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The study of conducting polymeric membranes is decisive in some areas, as in fuel cells and 
electrodialysis. This work aims the study of membranes using conventional and conductive polymers 
blends. Two types of polyurethane were used as conventional polymers, commercial thermoplastic 
polyurethane and polyurethane synthesized from castor oil and 4-4-dicyclohexylmethane isocyanate. 
Two kinds of conducting polymers were used, polyaniline doped with organic acid and a self doped 
polyaniline. The polymers and the membranes were characterized by electrical conductivity, Fourier 
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), dynamic mechanical 
analysis (DMA) and scanning electron microscopy (SEM). The synthesis of the membranes produced 
was proper, featuring a complete reaction, analyzed by FTIR. The membranes also showed good 
mechanical properties and thermal stability (≈ 220 °C). Among the membranes studied, the polyaniline 
doped with p-toluenesulphonic acid obtained higher thermal and viscoelastic properties. Thus they 
can be used in separation techniques using membranes.
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1.	 Introduction
Commercial ion selective membranes have undergone a 

rapid growth during the last two decades. The interests for 
membranes have increased concurrently with new processes 
and new applications. The main processes of separation 
by membranes are: microfiltration, ultrafiltration, reverse 
osmosis, eletrodialysis, and others. Membrane processes 
are increasing its utilization in many fields, such as water 
and wastewater treatment. The utilization of membrane 
technology in the development of processes to treat 
wastewater is generally limited due to its high price of the 
membranes1.

The membrane can be defined as a permeable or semi-
permeable phase allowing the passage of some species and 
restricts the movement of others. Usually, membranes are 
thin layers which may have different structures, however 
all have in common the selectivity in transport behavior 
for different components2. Synthetic membranes are 
commonly prepared by polymer materials with varied 
chemical and physical characteristics. The preparation can 
be homogeneous or heterogeneous, where the homogeneous 
membranes feature good electrochemical properties but 
poor mechanical behavior, whereas the heterogeneous 
membranes show high mechanical properties and low 

electrochemical properties. In the literature review2,3 some 
studies can be found using polymer nanocomposites based 
on others polymer matrices such as epoxy resin, polystyrene, 
polypropylene, polyethylene and polyurethane3.

In this way, conducting polymers has been 
applied, for instance, for corrosion protection4, organic 
electroluminescent diodes5, electrical devices6,7, smart 
windows8 and ion-exchange membranes9,10. Polyaniline 
(PAni) is the conducting polymer most widely used in blends 
with conventional polymers due to its good environmental 
stability, easy obtaining and low cost. However, PAni has low 
mechanical properties. Among the conventional polymers, 
polyurethanes (PUs) show good mechanical properties, such 
as stiffness and flexibility11-13. Polyurethanes are segmented 
polymers with microphase separated morphology14. It is 
noteworthy in the engineering thermoplastic PU application 
the morphology of this material. Morphology depends on 
factors such as chemical composition, segment size, segment 
functionality, glass transition temperature (T

g
) and others15.

Previously works as Amado  et  al.16 used HIPS (high 
impact polystyrene) as base polymer, forming HIPS/PAni 
blends. They obtained that the HIPS/PAni membranes can 
be processed in a temperature around of 200 °C and the 
infrared spectroscopy (FTIR) showed a peak at 1034 cm–1 *e-mail: jhsajunior@globomail.com
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regarding the S=O group. Whereas Singh et al.17 realized 
the synthesis and characterization of conducting polymer 
composites based on PAni/polyethylene with glycol/zinc 
sulfide system. They concluded that this combination can 
be useful for light-harvesting for solar cells due to the good 
absorption ultraviolet-visible region for the hybrid system 
studied. Since Milanese et al.18 studied the flexural properties 
of sisal/castor-oil based PU with sisal fibers in natural 
conditions and thermally treated (at 60 °C for 72 hours) and 
achieved a good interface adhesion sisal/castor-oil based PU.

