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Abstract: Conductive polymers, as polyaniline (PANI), have interesting applications, ranging from
flexible electronics, energy storage devices, sensors, antistatic or anticorrosion coatings, etc.
However, the full exploitation of conductive polymers still poses a challenge, due to their low
processability. The use of compatible stabilizers, to obtain dispersible and stable colloids, is among
the possible solutions to overcome such drawback. In this work, potato starch has been used as a
steric stabilizer for the preparation of a colloidal polyaniline (emeraldine salt, ES)/starch composites,
by exploiting the oxidative polymerization of aniline in aqueous solutions, with various starch-to-
aniline ratios. The polyaniline/starch biocomposites were subjected to structural, spectroscopic,
thermal, morphological, and electrochemical analyses. The samples were then tested for their
dispersibility/solubility in a range of organic solvents that were examined. The results demonstrated
the formation of PANI/starch biocomposites with a smaller average size than starch particles, with
improved aqueous dispersion and enhanced solubility in organic solvents. While X-ray diffraction
and differential scanning calorimetry analyses revealed a reduction in crystallinity in the
biocomposites, the cyclic voltammetry measurements showed characteristic redox exchanges for all
PANI-ES/starch colloids. Finally, as a proof of the improved processability, the colloids were
integrated in a thin polyether sulfone (PES) membrane.

Keywords: starch; polyaniline; conductive; colloids; membranes

1. Introduction

Conducting polymers (CPs) are difficult to process due to their insolubility in most common
solvents [1], which, together with infusibility, limits their potential applications [2,3]. Since colloidal
dispersions are frequently employed in place of solutions, developing CP dispersions is a typical
method of overcoming this issue [1,4]. To prepare suitable dispersions of CP composites, a steric
stabilizer can be added during the chemical oxidative polymerization of the corresponding monomer
in an aqueous medium [5-7].

As a matter of fact, the dispersion polymerization has been used as to produce particles with
sub-micrometer size [8], whereby the stabilizer in the reaction medium prevents the CP from
precipitating and promotes a steady dispersion of particles [1,9]. In this way, colloidal forms of CP,
with improved processibility, can be prepared [10].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Water-soluble polymers, including cellulose derivatives [6,8], poly(vinyl alcohol) [11],
poly(ethylene oxide) [2], and poly(methyl vinyl ether) have been employed as steric stabilizers for
CPs [3]. Among CPs, polyaniline (PANI) is one of the most studied, due to its low production cost,
mechanical and chemical stability, and adjustable conductivity. PANI indeed, is the most adaptive
conductive polymer, as it occurs in diverse structural forms, and its large range of applications is
subsidized by its good redox exchange properties [12,13]. However, PANI is not soluble in most
common solvents and displays infusibility, as most of the CPs [2,3]. The synthesis of new colloidal
composites is thus appealing to improve its processability and the range of application [14-16].

Previous studies on the preparation of PANI colloids include the use of poly(methyl ethacrylate)
[17], poly(vinyl alcohol) [18], poly(N-vinylpyrrolidone) [8,19]. Many studies also exploited the use of
biopolymers, due to their desirable biocompatibility [20-22]. Polysaccarides derivatives [6,23,24], in
particular, have been applied to the synthesis of colloidal PANI. Among the others, chitosan [25,26],
cellulose [27] and nanocellulose [28], pectin [29,30], were used as steric stabilizers, as they are
biodegradable and may impart biological activity.

Increasing attention is now placed on the addition of bio-based compound derived from
agricultural wastes, such as rice husk and walnut shell particles, to polymeric composites [31-33].
The convenience is found in the fact that these biodegradable components may improve the thermal,
tribological, and physico-mechanical characteristics of the composites and can be easily and
inexpensively acquired from agricultural wastes [34]. Starch is a polysaccharide produced by higher
plants with the role of storing energy in the form of chemical bonds. Chemically, it has branched
linear structures (amylopectin) and linear structures (amylose). It demonstrates some suitable
physical attributes, being colourless, non-toxic, biodegradable and isotropic [35-37]. Although it can
be isolated from roots and tuber crops (tapioca and potatoes), and cereals (rice, corn, rye, and wheat),
agricultural wastes as potato peels can also be used for its recovery [38]. Previous reports described
the use of PANI/starch composites to prepare functional materials. The ability of starch to dissolve
and disperse PANI, indeed, expands the possibilities to design novel materials for diverse
applications (electrochemical, water treatment, biomedical. etc...) [39—43].

