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A thermoplastic starch (TPS) was produced, starting with potato starch, glycerol and acetic acid, to
shape it in films of thickness around 100 microns. To TPS iron waste filing particles, in the amount
of 12% the weight of starch, were introduced in different modalities: as received, reduced in size by
the use of a mortar, after treatment with hydrochloric acid, and after treatment and removal of
hydrochloric acid. Morphological studies were carried out by optical and scanning electron
microscopy and illustrated that the dispersion of iron filings was not optimal, though some
improvement was observed by a reduced dimension of the particles. Tensile tests indicated the
considerable improvement of stiffness offered by the insertion of iron particles to TPS, although the
ultimate strain was reduced to less than 10%. Thermal characterization using thermogravimetry
allowed revealing the three typical peaks for potato starch degradation, with only a slight decrease  Article History:

due to iron introduction. EDS allowed evaluating the presence of impurities in the iron filings and

evidenced that the presence of iron was more effective on the surface than in the rest of the film. As ~ Received: 16 February 2020
a final consideration, An improvement in electrical conductivity by over an order of magnitude was  Accepted: 09 May 2020

obtained by the TPS+Fe+HCI film with respect to pure TPS. Published: 01  June 2020

1- Introduction

Scrap iron, in the form of filings of random size and geometry, though prevalently powder, is a copious waste in
blacksmith operations. This waste has found limited use so far. Two possible sectors are the treatment of hazardous
materials e.g., for reduction of hexavalent chromium to trivalent one [1] or the filling of other materials with the aim to
modify their properties e.g., in concrete for energy storage [2]. The problem of waste does not directly concern large
steel works, which have from a few decades developed policies leading in recent years to “zero waste strategies” [3].
In contrast, the use of scrap iron powder as material filler faces some difficulties in environments, such as small
blacksmith workshops, technical schools, etc.: here, it is normally disposed of as a special waste, even involving some
costs, while on the other side re-using it in new materials might represent an opportunity. Of course, this kind of
application would encounter a number of issues; the most relevant is initially the need for adequate filtering of the iron
scrap powder, clearing it from extraneous substances, such as dust, while obtaining less scattered dimensions.

A possibility would be to take advantage of the electrical conductivity of this waste to confer them to other
materials, which typically have limited conductivity, such as biopolymers, but increasingly used for their
biodegradability and end of life. Among these, the production of thermoplastic starches (TPS) with high contents of
glycerol, therefore with a starch/glycerol ratio around 1, leads to mixtures with sufficient tensile strength so to be
extruded, which may be simply produced [4]. On the other side, the addition of acetic acid has an effect of
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plasticization and reduces melting temperature of thermoplastic starch, easing processing [5]. The particular interest of
TPS is that it proved suitable to be adapted to the introduction of fillers in powder form, such as clay, even if only a
limited control of their dimensions is applied [6]. In a number of cases, TPS obtained by simple processes were also
able to effectively include waste: most attempts were performed with ligneous secondary raw matter, and TPS
demonstrated to be quite resistant to rot and degradation during normal use [7-8]. The considerable cost of conductive
polymer structures, which are obtained normally through appropriate doping [9], or by the introduction of carbon
nanofibres [10], does indicate that the use of waste filler could be an option. In the case of starch-based bioplastics,
which have a limited conductivity with appropriate electrolytes, such as ammonium nitrate, this emerges as
particularly reasonable [11]. This would offer more guarantees for the potential application in the chassis of cell
phones as a conductive yet sustainable, material [12] or other possibilities, such as conductive packaging, which have
still now been proposed with complex materials, such as polyaniline filled with titanium dioxide nanowires [13].

Preliminary work has demonstrated that by introducing unfiltered iron scrap powder in the production of a
thermoplastic starch, based on corn starch, glycerol and acetic acid, carrying out moulding of the material on a glass
support with the introduction of 0.8 wt.% of waste, sufficient tensile resistance was obtained [14]. However, concerns
were raised on the dimension of filler particles, the presence of contaminants and the eventual formation of rust, which
could affect the results. The present work is aimed at solving these two problems, hence contamination and
dimensional control of the filler, additionally coming as far as to the assessment of electrical conductivity, which had
not been measured before.

