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a  b  s  t  r  a  c  t

Polyaniline/iota-carrageenan  (�-CGN)  biocomposites  were  synthesized  via  in  situ methodology  using
ammonium  persulfate  as  the  oxidizing  agent.  Both  ionic  (band  at 1131  cm−1) and  hydrogen  bond  (bands
at  2500  and  3500  cm−1)  interactions  between  polyaniline  and  �-CGN  were  determined  by  infrared  spec-
troscopy.  Such  intermolecular  interactions  provided  the  biocomposites  with  a cross-linked  structure  that
provided the  materials  with  hydrogel  behavior.  Biocomposite  electro-conductivity,  determined  by  the
4-probe  technique,  was  in the range  of semiconductors  (10−3 to 10−2 S cm−1); whereas  electro-activity,
iocomposite
arrageenan
lectro-activity
olyaniline

assessed  by  cyclic  voltammetry,  showed  the  oxidation–reduction  transitions  typical  of  polyaniline.  Based
on the  properties  of  polyaniline  and  �-CGN,  some  applications  for the new  materials  in the  field  of  biosen-
sor  design,  electrochemical  capacitors,  or tissue  engineering  scaffolds  are  possible.  It is  worth  saying  that
both  electro-conductive  and  electro-active  properties  of  polyaniline/�-CGN biocomposites  are  reported
here for  the  first time.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Conducting polyaniline (PAni) has long been mixed with ther-
oplastic polymers to overcome processability limitations derived

rom its infusibility and poor solubility in common solvents.
olyaniline/thermoplastic composites are quite popular because
epending on the thermoplastic matrix, conducting composites
ith different attributes can be obtained (Cai & Chen, 1998;
aberko et al., 2005; Pereira da Silva, Córdoba de Torresi, & Torresi,
007; Pud, Ogurtsov, Korzhenko, & Shapoval, 2003; Sun, Shi, Chu,
u, & Liu, 2012). However, because of the limited availability of fos-
il resources, renewable bioresources, such as polysaccharides, are
deal alternative raw materials because of their natural abundance
Rinaudo, 2008) and biodegradability (Šimkovic, 2013). Taking this
nto consideration, cellulose derivatives, for instance, have been
sed to produce PAni biocomposites with a wide variety of pos-
ible applications (Lee, Chung, Kwon, Kim, & Tze, 2012; Hu, Chen,
ang, Liu, & Wang, 2011; Liu, Zhou, Qian, Shen, & An, 2013; Müller

t al., 2012; Qaiser, Hyland, & Patterson, 2011).

Carrageenan (CGN) is the generic name for a family of car-
ohydrate extracts composed of sulfated galactose units. It is a

∗ Corresponding author. Tel.: +52 614 439 4811; fax: +52 614 439 1130.
E-mail address: armando.zaragoza@cimav.edu.mx (E.A. Zaragoza-Contreras).

ttp://dx.doi.org/10.1016/j.carbpol.2014.03.068
144-8617/© 2014 Elsevier Ltd. All rights reserved.
product derived from red algae Chondrus crispus (Filo Rhodophita)
(Di Rosa, 1972), although other sources are also available (Al-
Alawi, Al-Marhubi, Al-Belushi, & Soussi, 2011; Freile-Pelegrín &
Robledo, 2008; Hilliou, Larontonda, Sereno, & Gonç alves, 2006;
Tuvikene et al., 2009). Carrageenan is a high molecular weight
linear polysaccharide comprising repeating galactose units and
3,6-anhydrogalactose, both sulfated and non-sulfated, joined by
alternating �-(1,3) and �-(1,4) glycosidic links. The most com-
mon  types of carrageenan are traditionally identified by a Greek
prefix called �(iota)-, �(kappa)-, or �(lambda)-carrageenan, which
have been very well differentiated (Volery, Besson, & Schaffer-
Lequart, 2004). Carrageenans are often used as thickening agents,
stabilizers, and emulsifiers in foods and gel-like products; how-
ever, in recent years more advanced technological applications for
CGN have been explored (Coggins et al., 2000; Fujishima, Matsuo,
Takatori, & Uchida, 2008; Gaweł et al., 2013; Pourjavadi, Harzandi,
& Hosseinzadeh, 2004; Prasad & Kadokawa, 2010).

