low-loading PAni thin films show enhanced specific capacitance, lower sheet resistance and faster
adsorption kinetics of Acid Red 27. Instead, thick nanofibrous coatings have a deleterious effect,
which is attributed to a dramatic decrease in the specific surface area caused by strong pore blockage
and to the occurrence of contact electrical resistance. Our results demonstrate that mass-production
restrictions often claimed for electropolymerization can be easily overcome.

Keywords: conducting polymer; emeraldine salt state; valence band; flexible composite electrode;
dye adsorption kinetics; pseudo-second order model; capacitance; electrical conductivity

1. Introduction

Conducting polymers (CPs) are a fascinating family of organic materials that can be easily
synthesized with a large diversity of chemical structures and a wide variety of micro- and
nano-morphologies, in order to get tailored macroscopic physical and chemical properties [1]. Further,
facile and reversible doping enables a set of unique and tunable optical, electronic and redox properties,
particularly an electrical conductivity ranging from insulating to metallic. For these reasons, CPs have
found promising application as flexible and lightweight functional materials in opto-electronic devices
(e.g., light-emitting diodes, thin-film transistors, electrochromic displays, etc.), energy conversion
and storage systems (rechargeable batteries, supercapacitors, solar cells or thermoelectric devices),
as well as sensor and actuator devices [1–4]. Owing to the ease of synthesis, low cost, good
environmental and chemical stability, high electrical conductivity and capacitance, together with its
electrochromic character and ion-exchange properties [5], polyaniline (PAni) has emerged as one of
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the most industrially important CPs today. These virtues have made PAni an attractive material for a
broad spectrum of technologically important applications, such as Li-ion batteries, supercapacitors,
electromagnetic interference shielding, electrochemical sensors, and anti-corrosion coatings [1,6]. Also,
it is worth mentioning the advent of recent new applications in solid-phase micro-extraction [7] or
as (electro)adsorbent/ion-exchange materials for environmental issues [8–10], where the affinity of
target pollutants for PAni active groups (charged and neutral amine and imine groups) is exploited to
an advantage.

However, PAni has the main shortcomings of a relatively low porosity, specific surface area,
slow degradation, and poor mechanical stability because of volume changes produced upon repeated
charge/discharge process [2,4,11,12]. Composites of PAni with carbon materials, metal oxides, natural
and modified clay minerals, zeolites or mesoporous silica [2,4,9,10], have been extensively investigated
with the goal of overcoming these disadvantages and further improving existing properties via
synergistic effects. Carbons are outstanding versatile materials with regards to their use as composite
supports because of the wide availability of allotropes, microtextures, 0 to 3D dimensionality, and
macroscopic forms. In addition, their excellent chemical and thermal stability, good electrical
conductivity, large specific surface area, wide range of pore structures, and mechanical strength [11,
12] make them particularly suitable as composite constituents for electrochemical applications or
environmental adsorbents. To date, much work has been undertaken on PAni composites with
carbon nanotubes [13,14], graphene/reduced graphene oxide nanosheets [4,13], porous carbon foams
or rods [15,16] and activated carbon fibers [11,17] or powders [18,19]. Only recently, activated carbon
fiber cloths (ACC) have gained popularity as inexpensive, highly porous and flexible mechanical
supports for conducting polymers in electrode materials for wearable power microelectronics or roll-up
electrochemical systems [8,20–25]. Furthermore, the highly porous 3D conductive framework of the
carbon fabric allowed PAni-ACC composites to be directly used as electrodes without the use of
insulating binders and conductive additives. Thus, the unique combination of wide accessibility of
the fabric pore nanoarchitecture [24]; the binderless CP–carbon interface [25]; and simple, fast and
reversible surface redox reactions in PAni [24] has shown to provide the composite with shortened
path lengths for direct electron transfer and fast ion transport [20,22,24,25].

PAni-carbon composites have been synthesized by conventional in situ chemical,
emulsion/interfacial, vapor chemical or electrochemical polymerization, just to cite a few [6,26,27].
Electrochemical methods have proven to be simple and powerful tools to produce uniform, adherent
thin PAni films over a number of different conductive substrates [6], including porous carbon materials,
which have served as hard templates capable of transcribing their nanostructure to the growing
polymer. However, it is often claimed that electrochemical routes for the preparation of PAni are
limited in terms of mass production [23]. In fact, the vast majority of examples of electrosynthesized
carbon-PAni composites deal with small size (typically 1 to 2 cm2) samples, while research treating
significantly larger areas is scarce [8,28] and generally does not focus on a systematic study of the effect
of synthesis variables on the structure and properties of the resulting composites.

In this work, we show the feasibility of producing flexible PAni-ACC composites of large size
(~20 cm2) by simple galvanostatic (i.e., constant current) electrolpolymerization in a filter-press
electrolyzer, a type of cell design advantageous for industrial scaling-up [29]. The polymer loading
density was controlled by changing the electropolymerization time (i.e., the amount of passed charge),
and the surface microstructure, chemical composition, porous texture, and thermal stability of the
fabricated composites were studied by Scanning Electron microscopy (SEM), X-Ray Photoelectron
Spectroscopy (XPS), N2/CO2 adsorption experiments, and thermogravimetric analysis (TGA). Some
important properties for practical application as electrodes in supercapacitors, secondary batteries or as
adsorbent materials in dyestuff effluent treatment were examined and correlated with their structural
and chemical features. For this purpose, the capacitance and electrical conductivity were derived
from cyclic voltammetry (CV) and four-strip probe conductance experiments, and the liquid-phase
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adsorptive capability was studied by using aqueous solutions of Acid Red 27, a model dye of anionic
azo dyes used in the food and textile industries.

2. Materials and Methods

2.1. Materials

A viscose-based activated carbon cloth (CTex-20, knitted fabric, areal density: ~18 mg cm−2, mean
fiber diameter: ~10 μm) was purchased from Mast Carbon International Ltd. (Hampshire, UK). The
carbon fabric was cut in sheets of 45 mm × 55 mm. The untreated carbon samples were repeatedly
washed with distilled water until constant pH. Then, they were dried in an oven at 80 ◦C overnight and
finally allowed to cool down in a desiccator. Analytical reagent-grade aniline (≥99.0%) and sulfuric
acid (98%) were supplied by Merck. Prior to use, aniline was distilled under vacuum and stored in
the dark at 5 ◦C. Solutions of aniline (0.1 M) in aqueous H2SO4 electrolyte (0.5 M) were made up
with distilled water. Background electrolyte solutions (0.5 M H2SO4) for cyclic voltammetry were
prepared from Millipore Milli-Q water. The anionic monoazo dye Acid Red 27 (Colour Index no. 16185,
empirical formula C20H11N2Na3O10S3) was purchased from Sigma-Aldrich (91 wt.% dye content) and
used as received.

2.2. Preparation of Hybrid PAni-ACC Composites

Polyaniline was polymerized on the carbon fabric substrate by galvanostatic treatment in
an undivided home-made filter-press electrolyzer, designed for the electrochemical processing of
textile-structured materials (Figure 1a) [30,31]. The cell was assembled in a flow-through parallel
plate-and-frame configuration, with two identical stainless steel (SS) mesh electrodes separated by a
5-mm-thick plastic spacer, providing an interelectrode rectangular channel of 20 cm2. A dry ACC sheet
(typically 0.4 g) was pressed against the anode SS mesh with a silicone rubber sealing gasket to leave an
exposed geometric area of 20 cm2. The aniline-containing electrolyte was fed into the cell with the aid
of a peristaltic pump (Dinko Instruments D-21V, Barcelona, Spain), until excess solution was collected
at the outlet. As a pre-conditioning step, the system was left at open circuit for 30 min to allow carbon
pore filling and facilitate aniline adsorption. Then, an input current of 100 mA (~14 mA cm−2 g−1) was
passed through the cell for different processing times (10–120 min) at room temperature. The anode
potential was measured against an Ag/AgCl reference electrode connected through a Luggin capillary
drilled in the plastic spacer, and it was found to lie within the range 0.6–0.8 V. A schematic view of
the electrochemical set-up is shown in Figure 1b. After the prescribed electropolymerization time,
the modified carbon cloth was washed repeatedly with 0.5 M H2SO4 and subsequently with distilled
water. The obtained PAni-ACC composite was dried at 40 ◦C under dynamic vacuum for 24 h and
stored in a desiccator until further characterization studies.