As far as the formation of polymeric colloids is concerned, this is affected both by the reaction
medium and by the nature of the stabilizing agent used during their synthesis [44,45]. In this study,
polymerization of PANI/starch was performed at 20 °C in an acidic medium, starting from aniline as
a monomer, ammonium persulfate (APS) as oxidative agent, and starch as stabilizer. The average
diameter of the particles was controlled by varying the amount of aniline and starch. Moreover, the
conditions were adjusted to promote the formation of conductive emeraldine salt (PANI ES) [46]. The
latter, indeed, displays intrinsically higher processability, improved stability and biocompatibility,
better control over the electrical conductivity of the polymer [47]. The PANI ES/Starch composites
were characterized to establish composition, size and stability, and one of them was successfully used
as dopants for polyether sulfone (PES) membranes. Characterizations of membrane thickness, pore
size, porosity, water contact angle (WCA) and FTIR were conducted on the PES membranes with and
without PANI ES/Starch composites to assess the effects of the additive on membrane morphology
and physico-chemical properties.

2. Experimental
2.1. Materials

Polyether sulfone (PES) was obtained from Solvay Specialty Polymers (Italy). Polyethylene
glycol (PEG), polyvinylpyrrolidone (PVP), N-Methyl-2-pyrrolidone (NMP), dimethyl sulfoxide
(DMSO) N, N-dimethylformamide (DMF), hydrochloric acid, ethanol, methanol, acetone, glycerol,
ethyl acetate, hexane, chloroform, cyclohexane, toluene, and ammonium persulfate (APS) from Sigma
Aldrich.
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2.2. Synthesis of Polyaniline-Starch Particles (PANI-ES/Starch)

Aniline was polymerized in aqueous starch dispersions to produce three PANI/starch materials
(Table 1). The procedure [48] involved the addition of aniline at room temperature (20 °C) to an
aqueous mixture comprising different wt. ratios of dispersed starch in a 1 M HCl, followed by stirring
the mixture for 4 h. An APS solution was then used to foster the chemical polymerization of aniline,
controlling the temperature upon immersion in an ice bath (T~0—4 °C). To allow most of the aniline
monomers to react, the mixture was kept under magnetic stirring for 3 h. After that, it was left
undisturbed for 48 h. The resulting black greenish powder was then filtered and washed with acetone
and water to remove residual reactants and byproducts with low molecular weight, like aniline
dimers and oligomers, and finally dried for 2 days under air, at 40 °C.

Table 1. Names of the prepared samples and their aniline: starch wt ratio.

Aniline: Starch
wt ratio
Codes Z11 721 731

1:1 2:1 3:1

2.2. Characterizations of the Materials

A series of spectroscopic characterizations was carried out to assess the successful use of starch
as a steric stabilizer: (i) a Nicolet 5700 spectrometer Thermo Fisher equipped with sampling accessory
for the powdered material (Diamond ATR), was used for FTIR-ATR spectroscopy, (ii) solutions
prepared by dissolving 2 mg in 10 mL of DMF were monitored by UV-visible spectroscopy with a
Cary 5000 UV-vis-NIR spectrometer (Varian, Palo Alto, CA, USA), and (iii) to finalize the spectral
characterization, Raman spectroscopy measurements, with 532 nm excitation, were carried out with
DXR2 Raman spectrometer (Thermo Scientificc Madison, WI, USA). Thermal analyses were
performed with a TGA Q5000 instrument (TA Instruments, Hiillhorst, Germany) with the following
setup: heating ramp of 10 °C/min, till 700 °C, in nitrogen atmosphere, while DSC analyses were
performed, with a TA instrument Q20, under a nitrogen atmosphere from room temperature to 300
°C, at 10 °C/min; data processing and calculations of thermodynamic parameters were caried out
with the TA Universal Analysis software. The solubility tests were performed in different solvents
and at different temperatures, preparing dilute mixtures (0.2% w/v) in 10 mL of each solvent. The
solvents used were water, ethanol, methanol, acetone, glycerol, ethyl acetate, hexane, chloroform,
cyclohexane, toluene, DMF, DMSO, N-methyl pyrrolidone (NMP) at T = 20, 40, 50, 60, 80 °C. For
insoluble combinations, colourless supernatants were observed; for partly soluble mixtures, a lens
was used to detect residual particles. The average particle size, obtained by using laser granulometry
analyzer CILAS 1190 (CPS Us, Inc, Madison, WI, USA) analysis. CuKa radiation (A =1.54 A) (X'Pert3
Powder equipment) 20 range (10° to 60°), at a scan rate of 0.02 s, was utilized for X-ray diffraction
(XRD) examinations. The data was processed utilizing the X'pert HighScore software. Using a Quanta
200 equipment (FEI, Hillsboro, OR, USA), SEM images of the composites were collected on metallized
materials with sputter quorum Q 150R E settings. Three electrodes were used in the cyclic
voltammetry (CV) testing (using a PGZ 301 potentiometer from Radiometer Analytical SAS, Lyon,
France): a reference electrode (Ag/AgCl), an auxiliary platinum electrode, and carbon as the working
electrode. A 1 M HaSOs solution served as the electrolyte, and the voltammograms were collected
within a voltage range between -0.8 and +0.8 mV at a scan rate of 100 mV s.