Castor oil has been used in their synthesis, replacing the 
polyol19-21. The castor oil also is used in the PU synthesis 
due to its good thermal stability in different conditions of 
pressure and temperature. Therefore these PU and PAni 
blends can be an inexpensive alternative to produce cation-
exchange membranes. The conducting polymer would have 
a function of acting as ion exchange agent in the blend. The 
PAni can be sulfonated and the production of a PU with PAni 
sulfonated blend allows obtaining a membrane with good 
mechanical properties and high diffusion coefficient17,18. 
Sulfonated PAni (SPAN) can be used as exchange groups, 
once the sulphonic groups are chemically linked to polymer 
chains, as well as in the commercial membranes.

In this work, PAni was doped with different organic 
acids. Also, membranes of PU/PAni have been developed. 
Thus, the aim of this study was to synthesize the PAni, 
preparing the membrane and characterize and compare the 
membranes produced using doped PAni with the membranes 
produced using SPAN. Lastly, also was investigated the 
influence of the thermoplastic PU (TPU) and the results were 
compared with that PU produced with castor oil (CAPU)22.

2.	 Experimental

2.1.	 Material

Amomnium peroxidisulfate ((NH
4
)S

2
O

8
) (Synth) 

and hydrochloric acid (Nuclear) were used in the aniline 
polymerisation. Chlorosulfonic acid (HClSO

3
) (Vetec), 

1,2  - dichloroethane (Synth) and acetone (Nuclear) were 
used in the polyaniline sulfonation, while p-toluenesulfonic 
acid was used for the doping of the polyaniline. 4-4 
diciclohexilmethane diisocyanate (Bayer) and castor 
oil (Delaware) were used in the polyurethane synthesis. 
Regarding that all chemicals products were used without 
any further purification.

2.2.	 Polyaniline synthesis

The chemical oxidative polymerization of aniline was 
carried out according to a standard method23,24. The obtained 
PAni was filtered, washed with a diluted HCl solution and 
dried at 60 ºC for 24 hours. SPAN was obtained as previously 
described25 using three different sulfur and nitrogen ratios 
(S/N), which were 1.5, 2.0 and 3.0. PAni also was doped 
with p-toluenesulphonic acid, to improve the solubility in 
dimethylformamide, and denominated as PAni

TSA
26,27.

2.3.	 Membrane preparation

The membranes were prepared by mixing PU with 
conducting polymers. Two different mixing methods were 
tested to evaluate the effect of production methods:

In the first method, CAPU/SPAN and CAPU /PAni
TSA

 
mixture preparations were carried out at 70 °C under 
nitrogen atmosphere by first mixing castor oil and PAni. 
After this step, diciclohexilmethane isocyanate was added 
to react with the polyol (castor oil) to form the PU. PU 
isocyanate/hydroxyl molar ratio (NCO/OH) was 1.5 and 
the reaction medium was kept under mechanical stirring 
for 90 minutes. The membranes were obtained by pouring 
the mixture over the glass plates and spreading them until a 
uniform thickness was achieved. The membranes were kept 
in an oven at 60 °C for 6 hours, and the temperature was 
increased to 120 °C for 18 hours in order to promote the cure 
of PU. The amount of PAni in the membrane composition 
was 10 wt.%.

In the second method, the Commercial TPU (Texin® 
Bayer) and PAni

TSA
 were dissolved in dimethylformamide, 

a common solvent for both materials. After dissolution, 
the PAni

TSA
 was dispersed in a TPU polymeric matrix for 

30 minutes. This dispersion was performed at 1000 rpm 
in a mixer (Fisaton). The membranes were molded on 
glass plates using a laminator to keep thickness constant, 
and the solvent was slowly evaporated during 24 hours, at 
room temperature. The amount of PAni in the membrane 
composition was 10 wt.%.

2.4.	 Polymer and membrane characterization

The electrical conductivity of membranes was measured 
according to the four-probe standard method using a 
Cascade Microtech CS 4-64 equipment, associated to a 
Keithley 2400 Source Meter28. Pure PAni was previously 
homogenized in a mill and dried to make a KBr disc. The 
amount of KBr in the disc composition was 99 wt.%. The 
film membranes were directly analyzed. All samples were 
analyzed by FTIR (Perkin Elmer spectrometer, model 
Spectrum 1000). The spectra were recorded in the spectral 
range of 400-4000 cm–1.