150



Materials 2019, 12, 2516

Figure 1. (a) Cut-away view of the electrochemical filter-press cell; (b) Schematic diagram of the
electropolymerization system.

2.3. Materials Characterization

The morphology and micro-structure of the unmodified ACC and the PAni-ACC composites were
examined by SEM. Secondary electron micrographs were obtained with a Phenom Microscope (FEI Co.,
Hillsboro, USA). X-Ray Photoelectron spectroscopy (XPS) was conducted in a K-ALPHA spectrometer
(ThermoFisher Scientific) by using a microfocused monochromatized Al Kα radiation (1486.6 eV) of
400 μm spot size at 173 K and a base pressure below 5 × 10−10 kPa. Photoelectrons were collected into
a hemispherical analyzer operated in the constant energy mode at pass energy of 50 eV for narrow
core-level and valence band spectra. Peak binding energies (BE) were referenced to the principal C1s
line at 284.6 eV and given to an accuracy of ±0.2 eV. XPS data were analyzed with Thermo ScientificTM

Avantage software. A smart correction function was used for background correction. Peak synthesis
was done with mixed Gaussian (70%)/Lorentzian (30%) function lineshapes. Surface charging was
compensated with a flood electron gun.

The porous texture was determined by physical adsorption of N2 (at 77 K) and CO2 (at 273 K) by
using an automatic adsorption system (Autosorb-6, Quantachrome Instruments, Boynton Beach, USA).
In order to remove moisture and adsorbed gases while avoiding thermal degradation of PAni, the
samples were previously out-gassed under vacuum at 423 K for 4 h. The apparent specific surface area
(SBET) and total micropore volume (d < 2 nm, Vμ) were calculated from the N2 isotherm by applying
the Brunauer-Emmett-Teller (BET) and the Dubinin-Radushkevich (DR) equations, respectively [30].
The DR theory was also applied to obtain the ultramicropore volume (d < 0.7 nm, Vultra μ) from
the CO2 isotherm [30]. The good fitting of the N2 and CO2 adsorption data to the DR equation
(R2 > 0.99) validated the application of this method for the studied materials. The N2 uptake at a
relative pressure near to capillary condensation (~0.97) was used to calculate the total pore volume
(Vtp) [32]. The mesopore volume (2 nm < d < 50 nm, Vmeso) was estimated as the difference between
total and micropore volumes.

The thermal stability of the samples was studied by thermogravimetric analysis (Mettler Toledo
851E/1600/LG) under a He stream at a flow rate of 100 mL min−1. About 10 mg of sample was placed
in a 70 μL aluminum crucible and submitted to a two-stage heating protocol at a rate of 20 ◦C min−1.
First, the samples were heated from 25 ◦C to 120 ◦C and kept at the latter temperature for 30 min for
drying. Then, they were allowed to cool down to thermal equilibrium at 25 ◦C. In the second stage, the
samples were heated up to 1000 ◦C.
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2.4. Electrochemical and Sheet Resistance Measurements

Cyclic voltammetry (CV) experiments were conducted in an all-Pyrex glass cell with provision
for a standard three-electrode assembly. Round-shaped cut, dry ACC and PAni-ACC samples of
approximately 1 cm2 (10–13 mg) were weighed to an accuracy of ±0.001 mg. The samples were pressed
at 20–25 kg cm−2 for 40 s in between a folded SS mesh, used as a current collector for the working
electrode assembly. Prior to characterization, these electrodes were immersed in 0.5 M H2SO4 overnight
to promote the material impregnation. A Pt wire was employed as a counter electrode. The working
electrode potential was given with reference to a commercial Ag/AgCl/Cl− (3.5 M KCl) electrode.
The measurements were carried out in a potentiostat system (VSP model, Bio-logic Science Instruments).
The working solution was previously de-aerated by bubbling N2 and blanketed throughout all the
experiments by a N2 stream flowing over it. Cyclic voltammograms were recorded at room temperature
at a scan rate of 1 mV s−1 and presented as mass-normalized current (mA g−1) vs. potential plots.
The gravimetric specific capacitance was evaluated from CV (Appendix A, Equation (A1)).

The conductivity of ACC and PAni-ACC composite fabrics was measured by the four-strip probe
method [33]. Dry sample sheets (11 mm × 40 mm) were sputter coated with four Pd-Au thin strip
probes (5 mm × 11 mm) in an EMITECH SC7620 Sputter coater (Quorum Technologies Ltd, Laughton,
UK). The sputtered probes were 5 mm equally spaced across the length of the sample sheet. Copper
wires were glued to the probes by conducting silver epoxy resin, and the contacts were secured with
thin aluminum foils. A constant current, I, from a DC power supply (EP-613, Silver electronics) was
passed through the two outermost probes and measured with a digital multimeter in series. The voltage
drop, V, across the two inner probes was measured in a FLUKE 45 dual Display digital voltmeter. The
electrical resistance, R (Ω), was obtained from the linear slope of V vs. I plots in the range 0–10 mA.
The surface sheet resistance, Rs (Ω �−1), was derived from the calculated electrical resistance according
to Equation (A2) (see Appendix A) [34].

2.5. Dye Adsorption Measurements

A synthetic stock amaranth solution was prepared by dissolving 1 g of dye in 1 L of distilled water.
Working solutions of concentration in the range 25–200 mg L−1 were obtained by proper dilution with
distilled water. Dry ACC or PAni-ACC composites were cut in pieces of about 2 cm2 and accurately
weighed to ±0.1 mg (typical weights ~0.035–0.04 g). In a typical adsorption experiment, 50 mL of dye
solution of known initial concentration were contacted with the adsorbent in 100 mL glass bottles with
a screw cap, that were further sealed with Parafilm®. The contact was made in a thermostatic water
bath shaker (model WNE22, Memmert, Schwabach, Germany) at a constant temperature of 25 ◦C and
at an agitation speed of 120 rpm, for the time necessary to reach equilibrium. After prescribed time
intervals, the liquid-phase dye concentration was analyzed in a Thermo Scientific Helios γ UV-vis
spectrophotometer at λmax = 520 nm.

3. Results

3.1. Characterization of Surface Morphology, Surface Chemistry and Porous Structure

3.1.1. Analysis of the Surface Morphology by SEM Imaging

Figure 2a (low magnification) shows the typical morphology of a yarn in the knitted AC fabric.
Each yarn is a twisted bundle of loose carbon fibers of about 10 μm in average diameter. A higher
magnification image (Figure 2b) reveals that each fiber has a ridge surface with grooves parallel to the
fiber axis direction. This shape is typical of wet spun viscose fibers [35] used as precursor material in
the activated carbon fabric manufacture. At an electropolymerization time of 10 min, PAni can already
be discerned on the surface of ACC (Figure 2c–d). The polymer appears to be distributed over the
carbon fabric in a scattered fashion and in the form of smooth and compact deposits on the surface of
the fibers. These deposits are preferentially localized around the grooves in a carbon fiber. The number
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of such PAni deposits increases slightly with the electropolymerization time, their size seems also
to grow along the fiber grooves, and some degree of roughening appears (Figure 2e–f). In all these
examples, the polymeric material was only distinguished on the ACC face in contact with the stainless
steel anode inside the filter-press cell, whereas no evidence of PAni was found on the opposite face.
However, the surface N/C quotient (as measured by XPS, see Section 3.1.2) increases with the increasing
time of treatment at both sides of the ACC. The evolution of this ratio is a diagnostic signal that the
polymer grows throughout the whole fabric surface, but whenever it does as a very smooth and thin
film, it may appear morphologically featureless and barely discernable by SEM at the magnification
reached in Figure 2 [36].