2.3. Membrane Preparation

The phase inverse methodology was implemented to prepare the membranes, which consists of
the immersion of casting solution in a non-solvent coagulation bath (non-solvent induced phase
separation, NIPS). The casting solution was prepared by adding 1 wt.% of Z11 dopant to NMP solution
containing polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP) as pore-formers [48,49]. PES
was dissolved in NMP (Table 2) and the suspension was immersed in a ultrasonic bath (for 90 min at
room temperature) to ensure homogeneous nanoparticles dispersion. Then, it was kept under stirring
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until a homogeneous casting suspension was observed overnight. The dope solution was cast on a
glass plate using a manual casting knife (gap: 250 um) at temperature around 25 °C. The prepared
membranes were washed consecutively with hot water (60 °C) to remove traces of pore-formers (PEG
and PVP) and dried at room temperature for 4 h. Then, the membranes containing PANI ES/starch
colloids was placed in 0.01 M HCl for 2h, to fix the oxidation state polyaniline (emeraldine salt form).
The membranes were washed with water till neutrality, and then dried in an oven at 40 °C for 24 h.

Table 2. Components of casting solutions.

PES(wt.%) Zu(wt.%) PVP(wt.%)  PEG(wt.%) NMP(wt.%)
PES-0 12 0 5 35 48
PES-1 12 1 5 35 47

2.4. Characterization of the Membranes

The membranes were characterized in terms of thickness, pore size, porosity, contact angle, FTIR
and SEM to evaluate the influence of dopants on the PES membranes. The thickness was measured
by a digital micrometer (Mitutoyo Corp. Japan) and registered in 10 regions of each membrane. Then,
the average thickness was calculated. The porosity was measured by gravimetric method by
considering the weight of membrane samples before and after the immersion in in kerosene (with the
density of around 0.82 g/cm?) for around 24 h. The porosity was calculated based on the following
equation [49]:

Porosity = (W, — Wqa)/082 X 100%
Y =W, —w,)/082 + W,/137 °

Where W, is the weight of the wetted membrane, W, is the weight of the dry membrane, 0.82
g/cm? is the density of kerosene, and 1.37 g/cm? is the density of membrane material, which is a
calculated statistic number. The pore size of the membranes (Mean flow pore size diameter, MFD)
was evaluated by wet-dry curve method by Porometer Porolux™ 1000, Germany. Before each test,
the membrane was immersed into fluorinated liquid (Porefil™) for ten minutes. The maximum
pressure applied to each measurement was 5 bar. The water contact angle (WCA) was measured by
the optical contact angle (Meter 200, KSV instruments LTD from Finland) using ultrapure water
droplets (5 uL). For each membrane, five measurements were carried out and the average and
standard deviation were calculated. The morphology was determined by Scanning Electron
Microscopy (SEM; Zeiss EVO, MA100, Assing, Italy). The cross-section samples were fractured in
liquid nitrogen and fitted vertically on a sample holder. All samples (top, bottom, cross sections) were
coated with gold by a sputter machine (Quorum Q 150R S). The FTIR was measured by the Spectrum
One System by Perkin Elmer Instruments.