The thermal stability of the membranes was evaluated by 
thermogravimetric analyses (TGA) using a TA Instruments 
model TGA 2050 Analyzer, in a temperature range of 
25 to 1000 °C, under N

2 
atmosphere at a heating rate of 

20 °C.min–1. The dynamic mechanical analysis of the 
membranes were performed in a TA Instruments model 
DMA 2980 Analyzer, in the range of –125 to 150 °C at 
a heating rate of 5 °C.min–1, strain amplitude of 0.1%, 
frequency of 1 Hz and operating in a single cantilever mode.

Micrographs of the membranes surfaces were obtained 
using a Scanning Electron Microscope (SEM) model 
Philips XL20. The samples were previously sputter-coated 
with gold.

3.	 Results and Discussion

3.1.	 Electrical conductivity

Table  1 shows the electrical conductivity values 
(performed in triplicate) of a SPAN sample prepared with 
different ratios between sulfur and nitrogen (S/N). Also 
the conductivity of PAni

TSA
 was analyzed. It was observed 

that PAni
TSA

 has a much higher conductivity than SPAN. 
This behavior possibly is associated to the self-doping 
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effect, which happens in conducting polymers, and can be 
explained because when dopants species located inside the 
polymeric matrix helps in the process of internal charge 
compensation. This self-doping causes changes in the 
polymer characteristics29.

For the SPAN, the results showed that the increase in 
molar ratio S/N decreases the PAni conductivity. These 
results corroborating with Ito et al.25, when the molar ratio 
S/N increases, the conductivity decreases; however the 
solubility of SPAN in polar solvents like water increases. The 
values for electrical conductivity of all produced membranes 
(CAPU/SPAN, TPU/PAni

TSA
 and CAPU/PAni

TSA
) are 

smaller than 5.10–5 S.cm–1, limit of the measurement unit 
used, probably because PAni doping can happen during the 
membrane production (due to the alkalinity of the solvent 
employed) or due to insufficient dispersion of the PAni 
into the PU.

3.2.	 Infrared spectroscopy

The “SPANs” spectra are similar to the one described 
in literature. But the intensity of these peaks may vary. 
Figure 1 shows the SPANs spectra, where the variation of 
the ratio S/N used in the synthesis can be observed. Peaks 
at 1467 cm–1 and 1560 cm–1 are related to benzenoid and 
quinoid rings respectively. The SPANs spectra showed 
peaks at 1171 cm–1 and 1074 cm–1 due to asymmetric and 
symmetric stretching of S=O=S. The peak at 1020 cm–1 
corresponds to S=O bond stretching and that at 702 cm–1 
related to S−O bond. The absorption peak at 813 cm–1 
is related to out-of-plane bending of 1,2,4-trisubstituted 
aromatic ring and that at 609 cm–1 is attributed to the C−S 
bond. It is possible to observe the intensity difference in 
the area of the peaks in 1074 cm–1 and 1020 cm–1. This fact 
was attributed to the PAni sulfonation. Other important 
information regarding to sulfonation degree is the peaks 
area, which increases with the sulfonation degree.

Figure 2 shows a highlighted region, (between 1150 and 
950 cm–1) where the areas can be compared. The SPAN 3.0 
(Figure 2a) presents the largest area showing that is possible 
to quantify the sulfonation degree and this way differentiates 
the PAni’s by FTIR.

Figure  3 shows the spectra of the two kinds of PU 
used in this work. In Figure 4a were observed the peaks 
corresponds to the CAPU. Peak at 2957 cm–1 corresponds 
to an angular deformation of CH

3
 and at 1645 cm–1 there is a 

peak attributed to the stretching of C=O groups. Other peak 
at 1075 cm–1 is attributed to the stretching of C−O−C groups. 
The peak at 2269 cm–1 corresponding to the N=C=O residual 
groups and it only appears for CAPU, indicating that the 
reaction is not still complete or that the proportions are not 

Figure  1. FTIR spectrum of (a) SPAN 3.0, (b) SPAN 2.0 and 
(c) SPAN 1.5.

Figure 2. FTIR spectrum of the a highlighted region (a) SPAN 3.0, 
(b) SPAN 2.0 and (c) SPAN 1.5.

Table  1. Electrical conductivity of PAni samples sulfonated in 
different molar ratios of sulfur and nitrogen (S/N) and PAni

TSA
.