Figure 2. Low- and high-magnification Scanning Electron microscopy (SEM) micrographs of (a), (b)
untreated activated carbon cloth (ACC) and PAni-ACC composites synthesized after (c), (d) 20 min and
(e), (f) 40 min of electropolymerization.
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After 120 min of galvanostatic treatment, a remarkable increase in the amount of electrodeposited
conducting polymer is observed (Figure 3). At this stage, a thick PAni layer grows on the ACC face
in contact with the anode surface, fully covering most of the carbon fibers and even filling most of
the void space among fiber bundles in a yarn (Figure 3a). This thick PAni coating appears brittle and
easily peels off upon slight fabric bending. Also, some polymer material detached from the fabric
during manipulation for withdrawal from the cell and during subsequent rinsing. High magnification
micrographs show that the PAni layer is rather porous (Figure 3b) and can be properly described as a
nanofibrous mat (see inset to Figure 3b). Localized open networks of either nanofibrous polyaniline
or aggregates of short and randomly aligned nanowires can also be discerned on the face exposed
to the electrolyte (Figure 3c–d). These supramolecular structures of polymeric material are unevenly
distributed among the individual carbon fibers forming a yarn and their proportion to the carbon
fabric is much lower than that in the opposite face of the cloth. Accordingly, the XPS N/C atomic ratio
is also lower than that for the side fully coated by a thick polymer layer (see below).

Figure 3. Low- and high-magnification SEM micrographs of PAni-ACC composites synthesized after
120 min of electropolymerization, (a), (b) electrode side; (c), (d) electrolyte side.

3.1.2. Surface Chemical Composition by XPS.

(1) Core-Level Spectra

The surface elemental composition, expressed as atomic percentage, of fresh and PAni-modified
ACC at different electropolymerization times, was computed from integrated photoelectron areas and
is summarized in Table S1. The small amount of nitrogen-containing surface complexes present in
fresh ACC (1.2 at.%) most likely stems from nitrogen existing in the precursor carbon source [37].
Sulfur can also be present in the precursor source as elemental sulfur impurities or in the form of
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inorganic or organosulfur compounds at low proportion [37]. The oxygen content mostly results from
carbon-oxygen surface complexes that develop as chemical defects at the edges of graphene layers.

The nitrogen and sulfur content on the surface increases with the increasing electropolymerization
time in connection with the growth of polyaniline (Table S1). Nitrogen is a characteristic constituent of
PAni polymeric chains either in the form of amine or imine links between benzenoid or quinonoid
moieties in the linear polymer backbone or as charged (protonated) nitrogen connected to semiquinone
segments. The increased amount of sulfur is due to electrolyte (bi) sulfate anions incorporated into the
polymer structure as the dopant, although some residue from inefficient electrolyte removal by rinsing
cannot be ruled out. The analysis of the different bonding states of these elements will be treated in
detail further below.

The plot of the N/C and S/C atomic ratios vs. time (Figure 4) shows that the N and S content in the
hybrid PAni-ACC composites increases moderately at short times, it seems to level off at intermediate
electropolymerization time and eventually rises sharply at prolonged process time (120 min). The
value of the N/C ratio at short electropolymerization time is lower than the theoretical one for pure
linear polyaniline chains (N/CPAni = 1/6), which means that most of the C photoemission signal arises
from carbon atoms belonging to either uncoated regions of the carbon fabric or covered by ultrathin,
i.e. <~10-nm-thick, smooth PAni films looking featureless in SEM [36]. On the contrary, the N/C ratio
is rather close to 1/6 at long electropolymerization time, indicating that XPS is mainly probing the
surface chemistry of the polymeric fraction in the hybrid composite (Figure 4). Therefore, the evolution
of the N/C ratio is in close agreement with SEM micrographs in Figures 2 and 3a,b, which showed
scattered compact PAni deposits at short electropolymerization time and thick PAni layers almost
completely covering the carbon cloth substrate at long treatment time (120 min). At short to moderate
electropolymerization time, the N/C values corresponding to analyzed areas on the fabric side exposed
to the electrolyte were only slightly lower than those described above and changed in a similar fashion
(open square circles in inset to Figure 4). This suggests that a smooth thin layer of PAni also forms on
this face within this time interval, although it is indiscernible by SEM imaging under our experimental
conditions. The long-term N/C atomic ratio (inset to Figure 4) is high but noticeably lower than at the
electrode side, in line with the surface topography shown in Figure 3c,d. Finally, the S/C ratio parallels
the N/C tendency (open circles in Figure 4), which strongly suggests that most of the sulfur present on
the surface of the PAni-ACC composite plays a role as a dopant ion.

Figure 4. Evolution of surface N/C and S/C ratios for PAni-ACC composites as a function of the
electropolymerization time. Inset: Comparison of N/C ratios at both sides of the fabric.

Figure 5 shows the high-resolution photoelectron spectra of C1s, N1s and S2p core levels of fresh
(Figure 5a) and PAni-modified ACC after electropolymerization at different times (Figure 5b,c). The
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C1s peak was satisfactorily fitted with photoelectron contributions at average values of 284.6 ± 0.1
(C1), 285.9 ± 0.3 (C2) and 287.9 ± 0.2 eV (C3) respectively (Table S2). The C1 subpeak is the major
component and corresponds to aromatic carbons in graphene layers of the carbon fabric [32,38–40] and
also to those belonging to carbon rings in the polymer backbone [41]. The C2 subpeak can be assigned
to carbon atoms singly bound to oxygen groups (i.e., C–OH/C–O–C functionalities) [38,40], but to
some extent it can be contributed to by C–N and C=N/C=N+ groups from the polymeric fraction in
the hybrid composite [41,42]. The chemical shift of the C3 subpeak is characteristic of double-bonded
carbon–oxygen complexes (e.g., C=O functional groups) [38]. Also, C atoms singly bound to positively
charged N atoms in PAni have been associated with this energy region [43].

Figure 5. High-resolution C1s, N1s and S2p core-level X-ray photoelectron spectra of (a) untreated ACC
and hybrid PAni-ACC composites synthesized after (b) 40 min and (c) 120 min electropolymerization time.
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In agreement with the low relative abundance of S, the S2p core-level spectrum of the fresh ACC
sample (Figure 5a) shows a weak band centered at ca. 167.9 eV. Because of the low intensity of this
band, fitting the possible components under the envelope was not attempted. According to the 10-
to 30-fold increase in the amount of S (Table S1), S2p spectra in Figure 5b,c are much more intense.
They appear shifted to higher BEs, therefore, pointing to a higher oxidation state of the S atom. The
fitting of the S2p line revealed a single atomic environment with a spin-orbit doublet having its 2p3/2

component located at 168.6 ± 0.1 eV, so confirming the presence of (bi)sulfate anions [44].
The N1s photoemission line (Figure 5) can be decomposed into four distinct components located

on average at 398.2 ± 0.1 (N1), 399.7 ± 0.2 (N2), 400.6 ± 0.2 (N3), and 402.0 ± 0.2 eV (N4), (Table S2).
As far as activated carbon materials are concerned, the low-BE component was assigned to nitrogen in
pyridine-like structures, and the N2 subpeak may be ascribed to aromatic amide or amine moieties,
as well as to pyrrolic or pyridone structures [39,45]. The contributions above 400 eV correspond
to positively-charged N structures: quaternary nitrogen (N3) and pyridine N-oxides (N4) [39,45].
By contrast, totally different local chemical states for N have been described in the literature dealing
with N-containing conducting polymers, like polyaniline and its derivatives [5,41,42]: The N1 peak was
attributed to deprotonated imine nitrogen in quinoneimine units, N2 to amine nitrogen in benzenoid
rings, and peaks at >400 eV to positively charged N atoms. In particular, a peak component at about
400.5 eV (N3) was assigned to N atoms with delocalized positive charge, while that at the highest BE
(N4) was associated with N atoms bearing localized positive charge. These assignments seem more
appropriate to interpret the N1s core-level spectrum in Figure 5c, since the high N/C atom ratio suggests
that XPS entirely reflects the composition of a layer of conducting polymer. The PAni doping level (S/N
ratio) in the hybrid composite formed of Figure 5c is 0.63, and the protonation level (N+/N ratio) is 0.56.
Therefore, sulfur is most likely to be incorporated in the form of (bi) sulfate anions, which compensates
for the positive charge residing on nitrogen sites. Under the assumption that cationic N atoms originate
solely from protonation of quinoneimine N sites [5], the proportion of neutral imine (=N−, 398.2 eV)
plus charged nitrogen (N+, >400 eV) to total nitrogen gives an intrinsic redox state of 60%. The N1s line
corresponding to PAni-ACC composites formed at intermediate electropolymerization time (Figure 5b)
can also be resolved into the same four aforementioned components, but their true assignment may
be obscured by N photoelectrons from the carbon matrix, which represents nearly 1/3 of the total N
(Table S1). Therefore, an estimation of the doping level, protonation level and redox state of polyaniline
was not attempted in this case.