3. Results and Discussion
3.1. SEM

The SEM micrograph of starch, displayed in Figure 1a shows pseudo-spherical granules with
smooth surfaces. SEM images of polyaniline/starch composites with increasing aniline-to-starch
ratios, in Figure 1c—e, demonstrate that the polyaniline chains are grafted or adsorbed on the surface
when aniline is polymerized in the presence of starch, which acts as a template [50]. With respect to
PANI alone (Figure 1b), the size of the PANI/starch granules is smaller, being lower than 50 pm. The
surface of the composites is rougher than that of pristine starch even at the lowest concentration ratio
of aniline, demonstrating that aniline polymerization occurs on the surface of the starch granules,
generating an uneven coating [39,48]. Once aniline content increases, the starch surface is more
coated, and polyaniline build-up is observed over the starch particles [42].
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Figure 1. SEM images of (a): Starch, (b) PANI ES and PANI ES/starch biocomposites: (c): (1:1), (d):
(2:1) and (e): (3:1).

3.2. Granulometry

The laser granulometry analysis of particle size reveals that the obtained PANI/starch materials
have a broad range of particle sizes, i.e. a high polydispersity (relative mean variance of the particle size
distribution), which might potentially be an evidence of particle aggregation [50-53]. Furthermore, as
indicated in Figure 2, the average diameters of the colloidal particles range from 39.14 pm to 48.24 pm.
It is also important to mention that particle sizes are generally bigger compared to starch (38.88 um).
Thus, a higher amount of aniline in the reaction medium fosters the growth of longer polyaniline chains
on starch particles surface, leading to bigger particles as it observed in SEM images in Figure 1.
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Figure 2. Histogram of the average diameter of the particles (average values of 3 measurements).
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3.3. Solubility

The solubility of the materials was tested at various temperatures. Table S1 lists the solvents
(water, methanol, ethanol, acetone glycerol, ethyl acetate, chloroform, hexane, cyclohexane, toluene,
DMF, DMSO, NMP) ability to dissolve PANI-ES, starch, and PANI-ES/starch composites. PANI-ES
is soluble in DMF but insoluble in a wide range of common solvents, while starch is soluble in DMSO
but only slightly soluble in water and DMF [20].

We discovered that the PANI-ES/starch biocomposites had enhanced dispersion in water at 20—
40 °C as well as favorable solubility in both DMF, NMP, and DMSO, which deviated from the
solubility behavior of homo-polymers, making possible to obtain clearer mixtures at higher
temperatures (60-80 °C). Solubility in glycerol and chloroform was also considerably improved,
primarily at higher temperatures (> 40 °C), with good dispersions at lower temperatures. The PANI-
ES/starch biocomposites could not be dissolved or even dispersed by the remaining solvents. These
findings show how the surfaces of the products have distinct affinities for each solvent at different
temperatures.

3.4. FTIR-ATR

Figure 3 shows the FTIR-ATR spectra of starch, polyaniline, and their biocomposites. The faint
peak characteristic of the asymmetric stretching of the carbon-hydrogen (C-H) bond in pyranoid
rings is detected at 2924 cm!, whereas the broadband characteristic of starch O-H groups is observed
around 3252 cm. Adsorption bands between 854 cm! and 1415 cm™ are ascribed to C-H bending,
and to C-O(H) and C-O-C stretchings [48,54]. The bands at 1539 cm! and 1456 cm™ correspond to the
vibration of quinoid rings (N=Q=N) and benzenoid rings (N-B-N), while the bands at 1282 cm! and
1230 cm correspond to the aromatic C-H bending vibrations. For the composites, PANI signals,
ascribed to PANI-ES [55], dominate the spectra, in agreement with an efficient surface coverage [56].
The increasing ratio of PANI, from Zi1 to Zsy, is clearly highlighted by the decreasing intensity of the
starch’s signal at 993 cm™ (C-O stretching) with respect to PANI's one at 1456 cm™ (C-N stretching).

—PANIES
—Z
21
—Zy
Starch

I NI VY VA
e LS

. T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Transmittance (%, a.u.)

Wavenumber (cm™

Figure 3. FTIR-ATR spectroscopy spectra of PANI ES, starch, and the biocomposites PANI
ES/starch.