Sample Conductivity (S.cm–1)

SPAN 1.5 3.7 × 10–2 ± 1.5 × 10–2

SPAN 2.0 2.4 × 10–3 ± 1.3 × 10–3

SPAN 3.0 1.7 × 10–5 ± 7.5 × 10–6

PAni
TSA

1.1 ± 6.1 × 10–1

adjusted. The peaks at 1753 cm–1 and 1700 cm–1 (1665 cm–1 
for TPU) are attributed to the C=O free and H-bond (C=O) 
urethane respectively11,30 and that at 3345 cm–1 N-H group 
stretch.

By FTIR analysis of the utilized PUs was possible to 
verify that the bands of PU made with castor oil resemble 
the bands of the commercial TPU. Membranes spectra 
(Figure 3b) showed peaks of SPAN, PAni

TSA
 and PU due to 

SPAN 2.0 and PAni
TSA

 incorporation into the PU matrix. The 
N=C=O group absorption present in the CAPU spectrum in 
2269 cm–1 disappeared in the CAPU/SPAN 2.0 membrane 
spectrum (Figure  3b) and also disappears in the CAPU/
PAni

TSA
 membrane, probably due to its reaction with the 

amine groups of SPAN and PAni
TSA

31. Table 2 shows the 
FTIR attribution of the polymers studied.

3.3.	 Thermal analysis

The thermal stability was studied aimed to determinate 
the limits for the membranes utilization; once these 
membranes can be used in several separation processes; also 
thermal stability can be associated with the morphological 
characteristics. In the Figure  4 it can be visualized the 
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event of the SPAN begins around 220 °C and it is attributed 
to -SO

3
H– group linked to the aromatic ring. Polymer main 

chain degradation starts around 300 °C and displays a 
process of continuous degradation until 1000 °C.

Figure 4 also shows that the amount of residue decreases 
with the increase of the amount of -SO

3
H– groups. This 

phenomenon can be attributed to the low stability of the 
-SO

3
H– groups linked to the main chain, because as larger 

is the number of -SO
3
H– groups, lower is the polymer 

stability, and consequently the smaller is the residue. For 
this same Figure 4, the PAni

TSA 
shows a first mass loss below 

100 °C due to residual humidity of the polymer synthesis. 
The second mass loss at 200 °C is due the loss of dopants 
molecules from the polymer structure. The third mass loss 
from 370 °C can be attributed to the degradation of the 
polymeric chain.

Figure 5a presents the CAPU, TPU, CAPU/PAni
TSA

 and 
CAPU/SPAN 2.0 thermograms. It shows a first thermal event 
beginning around 330 °C, and a slight inflection around 
400 °C characterizing two events of weight loss. However, 
it can be observed that the insertion of SPAN 2.0 in the 
CAPU does not modify the CAPU degradation profile. 
However the CAPU/PAni

TSA
 membrane did not show this 

behavior, suggesting the occurrence of H-bonds between 
PAni amines and CAPU.

Figure  5b shows the peak temperatures where the 
decomposition rate is maximum, obtained by differential 
thermogravimetric (DTG) curves for CAPU, CAPU/SPAN 
and CAPU/PAni

TSA
 membranes. For CAPU and CAPU/

SPAN 2.0 it is possible to observe two different peaks related 
to the mass losses, which are attributed to the cured and 
uncured CAPU respectively. In the TPU sample is possible 
to observe the same behavior.

For the Figure 6 it is possible to observe in the loss 
modulus that the membrane produced with TPU presents 
smaller modulus, presenting rubber behavior, with a plateau 
before T

g
 defined, showing rigid behavior due to the chains 

interlacements. In the curve is possible to visualize T
g
 around 

–30 °C. In the curve for CAPU membrane is not possible to 
visualize the T

g
 clearly; because the same does not present 

Figure 3. FTIR spectrum of (a) CAPU and TPU and (b) spectrum 
of CAPU/SPAN, TPU/PAni

TSA
 and CAPU/PAni

TSA
 membranes.

Figure 4. Thermogravimetric analysis of self doped pani (span) 
and PAni

TSA
.

thermograms of the polymers used in the membranes 
production. The several SPAN thermograms (Figure  4) 
present a first thermal event below 100 °C due to evaporation 
of the water molecules in the polymers. A second thermal 

Table 2. FTIR attribution of the polymers studied.