(2) Valence-Band Spectra

Figure 6 shows the variation in the Valence-band (VB) spectrum of the ACC substrate after
modification with PAni. The spectrum of the bare carbon cloth (Figure 6a) is characterized by two
broad peaks of similar relative intensity corresponding to O2s (25 eV) and C2s (19 eV) levels [40].
This latter peak may also involve a possible contribution from N2s orbitals at its low BE energy side
(18–16 eV) [40]. The region below 16 eV is characterized by features resulting from the strong overlap
of mixed O2p, C2p and N2p components [40]. In Figure 6a, a sharp peak appears in this region
(12.2 eV), serving as a distinctive fingerprint for our base carbon fabric material. This characteristic
peak is totally suppressed in the VB spectrum of hybrid PAni-ACC composites formed at prolonged
electropolymerization time (Figure 6c, 120 min). The VB lineshape in this material shows three weak
consecutive peaks laying in the region 10–20 eV and an asymmetric peak of high intensity at 24.5 eV.
Moreover, it should be emphasized that the VB edge is far below the Fermi level in the ACC substrate,
but the growth of PAni increases the density of states near the Fermi energy to delineate a small
shoulder at ~4 eV. A similar VB pattern has been reported earlier for PAni films, although the relative
peak intensity and resolution of the various peaks is highly dependent on the particular intrinsic redox
state, the doping and protonation levels, and the nature of the dopant ion [46–48]. Nakajima et al. [46]
reported a set of peaks in the region 10–20 eV (17.5 eV, 14 eV and 11.5 eV) due to an overlap of molecular
orbitals involving benzenoid C and N in leucoemeraldine salt, while the electron density close to the
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Fermi level was found to be characteristic of a conjugated structure of double and single bonds. More
recently, Bocchini et al. [48] distinguished a C2s peak at 13 eV, a 9–11 eV feature corresponding to a
C–N 2p-σ state, and a group of weak photoemission peaks below 8 eV assigned to C2p-σ and C2p-π
bands in polyemeraldine doped with camphorsulphonic or aminosulphonic acids. Hybrid PAni-ACC
composites formed at intermediate electropolymerization times (Figure 6b) show mixed features from
both the underlying carbon matrix and a polymer thin film. Thus, the lineshape, relative intensity and
position of peaks above 15 eV change to become similar to that of PAni, whereas the characteristic
sharp peak survives, but is shifted to lower BE. Also, the VB edge lies between that of the untreated
ACC and that of the fabric coated with thick PAni layers.

Figure 6. Valence-band X-ray photoelectron spectra of (a) untreated ACC and hybrid PAni-ACC
composites synthesized after (b) 20 min and (c) 120 min of galvanostatic electropolymerization.

3.1.3. Porous Texture

Figure 7a shows nitrogen adsorption/desorption isotherms of bare ACC and representative
PAni-ACC composite samples. The evolution of the BET specific surface area and that of different pore
volumes with the electropolymerization time is plotted in Figure 7b,c respectively. A detailed list of
these parameters can be found in Table 1. The shape of the N2 adsorption curve of the unmodified ACC
(Figure 7a) corresponds to type IV isotherms, with a H4 adsorption/desorption hysteresis loop [49].
This form is typical of solids possessing mesopores embedded in a microporous matrix, where
the adsorptive uptake proceeds via multilayer adsorption followed by capillary condensation [49].
The shape of the isotherm is similar to those reported for other cellulose-based commercial activated
carbon fibers [23,39]. The growth of PAni layers leads to a general decrease in the N2 uptake, but
the isotherm shape remains unchanged for composite textiles obtained at short to intermediate
electropolymerization time. However, when the amount of charge passed is sufficiently high to
produce thick PAni films, there is a dramatic loss in the N2 adsorption capacity and the hysteresis does
not close at lower pressures. This may be due to diffusional restrictions to gas adsorption/desorption
associated to pore narrowing and/or occlusion induced by the grown polymer.
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Figure 7. Porous texture characterization of untreated ACC and hybrid Pani-ACC composites
synthesized after different electropolymerization times: (a) N2 adsorption–desorption isotherms; (b)
Brunauer-Emmett-Teller (BET) surface area; (c) Pore volume distribution: micropore volume (open
circles), ultramicropore volume (open diamonds), mesopore volume (open triangles).

Table 1. Porous texture analysis of as-received ACC and hybrid PAni-ACC composites synthesized
after different electropolymerization times.

Time
(min)

SBET

(m2/g)

Vtp

(cm3/g)

Vμ
1

(cm3/g)

Vultra μ
2

(cm3/g)

Vmeso

(cm3/g)

0 1424 0.77 0.59 0.35 0.18
10 1086 0.59 0.45 0.33 0.14
20 1032 0.55 0.43 0.32 0.12
40 1120 0.61 0.46 0.33 0.15
60 1037 0.57 0.43 0.28 0.14
120 71.1 0.055 0.028 0.14 0.027

1 Volume of micropores. 2 Volume of ultramicropores.

The commercial ACC has a high apparent BET surface area of 1424 m2/g and exhibits both a
micropore and mesopore structure (Table 1). In accordance to what is observed in Figure 7a, micro-
and mesopore volumes, and therefore the specific surface area, decrease by 20%–25% whenever PAni
grows as a uniform thin and dense film at short-to-moderate electropolymerization time (10–60 min,
Figure 7b,c). Within this time interval, these parameters remain constant, but they drop pronouncedly
in the hybrid composites with thick PAni layers. In contrast, the volume of the narrower micropores
(ultramicropores) barely changes with PAni loading, except at long electropolymerization time, when
a clear decrease is also observed (Figure 7c).

3.1.4. Thermal Analysis

The thermogravimetric curves of representative PAni-ACC composites obtained at selected
electropolymerization times are shown in Figure 8a and compared to the thermal evolution of the
untreated ACC. During the first thermogravimetric run (25–120 ◦C, inset to Figure 8a), the carbon
support and the PAni-loaded samples all exhibit a weight loss below 100 ◦C. This loss is associated with
the endothermic release of moisture or weakly adsorbed water solvent molecules, and perhaps with
the evaporation of some residual monomers [50–52]. The amount of water lost by the carbon support
is lower than the water released from any polymer-modified fabric, probably because PAni imparts
a significant hydrophilic character. However, no clear pattern correlating the amount of deposited
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polymer and the water content was found. During the second thermogravimetric run from 25–1000 ◦C
only negligible residual water is lost from the samples (Figure 8a).

Figure 8. (a) TGA curves of unmodified ACC (black line) and hybrid PAni-ACC composites synthesized
after 40 min (red line) and 120 min (blue line) of galvanostatic electropolymerization; the inset shows
the thermal pattern during the first thermogravimetric run up to 120 ◦C; the main panel shows the
thermal behavior of the resulting dried samples; (b) Evolution of the total weight loss at 1000 ◦C for
heat-dried PAni-ACC composites obtained at different electropolymerization times.