3.5. UV-Vis

Figure 4 illustrates the UV-vis spectra of PANI-ES/starch biocomposites [55].
Polyaniline absorption bands match those reported in the literature, where PANI species
exhibits two significant absorption bands, one at 250-450 and a broader one between 500 and 900 nm.
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The first band corresponds to the m-7t* transition, whereas the second is related to the transition of
benzenoid rings into quinoid rings [57,58]. Other studies correlate these bands to the mt-t* transition
of benzenoid rings, localized polarons, and delocalized polarons [50,59,60]. These peaks demonstrate
that PANI is in an oxidized state, i.e. the emeraldine salt form. For the composites, in addition, the
band around 370 nm may be attributed to bonds conjugation. Additional changes, with respect to
PANI spectrum, are likely related to the interaction between PANI and starch, together with a
variation in the quantity of quinoid and benzenoid units present in the materials.

Absorbance (a.u.)

T T
400 500 600 700 800
Wavelength (nm)

Figure 4. UV-vis spectra of PANI and PANI/starch biocomposites in DMF. Spectra are stacked on an
arbitrary scale for clarity reason.

3.6. RAMAN

Figure 5 shows the Raman spectra of PANI (ES), starch, and their biocomposites, which were
acquired at an excitation wavelength of 532 nm.

The Raman spectra of the composites illustrate the typical signals of PANI [50,59,60] whose
principal bands, at 1590 and 1558 cm, correspond to quinine-type rings and carbon-carbon (ring's
single and double band stretching vibrations), respectively [61,62]. Additionally, distinct bands,
caused by the imine's C=N stretching modes at 1482 cm™ and the amine group’s C-N stretching at
1221 cm, can be detected. Raman spectra show the stretching vibrations of an intermediate C ~N*
bond at a characteristic frequency of about 1330 cm”, for which there is no agreement on the exact
value of this frequency in the literature [63,64]. N-H bending vibrations are represented by the band
at 1562 cm!, while the in-plain deformation mode of quinonoid C-H bonds is observed at 1166 cm.
For PANI chains, other small vibration modes have been observed, such as the band at 777 cm-,
which most likely corresponds to quinine ring vibrations. In addition, there are additional bands at
around 745 and 809 cm, which probably correspond to amine and imine deformations [64,65].
Certain vibration modes exhibit variation in intensity and frequency between samples, which can be
attributed to factors such as synthetic and doping methodologies, and structural imperfections in the
polymer [66].
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Figure 5. RAMAN spectra of PANI, starch, and PANI/starch biocomposites.

The way PANI/starch biocomposites respond to laser stimulation is a further proof that starch
grains are coated by a layer of PANI chain [50], which prevents the laser beam from reaching the
inner starch macromolecules.

3.7. X-ray Diffraction Pattern (XRD)

Figure 6 displays the X-ray diffraction patterns of polyaniline, starch, and PANI/starch
biocomposites. The semi-crystalline structure of emeraldine salt (ES) is reflected by several wide
reflection peaks in the XRD profile of PANI-ES, which represents the crystalline sections and is found
at 20 = 14.9°, 20.21°, and 25.2° [67]. In addition, a semi-crystalline pattern for potato starch can be
seen, with weak reflections at 20 = 15.2° and 19.6°, moderate reflections at 20 = 5.7°, 15.0°, 22.2°, and
24.1°, and strong reflections at 20 = 17.2°. B-type crystalline starch structures, commonly referred to
as tuber starches, typically exhibit this pattern [50,68].

The Bragg's equation is used for each peak to calculate the interplanar distance "d.":

nA =2d sinO 5)

wherein 0 is the Bragg angle for the matching peak, A = 1.542 A, and n = 1 (first-order reflection).
Table 2 shows our materials' diffraction spacing and Miller indices (hkl).

—PANIES
Starch

Intensity(a.u.)

10 20 30 40
2 Theta (degree)

Figure 6. XRD diffractograms of starch, PANI ES, and the biocomposites PANI ES/starch.
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Table 2. Calculated diffraction spacing “d” and miller indices of starch and PANI-ES.

Product 20 (°) hkl d (A)
14.9 (011) 010 5.95
PANI-ES 20.2 (020) 100 4.40
25.2 (200) 111 3.53
5.7 (001) 15.51
11.4 (111) 7.76
15.0 (140) 5.89
Starch 17.3 (131) 5.14
19.6 (103) 4.53
222 (113) 4.00
24.1 (132) 3.69
26.6 (142) 3.35

The ratio of the percentage of the peak's crystalline area to the overall area of the XRD pattern
beneath the curve yielded the degree of crystallinity (Xc%) values. The following formula is used:
[69]

Xe (%) = He/(He + Ha) x 100

Hc: is the intensity of crystalline profiles, and Ha: the intensity of amorphous profiles.