SPAN (cm–1) PU (cm–1) Attribution

1560 quinoid ring

1467 benzenoid ring

1171 asymmetric stretching of S=O=S

1074 symmetric stretching of S=O=S

1020 S=O bond stretching

702 S-O bond

609 C-S bond

3345 N-H stretch

2957 angular deformation of CH
3

2269 N=C=O

1753 C=O free urethane

1700 and 1665 H-bond (C=O) urethane

1645 stretching of C=O groups

1075 stretching of C-O-C groups

2013; 16(4) 863
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Figure 6. Storage and loss moduli of CAPU and TPU membranes.

Figure 7. Storage and loss moduli of TPU/PAni
TSA

, CAPU/SPAN 
and CAPU/PAni

TSA
 membranes.

Figure 8. SEM micrographs of membranes (a) CAPU, (b) CAPU/
PAni

TSA
, and (c) TPU.

Figure 5. TGA (a) and DTG (b) of CAPU, TPU and CAPU/SPAN, 
CAPU/PAni

TSA
 membranes.

very defined plateau. For the CAPU sample, a peak around 
–50 °C probably is related to the polyurethane uncured 
during the reaction. A peak is also observed at around 3 °C 
which is related to the T

g
.

The DMA curves (Figure 7) of PU, CAPU/SPAN 2.0 
and CAPU/PAni

TSA
 shown the membranes T

g
. The PAni 

incorporation increases the T
g
 from 3 °C to 18 °C for 

CAPU/SPAN 2.0 membranes and from 3 °C to 25 °C for 
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the CAPU/PAni
TSA

 membranes. The increase on T
g
 due to 

the PAni incorporation can be explained considering the 
formation of H-bonds30,32 between PAni amine groups and 
PU urethane groups as shown in Figure 6. The difference 
between CAPU/SPAN 2.0 and CAPU/PAni

TSA
 temperatures 

can be explained by the stronger steric effect in the SPAN 2.0 
than in the PAni

TSA
 due to sulphonic group linked chemically 

to the aromatic ring, which would disfavor the formation 
of the H-bonds.

For the TPU/PAni
TSA 

membrane can be observed that the 
storage modulus has lower modulus, showing behavior of 
viscoelastic materials, with an elastomeric plateau before 
the T

g
, to rubbery behavior and viscous, when the modulus 

is zero33,34.

3.4.	 Morphological analysis

For the application in electrodialysis it is important that 
the membranes should have good thermal, chemical and 
mechanical strength, besides of structural homogeneity. 
This way, the membrane should present a constant thickness 
and that the blend should have a homogeneous distribution 
between PU and PAni. Figure  8 shows the membranes 
micrographics. A small difference among the morphologic 
structures of CAPU and TPU membranes was observed. 
It also can be observed that these membranes present 
agglomerates. These agglomerates possibly correspond to 
the presence of PAni in the membranes, indicating that a 
good dispersion of PAni in PU was not achieved. This fact 
has negative influence in the mechanical properties and in 
the diffusion efficiency11.

4.	 Conclusions
In this work types of membranes were produced and 

characterized. The analysis of the membranes synthesis 
(CAPU/SPAN and CAPU/PAni

TSA
) was satisfactory, since 

the characteristic peaks of the CAPU, SPAN and PAni
TSA

 
were present in the FTIR spectra. This technique also 
demonstrated the complete reaction between isocyanate and 
secondary amines from SPAN and PAni

TSA
, as NCO peaks 

disappeared from the membrane spectra.
The thermogravimetric analysis showed that the 

membrane presented thermal stability until 220 °C. The 
DTG analysis showed a higher reticulation degree of the 
CAPU/PAni

TSA 
when compared with the CAPU/SPAN 

membrane and only CAPU. Membranes produced with 
CAPU and SPAN, CAPU and PAni

TSA
 may be used in 

electrodialysis tests regarding on its mechanical properties, 
since these membranes have a high mechanical behavior, 
as showed in dynamic mechanical analysis, through in the 
storage modulus.

Evaluating the two membranes can be concluded 
that the CAPU/PAni

TSA
 membrane presented better 

performance compared the other membranes studied, 
as it can be visualized in the dynamic mechanical and 
thermogravimetric analysis.
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