The dry carbon cloth undergoes a first smooth mass loss in the range 200–400 ◦C, followed by a
continuous decomposition and a more pronounced loss between 900–1000 ◦C (Figure 8a, black line).
These features are well connected with the thermal decomposition of oxygen surface complexes in
carbonaceous materials, which are known to evolve as CO2 and CO [30]. The thermogravimetric curves
of hybrid PAni-ACC composites show a prominent loss between 150–350 ◦C and a subsequent steady
weight decrease up to 1000 ◦C. The observed thermal pattern is a characteristic feature of PAni-like
powders or films in their emeraldine salt (i.e., doped) state [51–53]. The sharp loss in the temperature
range 150–350 ◦C has been attributed to either chain scission or cross-linking processes (e.g., leading to
phenazine-like segments) with dopant removal [50–52], while the loss above 400 ◦C has been related to
structural degradation of the polymer backbone leading to its complete carbonization at the highest
temperature [52–54].

Our results show that both the sharp feature within 150–350 ◦C and the total weight loss are closely
related to the amount of CP deposited on the carbon fabric (Figure 8a, red and blue lines). In samples
with a moderate PAni loading (red line in Figure 8a), the loss corresponding to the decomposition
processes of the underlying carbon cloth (800–1000 ◦C) is still discerned. However, it is missed in
heavily-loaded PAni-ACC composites (Figure 8a, blue line). The total weight loss of dry samples as a
function of the electropolymerization time (Figure 8b) reflects the evolution of the polymer amount in
the hybrid material. Figure 8b shows an abrupt increase at the early stages of the electropolymerization
process, a stabilization region and a second increase at the longest treatment time. Thus, the total
weight loss vs. time plot mimics the evolution of the photoelectron N/C vs. time plot (Figure 4).

Thermogravimetric data can be used to estimate the PAni loading of the different hybrid composites.
The estimate was done as follows: First, the total weight loss of dry hybrid PAni-ACC at 1000 ◦C was
corrected by the loss corresponding to the carbon support at the same temperature (7.57 wt.%); then,
the amount of polymeric material in the composite was estimated after considering that about 45 wt.%
residue was left after carbonization at 1000 ◦C [53,54]. PAni-loadings are expressed either as the mass
of polymer (mg) per unit geometric area (cm2) of carbon fabric or as wt.%. The results are summarized
in Table 2 for composites electrosynthesized at 10–120 min time. The data confirm that a massive
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deposit of PAni occurs at 120 min of electropolymerization that accounts for ca. 50% of the composite
material mass.

Table 2. PAni loadings of dried hybrid PAni-ACC composites synthesized after different electropolymerization
times.

Time
(min)

Initial Dry Mass
(mg)

Corrected Weight Loss 1

(%)

PAni Weight Loss
(mg)

PAni Total Mass 2

(mg)

PAni Loading

(wt.%) (mg cm−2) 3

10 8.8250 9.12 0.8047 2.2679 25.70 6.23
20 9.2770 7.75 0.7186 2.0251 21.83 5.03
40 9.9108 7.63 0.7561 2.1307 21.50 4.93
60 8.4070 12.58 1.0577 2.9807 35.46 9.89

120 11.1129 17.79 1.9766 5.5704 50.13 18.1
1 After subtraction of the total loss from the carbon fabric support (see text). 2 After considering that a 45 wt.%
polymer residue remains on the heat-treated sample. 3 Calculated on the basis of cloth aerial density.

3.2. Enhanced Electrical and Adsorptive Properties.

3.2.1. Capacitance and Surface Sheet Resistance.

The electrical properties of the untreated ACC and PAni-coated hybrid composites were obtained
from CV and four strip probe conductivity measurements (Figure 9). CVs became stabilized within
two cycles and remained unchanged thereafter. No loss of material was seen during CV recording.

Figure 9. (a) Stabilized cyclic voltammograms of untreated ACC and hybrid PANi-ACC composites
synthesized at different electropolymerization times. Scan rate: 1 mV·s−1, supporting electrolyte 1.0 M
H2SO4; (b) Evolution of the surface sheet resistance upon the time of electropolymerization.

The CV of the untreated ACC (Figure 9a), dashed line) shows a capacitive response with a distorted
rectangular shape that indicates a deviation from the ideal double-layer capacitor behavior [11,15].
This is a symptom of a slow charging/discharging response caused by a potential difference across
micropores [18,55]. In addition to the main double layer charge/discharge contribution, a redox
couple is discerned (E1/2 = 0.25 V). This feature is associated with a faradic process involving redox
transitions of surface carbon–oxygen groups, thus behaving as a pseudocapacitance [11,30]. At low or
intermediate electropolymerization time (0–60 min), a moderate increase in the voltammetric current
occurs as a result of PAni film formation. This increase in current has a pseudocapacitive character and
is mainly due to reversible redox transitions corresponding to the doping/dedoping processes in PAni.
The broad redox couple located within 0.4–0.2 V has been assigned to the reversible transition between
leucoemeraldine and emeraldine salt oxidation states of the polymer in several PAni-coated 3D porous
carbon materials, like foams [15] and activated carbon fibers or clothes [11,22,55]. The pair of sharp
and small peaks at ~0.0 V may be related to the presence of some phenazine- or phenoxazine-like
moieties in the PAni backbone [41,56,57]. In accordance with the modest increase in the CV response,

161



Materials 2019, 12, 2516

the specific capacitance of the PAni-ACC composites rises by up to a 12% (Table 3). Most of this
increase occurs within the first 10 min of electropolymerization and then it tends to level off during
the first hour of electropolymerization. The CV corresponding to thick PAni coatings formed at the
longest treatment (Figure 9a, dotted line) appears noticeably tilted. Furthermore, the pseudocapacitive
features of PAni are barely distinguishable and the total specific capacitance falls even below the
capacitance of the unmodified ACC (Table 3). The abrupt decrease in the specific capacitance parallels
the loss of available BET surface area measured by N2 adsorption isotherm. The evolution of surface
sheet resistance with time (Figure 9b) follows up the reported changes in the CV response and the
specific capacitance. Within the first 60 min of electropolymerization, the electrical resistance of the
hybrid PAni-ACC composite diminishes, but it rises again at prolonged treatment, i.e., when a thick
nanofibrous PAni coating develops.

Table 3. Gravimetric specific capacitance of hybrid PAni-ACC composites as a function of the
electropolymerization time.

Time
(min)

Csp

(Fg−1)

0 127
10 138
20 137
40 136
60 142
120 98

3.2.2. Adsorption of Acid Red 27

The experimental equilibrium data for the uptake of Acid Red 27 on unmodified ACC (Figure 10a)
at 25 ◦C were fitted with the Langmuir and Freundlich models (see Appendix A), [58,59]. The isotherm
parameters can be obtained from the slope and y-intercept of the Ce/qe vs. Ce and ln qe vs. ln Ce plots.
The correlation coefficients for the linear regression fittings of Langmuir and Freundlich models to
the experimental data were 0.9997 and 0.9397, respectively (Figure S1). Therefore, the equilibrium
adsorption of Acid Red 27 on ACC is best described by the Langmuir isotherm, with a maximum
adsorption capacity of 146.6 mg g−1 and b=0.82 L mg−1. The simulated adsorption equilibrium curve
based on Langmuir parameters is also shown in Figure 10a (solid line).

The isothermal kinetic curves for the adsorption of Acid Red 27 on ACC are shown in Figure 10b
for concentrations ranging 25–150 mg L−1. The dye uptake is faster at the initial stages of adsorption
and then it decreases as the process approaches equilibrium, owing to the increasing occupancy of
surface sites and slow diffusion into the internal porous structure [14]. The adsorption rate increases
with the increasing initial concentration. The equilibrium uptake shows the same dependence, although
it levels off at high initial concentrations because maximum adsorption capacity is approached.