Polyaniline/carrageenan (PAni/CGN) systems have, in fact, been
scarcely studied; to the best of our knowledge, the recent pub-
lished work of Leppänen et al. is the only one published up to
now concerning this topic (Leppänen, Xu, Liu, Wang, Pesonen, &

Willför, 2013). In that communication, this group reported the
synthesis via enzymatic pathway of PAni in combination with
�-carrageenan (�-CGN), and other polysaccharides, to produce con-
ducting biocomposites. Herein, we  report for the first time thermal,

dx.doi.org/10.1016/j.carbpol.2014.03.068
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.03.068&domain=pdf
mailto:armando.zaragoza@cimav.edu.mx
dx.doi.org/10.1016/j.carbpol.2014.03.068
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lectro-conductive, and electro-active properties of PAni/�-CGN
iocomposites. This work was inspired by the use of sulfate or sul-
onate anions as doping groups of PAni (Chao et al., 2008; Paul

 Pillai, 2000; Roy et al., 2002; Tsutsumi, Yamashita, & Oishi,
997) and by the possibility to produce functional composites from
iorenewable resources as an alternative to classical thermoplas-
ic composites. The significance of using �-CGN in this study lies
n the following aspects: (a) the high content of sulfate groups
y repeating unit (two in average) and (b) the disposition of the
ulfate groups along the molecule which facilitate the interaction
ith other charged species, in the present case, with the anilin-

um cations of polyaniline. Based on the literature, the resulting
aterials potentially present properties such as biodegradability,

iocompatibility, and processability because of the carrageenan
ost matrix (Lim et al., 2010; Sharma, Bhat, Vishnoi, Nayak, &
umar, 2013; Van, 2002) and electro-conductive and electro-active
roperties because of the inclusion of PAni (Bagheri, Didehban,
azmi, & Entezami, 2004; Mirmohseni, Salari, & Nabavi, 2006;
ega-Rios, Hernández-Escobar, Zaragoza-Contreras, & Kobayashi,
013). This set of properties allows us to visualize potential appli-
ations for the composites; for example, in biosensor design,
lectrochemical capacitors, drug delivery, development of mem-
ranes for removing heavy ions, conductive hydrogel, or tissue
ngineering scaffolds.

. Material and methods
.1. Materials

Aniline (Acros Organics, 99.8%) was distilled under reduced
ressure before use. �-CGN (Aldrich Co., Type II, C-1138 commercial

ig. 1. Route of synthesis of PAni/�-CGN biocomposites. Ammonium persulfate was  used a
nilinium (PAni) and sulfate (�-CGN) ions.
Polymers 110 (2014) 78–86 79

grade), hydrochloric acid (J.T. Baker, 36.5%), water (Golden Bell,
specific conductance at 25 ◦C 2 ��/cm), ammonium persulfate
(Aldrich Co., ≥98%), sodium hydroxide (Aldrich Co., ≥99%), and
ethanol (J.T. Baker, 96%) were used as received.

2.2. Biocomposite synthesis

In a typical experiment, �-CGN (5 × 10−3 g mL−1) was dissolved
in warm water (40 ◦C) and then thoroughly mixed with a solution
of aniline-hydrochloric acid (anilinium chloride salt). The solution
was left to air dry under ambient conditions and the oxidizing
agent, ammonium persulfate (APS), equivalent to a molar ratio
1.0:1.25 (aniline:APS) was  added and perfectly mixed. The system
was placed under refrigeration (−2 ◦C) and left to polymerize for
48 h. The colorless system turned immediately into a gel, which
gradually acquired a green color, evidencing the production of PAni
emeraldine salt (conducting form of PAni). A scheme of the ionic
interaction aniline/�-CGN is illustrated in Fig. 1. The recipes for the
synthesis of the biocomposites and blank of PAni are summarized
in Table 1.

PAni conversion was determined gravimetrically as follows:
first, the product (PAni/�-CGN biocomposite) was left to air dry
under ambient conditions. Then 0.5 g of solids were finely ground
and dispersed in 100 mL  of distilled water. The dispersion was soni-
cated for 10 min  to hydrate the material. Then, 3.0 mL  of sodium
hydroxide solution (0.1 M)  was  added to obtain dedoped PAni
(emeraldine base of dark-blue color). The mixture was stirred and

warmed at 70 ◦C for 15 h. Subsequently, the solids were recovered
by filtration (filter paper) and washed with warm water to remove
residues of �-CGN. Finally, the PAni recovered was  re-doped by
adding hydrochloric acid (10 mL,  0.1 M)  and dried at 60 ◦C under

s the oxidizing agent. The method was designed to favor ionic interaction between
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Table  1
Synthesis of the PAni/�-CGN biocomposites and blank of PAni.