2- Materials and Methods
2-1- Materials

The iron powder was obtained by a local workshop in L’Aquila, Italy, which was disposing of it as special waste.
Glacial acetic acid 99-100% a.r., with 1.05 g/ml density at 20 °C and 60.05 g/mol molecular weight was supplied by
ChemLab. Hydrochloric acid with density 1.16 g/ml at 20 °C, molecular weight of 36.46 g/mol, boiling point 75 °C,
and concentration above 33% was supplied by José Manuel Gomes Dos Santos. Potato starch and glycerol were
purchased from Sigma-Aldrich and Scharlau, respectively.

2-2- Films’ Production

The production of TPS films with and without Fe particles was carried out using solvent casting technique. Several
conditions were tested including the addition of HCI and the use of mortar in order to optimize the developed films.
Six different configurations of the films were evaluated, as schematically represented in Figure 1.
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Figure 1. Schematic methodology used for the preparation of the different films by solvent casting technique.
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The six different configurations of material produced are reported in a schematic way in Figure 1. In particular, an
equal amount of starch, of acetic acid and of glycerol, added to act as plasticizer agent, was used throughout the
process. The polymeric solution was heated to 63 °C for 61 minute hours. Finally, the solutions were poured into
glass plates and dried at ambient temperature for 3 days. For the production of TPS/Fe films, the Fe particles were
added in an initial stage. The use of HCI and mortar on the final films’ properties was also evaluated.

2-3- Films’ Characterization
2-3-1- Films’ Thickness

The films’ thickness was measured in different locations using a digital micrometer. The mean value was
calculated.

2-3-2- Optical Microscopy

An optical microscope (Leica DM750 M(bright-field)) was used to evaluate the presence and dispersion of Fe
particles into TPS films.

2-3-3- Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive Spectroscopy (EDS)

The surface and the cross-section morphology of the TPS films with and without Fe particles was visualized by
FESEM analysis using a NOVA 200 Nano SEM from FEI Company (Hillsboro, OR, USA). Before the experiment, all
the samples were coated with a very thin film (20 nm) of Au-Pd (80-20 weight %). Images were taken in topographic
mode with an accelerated voltage of 10 kV. Atomic contrast images were realized with BSED detector at an
acceleration voltage of 15 kV. The elemental composition of the films was evaluated by EDS technique (Hillsboro,
OR, USA) coupled to FESEM, using an EDAX Si (Li) detector with 15 kV of acceleration voltage.

2-3-4- Thermogravimetric Analysis (TGA)

In order to evaluate the thermal stability of the samples, TGA analysis was performed using a STA 700 da
SCANSCI. The samples were heated from room temperature to 700 °C with a heating rate of 10 °C/min under
nitrogen flow.

2-4- Functional Properties Evaluation
2-4-1- Mechanical Properties

Tensile tests were performed in a Hounsfield Tinius Olsen testing machine model H100KPS in displacement
control mode, with a cross-head speed equal to 10 mm/min and an initial grip separation of 50 mm. Rectangular films
samples were cut in with 90 mm length and 10 mm width. Tensile strength (TS), elongation at break (EB) and Y oung's
modulus were determined. Five replicates of each sample were evaluated.

2-4-2- Electrical Conductivity

The electrical resistivity of each sample was measured using a picometer/voltage source (Keitley 487), where the
applied voltage ranged from -0.8 to 0.8 V, at room temperature. The electrical resistivity (p) was calculated by:

A
=R X — 1
p I (1)
Where R represents the electrical resistance, A is the area of the electrode (5 x 1 mm?), and L is the distance between
the electrodes (3 mm). The electrical resistance was obtained through de slope values of the I-V curves. Finally, the
electrical conductivity (o) was determined by the inverse of electrical resistivity, as shown by the following equation:
- @
o= —
p

3- Results and Discussion
3-1- Optical Microscopy

In an initial stage, the presence and the dispersion of Fe particles into TPS films was evaluated by optical
microscopy. Figure 2 shows the micrographs at different magnifications of the six different configurations developed.
The comparison between the different materials identifies that hydrochloric acid produces an increased number of
cavities in TPS structure, in some cases also connected with a rougher appearance. In the configurations with added
iron particles, they tend also to agglomerate, a trend that appear less diffuse in the case in which a mortar grinding is
also used. On the other side, the removal of hydrochloric acid from films including iron particles results in more
complex patterns of distribution of the particles.
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Figure 2. Optical micrographs of the different films’ configurations at different magnifications.

3-2- Morphology and Elemental Composition Analysis

In order to evaluate the surface as well as the cross-section morphology of the developed films, FESEM analysis
was performed, as shown in Figures 3 and 4, respectively.
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Figure 3. FESEM images of the surface of TPS, TPS+Fe (Mortar) and TPS+HCI+Fe films, with magnifications of 200 um.
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Figure 4. FESEM micrographs of the films’ cross-section with magnifications of 200 pm.
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Figure 5. A typical iron particle used for introduction into TPS detached from the film surface.