Kinetic data in Figure 10b were modelled according to the well-known pseudo-first order (PFO
or Lagergren equation) and Ho’s pseudo-second order (PSO) models (Equations (A5) and (A6),
Appendix A) [60]. The relevant kinetic parameters can be inferred from the slope and y-intercept
of ln(qe − q) vs. t (PFO model) and t/q vs. t (PSO model) plots (see Figures S2 and S3, respectively).
The calculated rate constants, the theoretically predicted qe, and the corresponding R2 are listed in
Table 4 for different initial Acid Red 27 concentrations. Also tabulated are the calculated PSO initial
adsorption rates, r0. Both models provide a good fitting of the experimental data over the whole time
span according to the square correlation coefficient. Then, the goodness of fit was further evaluated
with the so-called average relative error (ARE, Equation (A10), Appendix A). The ARE in Table 4
is lower for PSO-based fittings than for PFO kinetics over the whole range of initial concentrations.
Further, the equilibrium uptakes predicted by the PSO model are generally closer to the experimental
ones. Then, the PSO model correlates the experimental kinetic data better than the PFO model does.
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The second order rate constant shows a decreasing tendency as the initial concentration increases,
whereas the initial adsorption rate follows a growing trend. The simulated adsorption curves derived
from PSO kinetics are drawn in Figure 10b as solid lines.

Figure 10. (a) Experimental (solid symbols) and Langmuir-based simulated adsorption isotherm (solid
line) for Acid Red 27 on untreated ACC at 25 ◦C; (b) Experimental (symbols) and PSO modelled
(solid lines) kinetic curves for the adsorption of Acid Red 27 on untreated ACC at different initial
dye concentrations; (c) Experimental (symbols) and PSO modelled (solid lines) kinetic adsorption
curves of 50 mg L−1 Acid Red 27 solution onto hybrid PAni-ACC composites formed at different
electropolymerization times.

Table 4. Pseudo-first-order and pseudo-second-order kinetic parameters for the adsorption of Acid
Red 27 on ACC (C0: mg·L−1; qe: mg·g−1; k1: min−1; k2: g·mg−1·min−1; r0: mg·g−1·min−1).

C0 qe,exp
PFO PSO

k1 × 103 qe,cal R2 ARE k2 × 105 qe,cal r0 R2 ARE

25 35.5 1.85 32.4 0.993 0.35 9.21 37.6 0.130 0.997 0.16
50 63.9 1.05 60.5 0.991 0.27 2.24 71.2 0.113 0.997 0.07
75 102.5 0.79 94.0 0.976 0.37 1.80 109.1 0.215 0.982 0.22

100 119.6 0.67 105.8 0.982 0.69 0.94 134.0 0.169 0.987 0.37
150 143.5 1.05 122.7 0.994 0.52 1.94 153.1 0.454 0.995 0.21
200 144.7 1.14 137.2 0.994 0.26 1.10 163.6 0.294 0.999 0.13

The PSO model is known to show widespread good fit to the adsorption kinetics of most dyes
and organic pollutants on activated carbon and other synthetic or natural adsorbents [9,60]. However,
it has been claimed [60] that the rate constant, k2, should not be regarded as being truly representative
of intrinsic kinetics, but as an empirical parameter that lumps different controlling mechanisms in a
complex manner. In fact, our data invariably show a noticeable deviation from linearity at the initial
stage of adsorption (Figure S3). This typical downward curvature was previously realized by Azizian
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et al. [61], who ascribed it to a mixed rate control by both diffusion and surface reaction. In order to
check the significance of mass transfer on the Acid Red 27 adsorption kinetics onto ACC, we used the
Vermeulen model (Equation (A9), Appendix A) [60]. According to this model, the Bt vs. t plot (Boyd
plot) should be a straight line passing through the origin for a pure intraparticle diffusion mechanism.
If the line has a non-zero intercept, the adsorption is also controlled by external film diffusion [31,60].
In our case, the plots are linear for the whole concentration range (see Figure S4), but they do not pass
through the origin (Table S3), thus pointing out that film diffusion is also involved in governing the
adsorption rate.

The evolution of Acid Red 27 adsorption uptake onto different PAni-ACC hybrid composites
is shown in Figure 10c for a single dye initial concentration of 50 mg L−1. The kinetic curve for
the bare ACC is also depicted for the sake of comparison. PAni layers deposited at short time
(thin and compact films) remarkably enhance the rate of adsorption, but the total amount of dye
adsorbed at equilibrium remains basically unchanged. However, higher PAni loading achieved at
prolonged electropolymerization (thick and porous nanofibrous coating) leads to both a decrease in
the adsorption rate and a considerable loss of the adsorption capacity at equilibrium. As above, PFO
and PSO modelling of the experimental data were attempted and the kinetic parameters of interest,
as well as proofs for testing the goodness of fit, are summarized in Table 5. Again, the PSO model
provides an overall better description of the adsorption kinetics. Solid lines in Figure 10c were then
traced by using the calculated kinetic parameters of the PSO fitting. These parameters corroborate
that hybrid PAni-ACC composites of low polymer loading and smooth film morphology promote a
faster adsorption of the dye, while the equilibrium uptake remains unaffected. On the contrary, the
nanofibrous thick PAni coating is detrimental to both the adsorption rate and the dye loading into the
adsorbent composite material.

Table 5. Pseudo-first-order and pseudo-second-order kinetic parameters for the adsorption of Acid
Red 27 (50 mg L−1) on hybrid PAni-ACC composites synthesized at different electropolymerization
times. (t: min; qe: mg·g−1; .k1: min−1; k2: g·mg−1·min−1; r0: mg·g−1·min−1).

t qe,exp
PFO PSO

k1 × 103 qe,cal R2 ARE k2 × 105 qe,cal r0 R2 ARE

0 63.9 1.05 60.5 0.991 0.27 2.24 71.2 0.113 0.997 0.07
10 57.6 2.20 48.3 0.994 0.17 6.53 63.1 0.260 0.999 0.05
20 58.1 2.29 47.3 0.990 0.18 7.96 62.6 0.312 0.999 0.06
40 57.5 3.29 52.7 0.996 0.13 8.89 61.9 0.340 0.999 0.07
120 24.5 1.05 16.8 0.919 0.23 1.53 25.8 0.102 0.995 0.08

Finally, the involvement of mass transfer on the adsorptive capability of the hybrid composites was
evaluated with the aid of Bt vs. t plots (Figure S5 and Table S4). In this instance, only the composites
formed at 10 to 60 min of electropolymerization show good linear plots with a non-zero intercept,
which again suggests that both external and intraparticle diffusion may play a role in the adsorption
process. Instead, the materials obtained at longer treatment time do not show a linear behavior and
therefore the involvement of mass transfer is unclear.

4. Discussion

In this work, we show that large sized (4 cm × 5 cm) activated carbon cloths can be easily modified
with electrochemically deposited polyaniline by closely attaching the fabric to a stainless steel anode in
a filter-press type cell. A simple galvanostatic procedure at a constant current of 100 mA (~14 mA g−1

cm−2) allowed the electropolymerization process to be carried out at an anodic potential varying in the
range 0.6–0.8 V vs. Ag/AgCl. This electrode potential is sufficient to oxidize aniline monomers, to
generate enough PAni nucleation sites and to ensure fast chain growth [16,55,62]. A simple control of
the PAni loading could be achieved by passing different amounts of charge, i.e., by adjusting the elapsed
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electropolymerization time. The highly porous carbon fabric provides the hybrid composite material
with high specific surface area, flexibility and mechanical strength to mitigate the stress associated
with polymer volume changes accompanying doping/dedoping [11,12,22], while PAni adds some new
enhanced characteristics related to its reversible redox properties and electron conductivity [2,12,62].