Sample �-Carrageenan
(g mL−1)

Aniline (M) HCl (M)  APS (M) PAnia (wt%)

PAni – 1 1 1.250 –
C1  5 × 10−3 0.05 0.05 0.0625 21.2
C2 5 × 10−3 0.10 0.10 0.125 28.7
C3 5 × 10−3 0.15 0.15 0.1875 37.0
C4 5 × 10−3 0.20 0.20 0.250 50.5
C5 5 × 10−3 0.25 0.25 0.3125 62.6
C6 5 × 10−3 0.50 0.50 0.625 81.3

r
(

P

w
w

TA Instruments). Measurements were achieved using 10 mg of sam-
ple, heating from laboratory temperature to 800 ◦C, at a heating

F
(

a PAni content in the biocomposites calculated using Eq. (1).

educed pressure for 24 h. The content of PAni in the biocomposites
wt%) was calculated as shown in Eq. (1):

Ani (wt%) = Wf − W1

W0
(1)
here W0 is the weight of PAni/�-CGN biocomposites, W1 is the
eight of filter and Wf is the weight of dry PAni with filter.

ig. 2. Images of scanning electron microscopy in transmission mode (STEM) of (a) pure
b)–(f)  biocomposites synthesized with different aniline molar loading: (b) 0.05, (c) 0.1, (
Polymers 110 (2014) 78–86

2.3. Characterization

Scanning electron microscopy in transmission mode (STEM)
was performed in a field emission electron microscope (JSM-
7401F; JEOL) at 30 kV. To prepare the samples of biocomposite,
0.01 g of dried and finely ground biocomposite was dispersed in
100 mL  of water; then, the dispersion was sonicated for 10 min
to hydrate and disperse the material. A drop of hydrogel disper-
sion was  placed on a holey-carbon-copper grid and left to air dry
under ambient conditions. In the case of the pure PAni (see sup-
plementary information), two drops of dispersion of the original
polymerization were dispersed and sonicated for 5 min  in 30 mL  of
water. Subsequently, a drop of the new dispersion was placed on a
holey-carbon-copper grid and left to dry.

Fourier infrared spectroscopy (FTIR) spectra were recorded with
a Fourier transform spectrometer (Spectrum GX, Perkin Elmer)
using attenuated total reflection (ATR) technique at room temper-
ature. Thermal degradation of the biocomposites, PAni and �-CGN
was characterized using a thermogravimetric analyzer (TGA Q500,
rate of 10 ◦C min−1 in argon atmosphere. Electrical conductivity
was determined by the 4-point technique using a conductivity

 PAni, obtained from the oxidative polymerization of anilinium chloride salt, and
d) 0.15, (e) 0.2, and (f) 0.25.
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eter (34410A 6 1/2 Digit, Agilent). Pellets of each biocomposite
nd pure PAni (1.5 mm width and 12 mm diameter) were prepared
y compression (6900 kPa). The biocomposites were additionally
haracterized by cyclic voltammetry (CV) using a potentiostate
nalyzer (model 1260 plus 1287, Solartron). Electrochemical mea-
urements were performed in a standard three-electrode cell at
oom temperature, using Pt square foil (area = 0.75 cm2) as the
ounter electrode, and Ag/AgCl/saturated KCl as the reference elec-
rode. The electrolyte was a sulfuric acid (H2SO4) solution 0.1 M.  All
nalyses were performed at a scan rate of 50 mV  s−1 by sweeping
he potential between −500 and +1000 mV  against Ag/AgCl refer-
nce electrode. Working electrodes were made with carbon paste
epositing 5 mg  of the biocomposite.

. Results and discussion

.1. Morphology

In the biocomposite synthesis, anilinium chloride and �-CGN
ere mixed so that the anilinium cations and the sulfonate anions

f �-CGN formed sulfonate anilinium by ion interchange. An equiv-
lent process was performed in the report of Leppänen et al.
2013) for PAni/�-CGN composite and for sulfonated polymers like
olystyrenesulfonate (Luo, Jiang, Wu,  Chen, & Liu, 2012; Roy et al.,
002; Sun et al., 2012; Wang, Liu, Feng, Guo, & Sun, 2008) or ligno-
ulfonate (Lü, Wang, & Cheng, 2010).