Table 3 summarizes the crystallinity degree values of starch, polyaniline, and biocomposites.
Compared to polyaniline (19%), native starch exhibits a higher degree of crystallinity (37%). For
PANI-starch colloids, a contribution due to different starch content can be assessed. A shift in the
crystallinity may cause changes in the XRD patterns, which might indicate modifications in the
ultrastructure of the PANI and starch microdomains. The shift of PANI-ES peaks and the
disappearance of the starch peaks at 20 =22.2° and 26.6° complement this observation. It appears that
the original crystalline structure of starch is partially destroyed by the presence of aniline in the
reaction media and PANI chains during propagation. This is especially true for Z and Zs1.

Table 3. Degree of crystallinity of starch, PANI-ES, and their biocomposites.

Material Degree of crystallinity (%)
Starch 37.0
Zn 35.4
Zn 33.6
Z3n 22.8
PANI ES 19.6

3.8. Thermal Characterization

The TG/DTG curves resulting from the thermal gravimetric analysis of PANI, starch, and their
biocomposites are depicted in Figure 7, which illustrates a sharp step indicative of starch degradation,
and a broad temperature range for weight loss of PANI. At 290 °C, native starch does in fact lose 50%
of its weight (Figure 7a and Table 4, while PANI exhibits a corresponding decrease in weight at 673
°C (Figure 7b and Table 4). In detail, PANI-ES displays an initial weight loss occurring between 50
°C and 100 °C, most likely due to the removal of volatile molecules and evaporation of water.
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Additionally, a small endothermic peak is observed between 210 °C and 250 °C. Subsequently, a
significant weight loss occurs from 400 °C onwards, due to the degradation of PANI chains [54].

The DTG curves show that the biocomposites' overall degradation rate decreases as their aniline
content increases, underscoring the significant influence of polyaniline on their thermal stability
(Figure 7c,d). It is also noteworthy that the distinctive decomposition pattern of PANI, highlighted
by a prominent DTG peak at 500 °C, is no longer clearly evident for the composites.
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Figure 7. TGA and first derivative DTG curves for starch, PANI ES and their blends Zu1 (c), Z21 (d),
and Zs1 (e).

Table 4. Elaborated thermal characteristics (% weight loss at specific temperatures) data obtained
from TGA curves by TA Universal Analysis software of starch, PANI ES, and the biocomposites,
respectively Zi1, Zz, and Zs1.

T 95% Residual (%) at

Materials T 5% (°C) T 10% (°C) T 50% (°C) c0) 200 °C
PANI ES 56.4 164.2 673.0 - 50
Starch 50.2 70.2 289.6 - 165
Zu 59.8 197.1 376.8 - 23.9
Z 50.3 102.2 416.7 - 35.1

Z31 50.6 91.7 574.3 -- 40.7
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The TGA thermograms, which are associated with thermal stability, also provide the values for
T5, T50, and T95, that are the temperatures at which 5, 50, and 95% of the mass is volatilized,
respectively, as illustrated in Table 4. Biocomposites and PANI ES are noticeably more stable than
starch.

Figure 8 shows the DSC profiles of starch, polyaniline, and their biocomposites. Within the
temperature range of 60-140 °C, broad endothermic peaks are observed, which can be attributed to
the water evaporation, in accordance with the TGA and DTG data. Additionally, the PANI
thermograms exhibit a second endothermic peak at T=240°C, Possibly illustrating the mobility of tiny
chain segments and the glass transition temperature (Tg) [70,71]. Conversely, two well-defined,
narrow endothermic peaks at 266°C and 278°C can be observed in the starch thermogram and are
linked to the thermal breakdown of starch chains [72]. However, these peaks are absent in the
composites, aligning with the findings from TGA analysis. When examining PANI/starch materials,
in the same temperature range, we observe the existence of the endothermic peak associated with
water evaporation. On the other hand, the second endothermic peak, associated with the difference
in PANI's Tg, moves to a lower temperature, especially for Zi1. This change, which is probably the
result of the interactions between the components, validates the structural changes in the
biocomposites. (for a comprehensive overview of the DSC data, see Table 5).
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Figure 8. DSC thermograms curves of starch, PANI ES, and of the Zi1, Z21, and Zs1 biocomposites.

Table 5. DSC thermograms curves, elaborated by the TA Universal Analysis software of starch, PANI
ES, and the biocomposites, respectively Zi1, Z21, and Zs1.