It is well known that PAni and its composites can be synthesized with a wide variety of micro-
and nanoscale structures, with a surprising number of different sizes and shapes, from smooth thin
films to nanofibers, nanorods or nanotubes to globular or granular agglomerates [26,27]. The observed
supramolecular organization and structure is strongly dependent on the method of synthesis and
the experimental conditions [6,26,27]. As for electrochemical methods, the applied current/potential
and the way the electrode is polarized (i.e., potentiostatically, galvanostatically, by cyclic potential
sweep or pulses), as well as the nature and surface condition of the electrode support, all have a
dramatic effect on the morphology of the deposited polymer film [6]. In the present work, the film
morphology varied with processing time from dense and uniform thin films covering individual
carbon fibers to a loosely adherent and porous, thick coating of nanofibrous or nanowire-shaped
structures. Three-dimensional networks of nanofibrilar or nanowire structures seem the most frequently
encountered morphology for PAni deposited on high surface area carbon substrates (e.g., carbon fibers or
cloths), either by electrochemical [20,21,62,63] or conventional in-situ chemical polymerization [22–24].
However, in agreement with our results, some authors have obtained smooth dense layers [8,63] or
a transition from this morphology to irregular or randomly connected nanofibrilar aggregates upon
extending the polymerization time [12,62]. It has also been reported that long reaction time [23] or
prolonged galvanostatic oxidation [20] lead to incontrollable growth among carbon fibers and result in
a detrimental effect via peeling-off from the carbon surface.

Apart from the scattered compact deposits seen in Figure 2, no clear evidence of a PAni film
uniformly covering the carbon fibers is provided by SEM imaging. However, the increase in the
surface N/C ratio measured by XPS at both sides of the carbon cloth suggests that an (ultra)thin
film develops within this timespan. Also, the PAni loadings deduced from thermogravimetric
analysis (Table 2) indicate that there is more polymer than what is seen by SEM. We believe that
during the pre-conditioning step, anilinium cations are pre-adsorbed on the internal porosity of the
carbon cloth [11,55], thus acting as nucleation seeds and reacting with liquid-phase aniline to yield
ultra-thin films covering the pore walls. This view agrees with the results by Salinas-Torres and
coworkers [17], who used position-resolved micro-Small Angle X-Ray Scattering (SAXS) to demonstrate
that a PAni layer of sub-nanometric thickness grows inside the microporosity of activated carbon fibers.
The particular non-linear increase in the PAni content revealed by both XPS and thermal analysis
(Figures 4 and 8, Table 2) might be explained by a decrease in the polymerization rate caused by the
depletion of aniline monomers inside the pores and the induced concentration-gradient between the
external bulk solution and the solution filling the pores. Note that dye adsorption studies point out
that the bare carbon material possesses a large pore mass transfer resistance (see below). Slow internal
pore diffusion provides enough time for self-assembly of intermediate oligomers into thin films. Once
PAni reaches the outer carbon surface, external film diffusion facilitates fast access of solution aniline to
the growing chains and the polymerization rate increases again to build a 3D network of nanofibrilar
structures and nanowire aggregates.

As long as a thin film develops on the carbon fabric surface, XPS shows mixed spectroscopic
characteristics from both the support and PAni. When a thick coating is formed, XPS is typical of pure
PAni, close to the semioxidized emeraldinde salt state. The temperature-induced changes in the hybrid
composites (Figure 8) are also compatible with the thermal behavior of PAni in its doped emeraldine
salt state [50–53]. The evolution with the electropolymerization time of the dry composite total weight
loss and the calculated PAni loading (Figure 8 and Table 2) are consistent with the trends shown by
XPS analysis. The PAni loadings achieved in our hybrid composites ranged from ~5 (within the first
40 min of treatment) to 18 mg cm−2, at the longest polymerization time. These loadings are in the range
of those reported by others for carbon fiber substrates [11,23,62,64].
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The electrodeposition of PAni is accompanied by a decrease in the apparent BET area and pore
volume. Earlier authors also described a remarkable blockage of micro- and mesoporosity in composites
of activated carbon fibers [8,11,17] or activated carbon fiber textiles [23,25,64] with PAni films, deposited
either by chemical or electrochemical methods. In these reports, the surface area loss ranged from 20%
to 40%. In the present investigation, the specific surface area decreases by ca. 20%–25% and remains
basically unchanged within the time interval when a uniform and dense thin PAni film covers the
carbon surface. The evolution of pore volumes (Table 1 and Figure 7c) indicates that PAni does not
significantly grow inside the narrower micropores, in contrast to the results by Salinas-Torres and
coworkers [17]. There is no clear evidence why polymerization inside ultramicropores is hampered,
but it may arise from too short a contact time in the pre-conditioning step to allow diffusion of
aniline into such narrow pores. Also, we can tentatively argue that carbon fibers may possess some
kind of hierarchical pore structure, with ultramicropores preferentially distributed near the fiber
core. Thus, PAni films blocking the outer micro- and mesopores would hinder efficient monomer
supply to sustain polymerization inside the inner pores. In fact, position-resolved micro-SAXS studies
revealed a heterogeneous radial distribution of electrosynthesized PAni [17], which preferentially
accumulates in the outer shells of carbon fibers. The thick nanofibrous PAni coating grown at prolonged
electropolymerization time virtually blocks all the porosity, thereby causing an abrupt decrease in the
specific surface area to reach a typical value of pure PAni precipitates [65].

The reversible redox transitions of PAni doping/dedoping processes contribute to moderately
enhance the capacitive response of hybrid PAni-ACC composites. The extra pseudocapacitive features
observed in the CVs of the hybrid composites (Figure 9) arise from the leucoemeraldine-to-emeraldine
state transition (0.2–0.4 V) and a reversible electron-transfer (~0.0 V) probably involving phenazine- or
phenoxazine-like segments in the polymer backbone. These latter redox features appear in polymeric
materials of the PAni family, like oligomers of o-aminodiphenylamine [41,56], ladder polymers
like poly-o-phenylenediamine [57] or poly-o-aminophenol [56], PAni- and poly-o-anisidine-clay
nanocomposites [66,67] or reduced graphene oxide-PAni-ACC composites [63]. More recently, it
has been claimed that even chemically synthesized PAni contain constitutional phenazine and
N-phenylphenazine segments [68] that play a key role in the self-assembly of polymer chains to build
different supramolecular structures [27].

The specific capacitance of the hybrid composites increases moderately in hybrid composites with
thin dense PAni films. (Table 3). The reported specific capacitance for pure Pani-modified electrodes
lies within a broad range from 160 to 815 F/g [69], while the theoretical capacitance for Pani at a 50%
doping level is 750 F/g [70]. Upon considering this latter value, the expected capacitance for a 20 wt.%
PAni-ACC composite would be about 250 F/g, but if one considers the lowest reported PAni capacitance,
an estimated value of about 134 F/g would be obtained, which is close to the capacitances listed in
Table 3. Then, the slight increase in composite capacitance could be due to the electrodeposition of
PAni with a small specific capacitance. Alternatively, it can also be a consequence of the deleterious
effect of decreasing the available surface area, which counteracts both the PAni extra capacitance and
the reduced sheet resistance. Composites with the highest PAni loading densities show a strongly
distorted CV and a decreased capacitance, as a consequence of the increased sheet resistance and the
abrupt diminution of the surface area caused by the thick nanofibrous coating. Note that VB analysis
revealed that the nanofibrous PAni layers have a higher DOS near the Fermi level (Figure 6). Then,
the increased Rs and lessened electrochemical properties imparted by nanofibrous PAni layers should
not be caused by poor intrinsic electron conductivity of PAni, but related to high PAni–PAni and/or
PAni-carbon intraparticle resistance to charge transport.

The evolution of the specific capacitance observed in this work is in agreement with the results
reported earlier by other researchers [12,16,21,23,62]. It has been generally shown that the capacitance
is enhanced by either smooth homogeneous PAni coatings of small thickness [12] or nanofiber-shaped
assemblies with a certain degree of 3D order and small diameter [22,23] obtained at low PAni loading
densities. Such thin nanostructures are believed to provide fast access of electrolyte and shortened
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path lengths for ion and electron transport. When the loading is raised at longer polymerization times
and/or higher monomer concentration, thicker polymer films build up with a high degree of particle
agglomeration [12,23,24]. This results in an increase of the diffusion resistance of electrolyte ions and
also in a less efficient electrical contact between the conducting polymer and the textile carbon [22].