Microscopy images of the pure PAni and the biocomposites
1 to C5 are portrayed in Fig. 2 (micrograph for C6 is included

n the Supplementary Material Section, Fig. S1). As observed, the
ure PAni obtained from the oxidative polymerization of anilin-

um chloride, using APS as the oxidizing agent, is formed from
emi-spherical agglomerated particles of the order of 30 nm.  In the
ase of the biocomposites, a tendency to form coarse lumps was
vident, and although the semi-spherical particles observed were
arger, in the order of ca. 100 nm,  this still indicated that the PAni

n the biocomposites preserved the tendency to form particles as
n the pure form. Concerning the macro-scale, the biocomposites
ormed, depending on the PAni content, semi-transparent-brittle
lms as seen in Fig. 1. These materials swell slightly in water at

ig. 3. Infrared spectroscopy spectra of �-CGN, pure PAni and the PAni/�-CGN biocompos
Polymers 110 (2014) 78–86 81

ambient conditions, but under progressive heating (ambient to
80 ◦C) the hydrogels absorbed more water without reaching solubi-
lization (swelling was  not studied). Under these conditions �-CGN is
water-soluble. Subsequent addition of sodium hydroxide (at room
temperature) followed by warming to 40 ◦C, produced �-CGN solu-
bilization. That is, the sodium cations exchanged with the anilinium
cations eliminating the ionic interaction between PAni and �-CGN
allowing the second to solve in the water and turning the PAni to
the emeraldine base form (dark-blue) as mentioned above. These
results support the notion that the PAni and the �-CGN are forming
a truly ionic cross-linked network with the constituents linked by
ionic bonds between the anilinium cations and the sulfate anions
and not merely by a simple physical mixture. It is worth saying that
biocomposite brittleness may  be reduced with the use of some plas-
ticizer, a glycol, for example, to improve film handling for practical
matters. This study is being conducted at the moment and will be
reported shortly.

3.2. Infrared spectroscopy

The FTIR spectra of the biocomposites, �-CGN and PAni are
shown in Fig. 3. The main characteristic bands of �-CGN are located
at 3392 cm−1 (O H bonds stretching vibrations forming inter-
molecular hydrogen bonds), 1638 cm−1 (O H bond of water of
crystallization), 1152 and 1024 cm−1 (C O H and C O C stretch-
ing vibrations), 1373 and 1214 cm−1 (asymmetric and symmetric
vibration of S O2 group), 930 cm−1 (C O of 3,6-anhydro-o-
galactose) (Chopin & Whalen, 1993; Socrates, 2001; Turquois,
Acquistapace, Vera, & Welti, 1997). �-CGN is a carrageenan with
two sulfate groups, one showing a band at 845 cm−1, arising from
the galactose-4-sulfate group, and the other one at 805 cm−1,
attributed to the anhydrogalactose-2-sulfate group. The spectra of
�-CGN (one sulfate group), �-CGN, and �-CGN (three sulfate groups)
have been reported in literature (Gómez-Ordóñez & Rupérez, 2011;
Pereira & Mesquita, 2003; Pereira, Sousa, Coelho, Amado, & Ribeiro-

Claro, 2003; Turquois et al., 1997).

Infrared spectroscopy characterization of PAni has been widely
discussed in the literature (Šeděnková, Trchová, Blinova, &
Stejskal, 2006; Šeděnková, Trchová, & Stejskal, 2008; Trchová,

ites (C1 – 0.05 M, C2 – 0.1 M,  C3 – 0.15 M,  C4 – 0.2 M,  C5 – 0.25 M,  and C6 – 0.5 M).
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Fig. 4. Model of interaction �-CGN–PAni, indicating both ioni

ˇeděnková, Tobolková, & Stejskal, 2004). The characteristic peaks
f PAni appear at 1493 and 1575 cm−1, these bands are ascribed
o the stretching vibration of benzenoid and quinoid rings
[( B NH B NH )y( B N Q N )1−y]x, where B and Q denote,
espectively, C6H4 rings in the benzenoid and quinoid forms)
Ebrahim, Kashyout, & Soliman, 2007; Shi et al., 2012). The bands
t 1260, 1307, and 1369 cm−1 are related to the stretching vibra-
ions of charged nitrogen segments, and provide information about
he charge delocalization in the PAni chains. Other major peaks
re the deformations from the ring B and Q at 857 and 829 cm−1,
espectively (Trchová & Stejskal, 2011).