1stpeak 2nd peak
Material AH Onset AH
Peak (°C) Onset (°C) . Peak (°C) . .
(j/8) W9 (/8)
Zn 95.9 427 234.5 207.8 186.7 103.6
72 84.4 37.8 287.3 217.6 199.9 95.2
731 98.9 45.8 247.6 205.4 168.4 212.9
218.4 199.6 23.3
PANI E 1 . 275.1

NIES %8 35:3 > 293.5 281.2 1.1

266.4 261.7 9.1

Starch 100.0 50.5 439.7 278 1 2738 158

3.9. Cyclic Voltammetry

On the CV curve, two pairs of anodic and cathodic current peaks indicate two distinct sets of
redox activity. The first pair of redox couple peaks appears between 0 and 0.25 V vs. Ag/AgCl
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reference electrode and represents the conversion of the completely reduced leucoemeraldine base to
the partly oxidized emeraldine. The redox current peaks in the second set, which occur between 0.6
and 0.8 V vs. Ag/Ag(], is related to the conversion of emeraldine to the fully oxidized pernigraniline
form. While the second redox couple (peaks Ox2 and Red1) potential is highly reliant on pH, the first
redox couple (peaks Ox1 and Red2) potential is mostly independent of pH [73]. Since no proton is
involved, this latter reduction reaction (eq. 1) may be defined as follows: [74].

SIS

However, the pH of the solution has a significant impact on the peak position of the second
redox process, being reasonable to presume that protons are involved in the reaction illustrated below

(eq. 2):
/%i)/ \©\ +2nH* + ne” —»/%i)/ \©\ @

Notably, when the scan rate value increases (see Figure S1 and Table 52 in the Supporting
Information), the current density increases as well, demonstrating the materials' strong electroactivity
and electrochemical capacitive behaviour [72].

All PANI/starch synthesized by chemical oxidation polymerization are conducting materials,
thus representing an advancement with respect to previously reported PANI-emeraldine base/starch
composites [50]. Among the colloids, the Zi1 sample is the most electroactive material, showing the
highest current for both oxidation and reduction processes in the explored range.

15
——PANIES

[ —C

104 —— 2721
— | — 281
g
S 94
£
- 3
c
&
S 0+ L
3 ﬁ,—

3|

54

8 |

T T T

L L T 1 T U
600 -400 -200 0 200 400 600 800 1000
Potantial vs. Ag/AgCl [mV]

Figure 9. Cyclic voltammograms of PANI and PANI/starch biocomposites, measured at 100 mV s
using a Ag/AgCl reference electrode, in H2SOx solution (1 M).
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Table 6. Current density measured at 100 mV s against Ag/AgCl reference electrode in 1 M H2504
solution from the cyclic voltammogram peaks of PANI ES and the biocomposites PANI ES/starch.

Products 0X1 O0X 2 Red 1 Red 2
Z1 6.80 11.75 -6.77 -1.80
Zo1 3.63 241 -0.69 -0.77
Z31 2.30 1.47 -0.47 -0.64

PANIES 4.11 1.50 -0.37 -0.69

3.10. Processability Into a Polymeric Membrane

To demonstrate the easy processability of the biocomposites, the sample Zi1 has been used to
prepare a thin membrane, based on polyether sulfone (PES). In order to make the membrane porous,
a mixture of PEG (21 wt.%) and polyvinylpyrrolidone PVP (5 wt.%) was added to the blend as pore
formers. The membranes were prepared from NMP solutions, by the phase inversion technique,
upon immersion in a water coagulation bath after casting (casting thickness set at 250 pm) on a glass
surface [75]. The membranes were characterized in terms of FTIR, water contact angle (WCA),
porosity, pores size surface, and cross-section SEM images.

FTIR shows the membranes' spectra, which are presented in the following Figure 10.

PES Blank

PES PANI ES Starch 1%

4000.0 3000 2000 1500 1000 650.0

Figure 10. FTIR of the PES membranes with and without 1% Zn dopants. .

The investigation indicates that the 1% dopants has little effect on the surface composition of the
membranes, which displays the signals pattern of the PES matrix. There are two more peaks,
occurring at around 3410 cm and 1663 cm™, for the PES membrane with Z11, which are ascribed to
the presence of hydroxyl (-OH) group and C=C bond [59]. The -OH group refers to the presence of
starch; while the C=C bond shows the presence of PANI in the membrane matrix.