From Figure 3 (films’ surface) and Figure 4 (films’ cross-section) it is possible to observe the presence of Fe
particles into TPS films. Moreover, the introduction of these particles promotes an increase in surface roughness. This
confirms both the higher roughness obtained in configurations treated with hydrochloric acid and the evidence that an
improved interfacial mixing is obtained through mortar grinding of metal particles. These are well visible though, if
this was not the case, both at some depth in the film and surfacing from it.

Finally, Figure 5 shows a single iron particle, which is detached from the film surface and only slightly bonded
with some other material at the bottom. In general terms, this did not demonstrate to be a very diffuse occurrence,
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although it is particularly possible for particles of sufficiently small dimension, in the specific case the diameter of the
particle was around 15 microns.

EDS analysis was also performed in surface and cross-section of the films containing iron particles in order to
evaluate the elemental composition, as demonstrated in Figure 6.
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FeKb

TRANSVERSE SECTION
TPS + Fe (mortar)

FeKa
o AuMg A Fexb
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Figure 6. EDS analysis of the composition and impurities of the iron filings particles.

This analysis shows the presence of carbon and oxygen elements, which are the main constituents of starch and
especially glycerol, since the former does not always give very recognizable signals [15]. Furthermore, it is also
possible to confirm the presence of iron particles, particularly in the films’ surface, as demonstrated by the different
evidence of the peaks of Fe at 6.4 and 7.1 keV, values which appear to be typical [16]. Other peaks can be also
observed, which can be attributed to the impurities in iron filings, especially related to some silica, therefore due to the
presence of inert materials, such as sand, and also other metals, in particular aluminium and gold. This does depend on
the source of iron filings, and on mechanical operations from which these were obtained: other works report e.g., the
possible presence of titanium [17]. This could lead to variability in electrical conductivity to be further investigated in
the future, although purification of filings e.g., by magnetic processes, would possibly improve the quality of the filler,
although it would also entail further costs.

3-3- Thermal Stability

In order to evaluate the thermal stability of the developed films, TGA analysis was performed. The samples were
subjected to a heating process until 700 °C and the degradation profiles were evaluated. Figure 7 demonstrates the TG
and the first order derivative (DTG) curves of each sample.
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Figure 7. TG (represented in black) and DTG (represented in blue) curves of the different developed films.

From Figure 7 it is possible to observe that TPS has three main thermal degradation stages, as was reported already
by several studies [18-19]. The first one around 30 °C and 105 °C corresponds to water evaporation. The second one
located between 105 °C and 250 °C is attributed to glycerol degradation. Finally, the third step is from starch
degradation, which occurs between 250 °C and 350 °C. It has been reported that for high glycerol contents glass
transition temperature are lower than ambient temperature [20]. The temperature for film deposition was selected with
the idea not to lead to excessive water loss, while obtaining sufficient mechanical properties. The three peaks observed
from the thermogravimetric analysis (TGA) curves, reported in Figure 2, refer to progressive loss of water, then above
100 °C to the loss of water and plasticizers, mainly acetic acid, and finally to TPS decomposition [21]. In particular,
potato starch plasticized with glycerol was attributed a decomposition temperature not far from 300 °C in previous
studies [22-23]. The three peaks observed are reported in Table 1: it can be highlighted, as the hydrochloric acid is
able to delay the temperature of degradation of plasticizers. Moreover, its use in combination with iron powder results

in the preservation of a higher weight of material preserved (up to around 20% the initial weight) preserved after
starch decomposition.

Page | 143



( MPa)

Stress

ress (MPa)

st

stress (MPa)

Emerging Science Journal | Vol. 4, No. 3

Table 1. Thermogravimetric analysis results.