Concerning the biocomposites, the spectra showed the charac-
eristic bands of both �-CGN and PAni as discussed before. However,
ome important changes can be pointed out; for instance, the
and at 3392 cm−1, characteristic of O H bonds present in �-
GN, decreased in intensity and new peaks, in the region between

500 and 3500 cm−1, appeared. These changes suggested the
ccurrence of hydrogen bond interactions between OH groups of
-CGN with NH groups of PAni. A similar behavior was observed
y Yavuz, Uygun, and Kaplan Can (2011) in polyaniline and
action HN+ OSO3 and hydrogen bond interaction O H N+.

substituted polyanilines/chitosan composites. They reported the
broadening of bands between 2878 and 3435 cm−1 caused by the
hydrogen–oxygen interaction/binding between NH and OH groups
of PAnis and chitosan, respectively. The new peaks, product of
such interaction are observed at 2595 and 2569 cm−1, ascribed to
stretching vibrations of the imine hydrohalide group, reported by
Socrates (2001) in the region between 2700 and 2330 cm−1. Addi-
tionally, Socrates reported that imine hydrohalides present one or
more bands of medium intensity in the region 2200–1800 cm−1,
which may  be used to distinguish from amine hydrohalides. Partic-
ularly in this region, all PAni/�-CGN biocomposites presented three
peaks at 1990, 2011, and 2056 cm−1, confirming that the imine
hydrohalide group, which is present in the quinoid structure (Q),
form hydrogen bonds between hydrogen of the imine hydrohalide
and oxygen free pairs of electrons (see Supplementary Material
Section, Fig. S2).
Two additional bands, at 686 and 738 cm−1, are also observed
in all biocomposites. These bands correspond, respectively, to the
C H vibration out-of-plane bending and to the vibration out-of-
plane deformation of the monosubstituted phenylene ring. Bands
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ig. 5. Thermogravimetric profiles of �-CGN, pure PAni and the PAni/�-CGN biocom

n these regions were reported for PAni, when it was polymerized in
he presence of a weak acid, such as acetic acid (Trchová & Stejskal,
011). These two peaks suggested the occurrence of a complemen-
ary interaction, different from the polymerization of PAni when
he aniline is protonated with a strong acid. In the present case,
hese two bands support the previous discussion concerning the
ormation of hydrogen bonds between the oxygen of the hydroxyl
roups of �-CGN and the hydrogen of the amine groups (B) of PAni
cting as weak acids.

Finally, the peak at 1131 cm−1 was attributed to the vibration
ode of the NH+ ion and to the asymmetric stretching vibration

f SO4
− ion showing the ionic interaction among aniliniun and sul-

ate ions (Trchová & Stejskal, 2011). This last band is very important
s it confirms the ionic interaction between PAni and �-CGN. In con-
lusion, based on the previous discussion on infrared spectroscopy,
wo types of interaction between �-CGN and PAni can be established
Fig. 4). The first type, the electrostatic interaction between the
ulfate groups of �-CGN and the amino groups of PAni and the sec-
nd, the hydrogen bonding between the hydroxyl group of �-CGN
nd the imine hydrohalide (Q) of PAni. Consequently, both kinds
f interactions are responsible for the formation of the interpene-
rated polymer network, as observed in aqueous phase (hydrogel
ormation).
.3. Thermal stability

Thermogravimetric analysis was performed to evaluate the sta-
ility of the composites and to determine how the interaction
s (C1 – 0.05 M,  C2 – 0.1 M,  C3 – 0.15 M,  C4 – 0.2 M,  C5 – 0.25 M, and C6 – 0.5 M).

between PAni and �-CGN could influence stability. TGA curves and
the derivative of weight loss (DTG) curves are shown in Fig. 5
for all biocomposites and blanks of PAni and �-CGN analyzed in
argon atmosphere and heating rate of 10 ◦C min−1. The derivative
of weight loss (DTG) curves of all composites showed at least three
significant thermal events (Fig. 5c and d). In the literature, several
works dealing with the thermal stability of PAni (emeraldine salt)
depending on the dopant used have been reported (Abell, Pomfret,
Adams, & Monkman, 1997; Li & Wan, 1998). Besides some authors
found a three-step decomposition process of PAni doped by acids
(Ansari & Keivani, 2006; Lee & Char, 2002). They suggest that the
initial stages of weight loss are due to the volatilization of water
molecules and oligomers, as well as unreacted monomer elimina-
tion, subsequently, at higher temperatures the dopant acid is lost
and finally at more extreme temperatures the polymer chain break
can lead to production of gases such as acetylene and ammonia. The
thermal behavior of blank PAni is similar to that reported in the lit-
erature, presenting an initial decomposition up to 150 ◦C, a second
decomposition in a range of 150–300 ◦C and the last decomposition
occurs at ca. 400 ◦C.