WCAs were measured on top side of the PES membrane, in order to investigate their surface
properties and the results are shown in Table 7. WCAs range from 72° to 75°, showing the hydrophilic
properties of both membranes, with negligible effect of the dopant.
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Table 7. Characteristics of the prepared PES membranes with and without 1% Z11 dopants.
Zn content in WCA Thickness Porosity Mean flow pore
membranes size diameter
(Top Surface) (um) (%) (MFD) * (um)
©)
0% 72+3 153 +6 91+0 0.9
1% 75+2 228+7 900 0.13

SEM was used to get further insights into membranes features (see images in Figure 11, which
collects images of the cross-section, top and bottom surface of the prepared membranes).

Za1 content in 0% 1%
membranes

Top

Bottom

Cross-section

Figure 11. SEM images (top, bottom and cross-section) of the PES membranes with and without 1%
Zn dopants.
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From the SEM images, we observe that there is no agglomeration of Z11 or phase separation, with
the exception of some spots on the membrane surface, which is evidence of the miscibility of the
PANI starch colloid blended in PES matrix. Both membranes (with and without dopant) exhibit
macro-porous asymmetric structures. The asymmetry of the membrane consists of a dense top (or
up) layer and a porous sub-layer (bottom) [76]. For PES, the dense layer is supported by a region with
finger-like type channels of ca. 0.9 um diameter, being the overall thickness of about 153 um and
overall porosity of about 90%. For the composite membranes, the denser layer is also connected to
regular finger-like macro-channels, with diameters of ca. 0.13 um. The opposite side is characterized
by the presence of even larger voids of a sponge-like region, confined by a bottom surface with
narrower openings (diameter <3 um). The impact of the dopants on the membranes’ thickness is more
evident, being increased from 153 pm to 228 pum. This is probably due to the addition of dopants, that
enhance the demixing of polymer and non-solvents, leading to a faster coagulation of the membrane.
This behavior also favors the formation of smaller macro voids, and has an impact on the overall
porosity decrease [77], being thus appealing to increase selectivity and rejection during separation
processes. All in all, these results are interesting for the development of conductive membrane for
water filtration, which will be the object of future investigation. Conductive membranes, indeed, are
promising for the possibility to tune the selectivity, impart antifouling properties or promote
electrochemical processes such as electrocoagulation or electrooxidation. For example, conductive
polymers can enhance the membrane's filtration efficiency by attracting and repelling charged
particles in water. This can lead to better removal of contaminants such as heavy metals, bacteria,
and organic compounds as ionic dyes [78].

4. Conclusions

The outcomes of this work show how to easily synthesize PANI-based colloids. Specifically,
potato starch was utilized as a steric stabilizer to produce stable dispersions of polyaniline
(emeraldine salt). Thus, polyaniline/starch biocomposites with varying ratios of aniline to starch were
produced via oxidative polymerization.

Starch act as template, leading to an improved solubility of polyaniline in DMSO, NMP and
DMEF while improving its higher-temperature dispersion in glycerol, water, and chloroform. This, in
turn, is expected to enhance the polyaniline's processability. In order to assess the impact of variations
in the aniline/starch ratios, several tests including cyclic voltammetry and FTIR-ATR, Raman, UV-
Vis, XRD, TGA, and DSC, were carried out.

Surface analyses show that polyaniline chins grow on the surfaces of the starch granules. The
degree of crystallinity and particle size show significant changes in the composite material, as
evidenced by the growth of smaller particles and the loss of the native starch crystalline lattice.
Despite being less thermally stable, the Z11 appears to be the one with better morphology and degree
of crystallinity. In terms of electron exchange and capacitive behavior, the cyclic voltammetry tests
demonstrate improved electro-activity in the composite materials, confirming Zun as the best
formulation.

As far as processability is concerned, a hydrophilic PES membrane has been prepared with the
highly dispersed Zu. The latter has an effect on membrane morphology (thickness, pore size, and
shape). In particular, the addition of dopant decreased the overall pore size, and increased the
membrane thickness, while maintaining the same hydrophilicity, being thus promising for
applications in the field of water filtration.

The obtained composites have thus demonstrated to be polyaniline colloids with appealing
features, namely: conductivity, biocompatibility, processability. The polyaniline/starch composites
are expected to be adaptable materials that will increase the range of uses for PANIL.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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