Material First peak (°C) Second peak (°C) Third peak (°C)
TPS 58 190 305
TPS + HCI 62 215 307
TPS + Fe (Mortar) 56 199 316
TPS + HCI + Fe 62 203 280
TPS + HCI removed + Fe 56 192 277

3-4- Mechanical Properties

In order to evaluate the influence of iron particles in mechanical properties of the developed films, tensile tests
were performed. Tensile tests indicate a large scattering of results among the different samples, as reported in Figure
8. This appears to be an inherent characteristic of TPS, produced by film deposition without therefore using dedicated
moulds, and has been described already in previous studies [24]. As reported in Table 2, the introduction of iron
particles results in a reduction of the ultimate strain of the TPS, which is not surprising due to the higher rigidity
obtained. This was the result that was expected, considering that iron filings were not supposed to have effect on
tensile strength, as it was clarified even when higher contents of it were introduced in harder matrices, such as
concrete [25]. On the other side, the large presence of glycerol leads to low tensile strength, yet to retaining a
sufficient elongation at break [26]. The use of the mortar to further decompose metal particles does allow obtaining a
strain close to 20%, much larger than without this pre-processing of waste; in this way, the dispersion of iron is also
promoted. Using unprocessed iron particles as filler does also result in lower thickness, as from Table 3, but this, as
observed in Figure 1, depends on the formation of clusters of particles tending to aggregate into TPS, which is not so
apparent instead whenever these have been further chopped using the mortar. Aggregates are also present in further
configurations including with hydrochloric acid, which on the other side produces roughness, likely to result in uneven
shrinkage, and the creation of porosities, such as it is observed already in the TPS + HCI configuration. It is well
known as potato starch-based TPS usually presents some patchy regions with diffuse roughness, and treatment with

hydrochloric acid does increase this occurrence, whilst on the other side it also yields a higher conductivity, as from
data in Table 4.
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Figure 8. Tensile curves for the different test samples of all material configurations.
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Table 2. Mechanical properties of the different material configurations.

Material Tensile strength (MPa) Elongation at break (%) Young's modulus (MPa)
TPS 1.09+0.24 396+114 2.75+0.70
TPS + HCI 0.70 £ 0.09 278 £4.9 2.52+0.38
TPS + Fe 0.70+0.12 99+22 7.07+1.32
TPS + Fe (Mortar) 0.66 +0.05 18+1.8 3.67+£0.32
TPS + HCI + Fe 0.74+0.11 13.8+1.2 5.36 +0.63
TPS + HCI removed + Fe 0.38 £ 0.07 11.1+£29 342+0.75

Table 3. Thickness of the different material configurations.

Material Film thickness (um)
TPS 102 + 10
TPS + HCI 147 +9
TPS + Fe 105+ 11
TPS + Fe (Mortar) 161+ 12
TPS + HCI + Fe 153+6
TPS + HCI removed + Fe 158 + 14

3-5- Electrical Conductivity

Conductive tests were performed in order to evaluate the incorporation of iron particles into TPS electrical
properties. The obtained values of electrical conductivity of the different developed films are demonstrated in Table 4.

Table 4. Electrical conductivity of the different material configurations.

Material Electrical conductivity (S/m)
TPS 6.67x10™
TPS + HCI 4.49x103
TPS + Fe 1.51x10°
TPS + Fe (Mortar) 4.00x10*
TPS + HCI + Fe 7.42x10°
TPS + HCI removed + Fe 3.55x10°

Through Table 4 it is possible to observe that the incorporation of iron particles into TPS films increased the
electrical conductivity values from 6.67x10™ to 1.51x10 S/m, which would be expected since these particles are
conductive materials. However, the use of mortar with the consequent reduction of particles dimension, did not
improve electrical conductivity (4.00x10* S/m).

Also the use of HCI in TPS films promoted an increase of the electrical conductivity values from 6.67x10™ to
4.49x10° S/m.

As the predicted consequence, the sample that presented the highest electrical conductivity properties (7.42x107%)
was the TPS film with HCI and incorporated with iron particles, which showed a synergy of the two aforementioned
effects.

The combined effect cannot be classified as outstanding, which is due to the not large amount of iron particles
introduced, limited by their not very effective dispersion. Yet it is promising, in view of the improvement of electrical
conductivity, which in the best case exceeds one order of magnitude.

4- Conclusion

The introduction of waste iron filings, reduced to particles with dimensions around 15 microns, in a thermoplastic
starch (TPS) matrix, based on potato starch and glycerol treated with acetic acid proved suitable for the production of
films with thickness in the order of 150 microns. Both the mechanical grinding of the particles in a mortar and the
introduction, then removal, of hydrochloric acid in TPS allowed improving the dispersion of iron particles. The
combined action of hydrochloric acid and the addition of iron particles improved the electrical conductivity.

The possible future development of this experimentation would require making more repeatable the production of
TPS and the distribution of iron particles over the whole volume of the polymer film, bearing in mind that the use of
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waste iron filings would have significance as such. If these aims are fulfilled, this would have an interest as a
biodegradable slightly conductive and antistatic plastic film.
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