The profile of �-CGN shows the first stage (60–150 ◦C) may be
attributed to water evaporation, and chemisorbed water through
hydrogen bonds with a 10.5% weight loss. The second stage
(170–230 ◦C) is associated with sulfur dioxide leaving and carbohy-

drate backbone fragmentation (Freile-Pelegrín, Azamar, & Robledo,
2011; Vinceković  et al., 2010). It also presents an abrupt thermal
decomposition at 185 ◦C with weight loss of 21% and another one of
76.7% weight loss that is continuous almost without variation until
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Table  2
Conductivity of PAni/�-CGN biocomposites.

Sample PAni a (wt%) T50%
b (◦C) Conductivity (S cm−1)

PAni – 342 4.62 × 10−1

�-CGN – 313 1.36 × 10−8

C1 21.2 247 1.59 × 10−3

C2 28.7 314 6.97 × 10−3

C3 37.0 324 5.16 × 10−2

C4 50.5 358 5.98 × 10−2

C5 62.6 408 6.41 × 10−2

C6 81.3 411 8.51 × 10−2
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PAni content in the biocomposites calculated using Eq. (1).
b The temperature at which the weight loss is 50% (see Supplementary Material

ection, Fig. S3).

00 ◦C. �-CGN shows similar behavior but with some small differ-
nces (Mishra, Tripathy, & Behari, 2008). The third stage is related
o polysaccharide decomposition.

As observed, the biocomposites presented similar decompo-
ition profiles to PAni and �-CGN. The biocomposites presented
ultiple decomposition transitions in the range 200–600 ◦C (see

upplementary Material Section, Fig. S3). Analysis of the decompo-
ition peak at 190 ◦C in the biocomposites shows that sulfate groups
re doping PAni due to the change in peak shape in relation to sharp
eak of the �-CGN, which is broad, with initial decomposition tem-
erature of approximately 150 ◦C and a maximum decomposition
emperature between �-CGN (185 ◦C) and PAni (198 ◦C), indicating
hat sulfate groups in the biocomposite C1 to C6 have a thermal
ecomposition mechanism different than the �-CGN, by the ionic

nteraction with PAni. In addition, analysis at 50% weight loss indi-
ated improvements in thermal stability with the increment of PAni
oading in the biocomposite. Table 2 shows the decomposition tem-
eratures of the biocomposites at 50% weight loss; as seen, it is clear
hat for higher content of PAni in the biocomposite the thermal
tability improves.

.4. Electrical properties

.4.1. Electro-activity
Fig. 6 shows voltammograms of PAni/�-CGN biocomposites

ecorded at a sweep rate of 50 mV  s−1, in 0.1 M H2SO4 aque-
us solution. First, the biocomposites were hydrated in distilled
arm water to be deposited on the working electrodes in

he form of gel; subsequently, the electrodes were left to dry
t 40 ◦C for 24 h. As seen, two pairs of redox peaks of PAni
orresponding, respectively, to leucoemeraldine/emeraldine and
meraldine/pernigraniline redox transitions were observed. The
rst oxidation peak, at 200 mV,  was attributed to the oxidation
f the fully reduced PAni (leucoemeraldine) to the radical cations
emeraldine salt) without the exchange of protons between the
Ani film and the solution, but accompanied by the exchange of
nions (Orata & Buttry, 1987). Whereas the second oxidation peak,
t 640 mV,  was attributed to the oxidation of the radical cations
emeraldine salt) to pernigraniline, accompanied by the exchange
f protons, and vice versa for their corresponding reduction peaks
Mu,  2010). In addition, the anodic peak, at 300 mV,  represents the
ormation of benzoquinone (pernigraniline) (Li, Pang, Peng, Wang,
ui, & Zhang, 2005). The voltammetric behavior was similar to
hose reported in literature for other PAni biocomposites (Peng, Ma,
ing, Wang, Huang, & Lei, 2012). Oxidation–reduction transitions
f biocomposites C1–C4 can be clearly observed in Supplementary
aterial in Figs. S4 and S5, respectively.
.4.2. Electro-conductivity
The electro-conductivity of PAni/�-CGN biocomposites and