Finally, we studied the effect of the modification of the ACC by PAni on the adsorption of Acid
Red 27. The dye uptake on both bare ACC and PAni-ACC composites obeys PSO kinetics, with
the involvement of mass transport on the adsorption rate control. Our results point out that PAni
thin films of moderate loading densities provide accelerated PSO adsorption kinetics of Acid Red
27 from aqueous solution, while keeping the maximum adsorption capacity unchanged. However,
the values of k2 (Table 5) and the apparent intraparticle diffusion coefficients from Boyd plots (Table
S4) are still below the range of those commonly reported for dye adsorption on many different
adsorbents (in the order of 10−2–10−4 g mg−1min−1 and ~10−17 m2 s−1, respectively) [14,65,71–73].
These low values signify that the internal mass transfer resistance is very high and is dominated by
the carbon porous structure, thereby explaining the very long time taken by the adsorption system to
attain equilibrium. The adsorption of dyes on PAni powder [10,74] or its nanocomposites with other
conducting polymers [65], carbonaceous materials, metal oxides, and low-cost bioadsorbents [9,14,19]
has been extensively studied to date, with a general consensus that the adsorption rate is governed by
PSO kinetics. The uptake of dyes on PAni-based adsorbents seems to be driven by different types of
binding forces, namely, π–π attraction, hydrogen bonding or electrostatic interaction between charges
residing on both the PAni backbone and the dye functional groups [9,14]. In our case, the electrostatic
interaction between negatively-charged sulfonate groups in Acid Red 27 and positively-charged N
sites in the backbone of the acid-doped PAni films overrides the loss in the specific surface and leads
to adsorption improvement. Further, the exchange of some (bi) sulfate ions with dye molecules as
dopant anions should not be ruled out as an additional mechanism to promote their incorporation
to the hybrid adsorbent. A similar explanation was put forward by other authors for the promoted
adsorption of anionic sulfonated dyes on PAni [9,10] or PAni-based nanocomposites [19,65]. Despite
the fact that the same interaction forces are operative when a thick nanofibrous network of PAni is
formed at the longest treatment time, the strong blockage of carbon pores and the abrupt decrease in
the specific surface area resulted in an important adsorption rate slowdown and a dramatic loss in the
maximum adsorption capacity.

5. Conclusions

Flexible PAni-ACC composites of relatively large size can be easily fabricated by simple
galvanostatic electropolymerization of dissolved aniline in a filter-press electrochemical cell, whose
modular and stackable design is particularly well suited for easy scaling-up to pilot plant or even
technical scales. The morphology of the deposited PAni is strongly dependent on the polymerization
time (i.e., the amount of charge passed), ranging from dense and thin films to porous and thick coatings
made of interconnected nanofibrils or nanowires. With the exception of some scattered spots, thin films
appear featureless in SEM, and their occurrence is indirectly deduced from the XPS N/C and S/C ratios.
Composites with a polymer thin film morphology show mixed XPS and valence band patterns from
the carbon fabric and the conducting polymer, whereas those for composites with PAni nanofibrous
morphology are typical of pure PAni, in a state close to that of (bi) sulfate-doped emeraldine salt.

PAni loadings range from 5 to 18 mg cm−2 (~25–50 wt.%), but they increase non-linearly with
the electropolymerization time, as shown by combined XPS and TGA data. We propose that aniline
polymerization occurs initially inside the carbon pores, but the polymerization rate levels off once
aniline is depleted and supplied by slow internal pore diffusion. This mechanism would also
facilitate the self-assembly of aniline oligomers into thin films. The analysis of the N2 and CO2

isotherm data indicates that thin film PAni deposition occurs on micro- and mesopores, while the
ultramicropore volume remains unaffected. Accordingly, the BET surface area decreases by 20%–25%.
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Thick nanofibrous coatings formed in highly-loaded PAni-ACC composites cause a strong blockage of
pore entrance and a dramatic loss of the specific surface area to values typical of pure PAni.

The conductivity, electrochemical and liquid-phase adsorptive properties of the hybrid
PAni-ACC composites are strongly conditioned by the microstructure of deposited PAni. The cyclic
voltammograms of composites with thin film morphology show pseudocapacitive features related to
reversible leucoemeraldine-emeraldine transition and electron-transfer in phenazine/phenoxazine-like
segments. Accordingly, the specific capacitance is enhanced and the sheet resistance falls to a minimum.
In addition, the pseudo-second order kinetics for the adsorption of Acid Red 27 are remarkably
promoted. We believe that the extra pseudocapacitance, the improved conductivity and the attractive
electrostatic interactions between dye molecules and PAni counterbalance the loss in a specific surface
area. On the contrary, in composites with a thick nanofibrous morphology, the pronounced decrease in
surface area, and perhaps higher PAni-PAni intraparticle and/or PAni–carbon contact resistances, can
be at the origin of the decreased capacitance, conductivity, and adsorption rate and capacity.
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Appendix A

Appendix A.1 Specific Capacitance, Csp

The gravimetric specific capacitance was obtained from CV according to Equation (A1)

Csp =

∫
(I/m)dE
ν ΔE

(A1)

where I/m (mA g−1) is the voltammetric current normalized by the total mass of the composite material,
ν is the scan rate (mV s−1), and ΔE (mV) is the potential window spanned in the CV. The reported
capacitances are the average of capacitances calculated in both the anodic and cathodic branches of
the voltammogram.

Appendix A.2 Surface Sheet Resistance, Rs

To measure Rs, the electrical resistance, R (Ω), was first obtained from the linear slope of V vs. I
plots in the range 0–10 mA. Then, Rs was calculated by using Equation (A2):

R =
ρ

t
L
W

= Rs
L
W

(A2)

where ρ is the resistivity, t is the thickness of the probed carbon composite sheet, and L and W stand
for its length and width, respectively.
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Appendix A.3 Adsorption Isotherms and Kinetic Models

Langmuir (Equation (A3)) and Freundlich (Equation (A4)) isotherm models were used in their
linearized forms:

Ce

qe
=

1
bqm

+
Ce

qm
(A3)

ln qe = ln KF +
1
n

ln Ce (A4)

where qe (mg g−1) and Ce (mg L−1) are the adsorbate uptake and solution concentration at equilibrium;
and qm (mg g−1) and b (L mg−1) are the Langmuir parameters, representing the maximum adsorption
capacity and the adsorption equilibrium constant respectively [59]. In the Freundlich model, the
adsorption coefficient, KF (mg(1 − 1/n)L1/ng−1), is related to the adsorption strength, and the exponent n
accounts for the energetic heterogeneity of the adsorbent surface [59].

PFO (Equation (A5)) and PSO (Equation (A6)) kinetic models were used in their respective linear
forms:

ln(qe − q) = ln qe − k1t (A5)

t
q
=

1
k2q2

e
+

t
qe

(A6)

where q and qe (mg g−1) are the adsorption uptakes at time t (min) and at equilibrium respectively, and
k1 (min−1) and k2 (g mg−1 min−1) stand for the pseudo-first and pseudo-second order rate constants.
In the PSO model, the product k2q2

e is the initial adsorption rate, r0.
The Vermeulen model is an approximate solution of the exact Crank equation for intraparticle

diffusion:
F(t) =

√
1− exp(−Bt) (A7)

where F(t) is the fractional uptake (q/qe) at time t, and B is the time constant (min−1) that depends on the
adsorbent particle radius, rp, and the effective intraparticle diffusion coefficient, De, as follows [72,73]:

B =
Deπ2

r2
p

(A8)

The Vermeulen model is valid over a wide adsorption timespan and is commonly applied in the
rearranged form:

Bt = − ln
(
1− F2

)
(A9)

Then, the product Bt is calculated from F at each contact time, and next plotted against time.

Appendix A.4 Average Relative Error

The average relative error (ARE) is defined as [60]:

ARE =
1
N

N∑
i=1

∣∣∣∣∣∣
qi,exp − qi,cal

qi,exp

∣∣∣∣∣∣ (A10)

where the subscripts exp and cal refer to the experimental and calculated values, and N is the number
of data points.
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