lanks of PAni and �-CGN determined by the 4-probe technique
Fig. 6. Voltammograms of the PAni/�-CGN biocomposites (C1 – 0.05 M, C2 – 0.1 M,
C3  – 0.15 M, C4 – 0.2 M, C5 – 0.25 M,  and C6 – 0.5 M).

is shown in Table 2. Before forming the pellets, the powder
was dried at 40 ◦C for 48 h under reduced pressure in order to
remove volatile substances. As observed, both the biocomposites
and the pure PAni exhibited conductivity in the order of semi-
conductors, whereas �-CGN is highly resistive. The biocomposites
of PAni loading of 21.2 and 28.7 wt% exhibited conductivity in
the order of 10−3 S cm−1; while conductivity for the composites
with the higher PAni contents was in the order of 10−2 S cm−1.
In the case of the polyaniline/�-CGN biocomposites reported
by Leppänen et al. (2013), the conductivity depended on the
sulfate–aniline ratio; thus for the ratio of 1:2 the conductivity
was 5 × 10−3 S cm−1, whereas for the ratio of 1:1 the conductivity
dropped to 6 × 10−7 S cm−1. The amount of anionic groups present
in the �-CGN is approximately 32% (3.3 mmol  g−1) (Imeson, 2000).
The ratio of anionic group to aniline used varied from 1:30 to 1:300
showing conductivities in the range of 1.59 × 10−3 to 8.51 × 10−2.
Concerning biocomposites of PAni with other polysaccharides we
can mention, for example, that the conductivity of substituted
PAni/chitosan (Ch) composites, reported by Uygun et al. (Yavuz,
Uygun, & Bhethanabotla, 2009) were, respectively, of 7.73 × 10−5,
1.68 × 10−4, 6.84 × 10−6, and 1.53 × 10−4 S cm−1 for PAni/Ch,
poly(N-ethylaniline)/Ch, poly(N-methylaniline)/Ch, and poly(2-
ethylaniline)/Ch composites. Additionally, in the paper by Youssef,
El-Samahy, and Abdel Rehim (2012), the conductivity (S cm−1) of
PAni/rice straw fibers was  1.56 × 10−10 (2.5 wt% PAni), 4.56 × 10−7

(5 wt%  PAni), 2.5 × 10−5 (10 wt%  PAni), and for PAni/unbleached
bagasse, 4.8 × 10−11 (2.5 wt%  PAni), 1.8 × 10−7 (5 wt% PAni),
1.3 × 10−5 (10% PAni). As seen, the conductivity of these biocom-
posites is lower than those reported here, under the consideration
that the loading of conducting polymer was higher. To conclude

this section, we can mention that the biocomposites presented
adequate properties for the development of practical applications
based on electro-activity or electrical conductivity or both proper-
ties combined. Additionally, applications in the biomaterials field
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re also possible thanks to the biological nature of the substrate
Grenha et al., 2010; Sjöberg, Persson, & Caram-Lelham, 1999).

. Conclusions

Six polyaniline/�-carrageenan biocomposites were synthesized
y in situ methodology through an oxidative polymerization using
mmonium persulfate as the oxidizing agent. The products exhib-
ted the behavior of a cross-linked ionic hydrogel which suggested
onic interaction occurred between PAni and �-carrageenan, and
ot only a simple physical interaction. Such physical behavior was
upported by infrared spectroscopy as the band at 1131 cm−1 made
lear the formation of anilinium sulfate ionic groups. Addition-
lly, biocomposite electro-conductivity, determined by the 4-probe
ethodology, indicated values in the semiconductor range (10−3

o 10−2 S cm−1), whereas electro-activity, in sulfuric acid as the
lectrolyte, exhibited in all cases the different oxidation–reduction
ransitions of PAni. Both electro-conductivity and electro-activity
ere dependent of PAni loading. Finally, it is worth saying consid-

ring that the electrical properties of these biomaterials can be
ffected; for instance, by changes in pH or humidity such that
iosensor design, storage energy, and biomaterials are possible.
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