Carrageenan Based Hybrid Materials with
lonic-Liquids for Sustainable and Recyclable

Printable Pressure Sensors

Jodo P. Serra®, Nelson Pereiral®# Daniela M. Correial*, Carmen R. Tubio®, José Luis

Vilas-Vilela®®, Carlos M. Costa'?’" and Senentxu Lanceros-Mendez!2>8"

#].P. S.and N. P. contributed equally to this paper

Physics Centre of Minho and Porto Universities (CF-UM-UP), University of Minho
4710-057 Braga, Portugal

?|_aboratory of Physics for Materials and Emergent Technologies, LapMET, University
of Minho 4710-057 Braga, Portugal

3Algoritmi Center, Minho University, 4800-058 Guimaraes, Portugal

“Centre of Chemistry, University of Tras-os-Montes e Alto Douro, 5000-801, Vila Real,
Portugal

®BCMaterials, Basque Center for Materials, Applications and Nanostructures, UPV/EHU
Science Park, 48940 Leioa, Spain

®Departamento de Quimica Fisica, Facultad de Ciencia y Tecnologia, Universidad del
Pais VVasco (UPV/EHU), 48940 Leioa, Spain

"Institute of Science and Innovation for Bio-Sustainability (IB-S), University of Minho,
4710-053 Braga, Portugal

8Ikerbasque, Basque Foundation for Science, 48013 Bilbao, Spain

*cmscosta@fisica.uminho.pt

*senentxu.lanceros@bcmaterials.net



mailto:cmscosta@fisica.uminho.pt
mailto:senentxu.lanceros@bcmaterials.net

KEYWORDS: Natural polymer; Carrageenan; lonic Liquids; Smart materials.

ABSTRACT: In the scope of reducing the environmental impact of electronic systems
(e-waste), increasingly implemented in the scope of the digitalization of society, this work
reports on the development of a sustainable pressure sensor based on the combination of
the natural polymer carrageenan and the ionic liquid (IL) 1-butyl-3-methylimidazolium
tetrachloroferrate ([Bmim][FeCl4]). Different IL contents were incorporated into the
carrageenan matrix (10, 20 and 40 wt.%) in order to evaluate the influence of IL content
in the final properties of the hybrid materials. No variations are induced in the chemical
structure of carrageenan by the inclusion of the IL. On the other hand, the thermal stability
of the polymer decreases with increasing IL content, as well as the Young Modulus that
decreases from 748 MPa for pristine carrageenan to 437 MPa for the composite with
40 wt.% IL content. The ionic conductivity increases up to 8.74 x 10 S/cm for the
sample comprising 40 wt.% of IL. The recyclability of the developed materials has been
accessed and the potential of the blends for the development of printable pressure sensors

demonstrated.



INTRODUCTION

Internet of Things (10T) (also known as Internet of Everything or the Industrial Internet)
is an internet-based system composed by physical objects that are embedded with
electronics, software, sensors, actuators and connectivity which enable these objects to
connect with other nearby objects 2. 10T and its contribution to the digitalization of
economy and society is having already an enormous impact on various industries
including transportation, healthcare, or entertainment, among others 3°,

Taking into account the implementation of a reliable and responsive network, the
ubiquitous installation of sensors connected to the network will be a critical step for the
even faster growth of the 10T concept . In particular, pressure and deformation sensors
are among the most required ones due to their widespread applicability ’, being based on
different pressure sensing principles including piezoresistive, piezoelectric, triboelectric
or capacitive, among others 8°.

Piezoresistive sensors allow to transduce an external pressure or deformation into an
electrical resistance variation and are typically characterized by high adaptability, simple
manufacturing and low energy consumption 1°. Most recently, piezoresistive sensors hold
great promise in the scope of artificial intelligence, robotics and human computer
interfaces, among others 13, placing new requirements in terms of flexibility, sensing
area or performance with respect to the traditional solutions. Traditionally, piezoresistive
sensors are based on strain gages and metallic semiconductors, the ones based on
semiconductors materials showing high gauge factors (GF) -value that quantifies the
resistance variation with deformation- but being mechanically fragile and difficult to
implement in large areas or curved surfaces 4. To address those issues, piezoresistive
sensors are being developed using polymer composites that result from the combination

of a polymer matrix with conductive fillers °.



Piezoresistive sensors based on polymer composites are composed of different polymer
matrices, including thermoplastic, cross-linkable UV polymers, elastomers and
conductive polymers, blended with different fillers such as carbon nanotubes (CNTS),
graphene, or silver nanowires, and lead to GF values ranging from 4 to ~ 130 with
excellent mechanical properties 7.

Most of the polymer based piezoresistive sensors mentioned above are of synthetic origin
and difficult to recycle and reuse at the end of their life. Thus, as the number of these
sensors and their increasing use in the scope of the 10T will bring negative environmental
consequences.

Recently a novel approach has been introduced based on the use of ionic liquids (ILs) as
conductive fillers. ILs are commonly defined as molten salts composed by an organic
cation and inorganic anions 8. ILs present high electrochemical stability, non-
flammability, low volatility, low vapor pressure, easy miscibility and high ionic
conductivity *°, allowing to tune polymer properties and/or introduce new functionalities
20 In particular, a new sensitive sensor concept, the piezoionic, has been introduced
through the combination of a thermoplastic elastomer styrene-ethylene-butylene-styrene
(SEBS) with the IL 1-butyl-3-methylimidazolium dicyanamide ([Bmim][N(CN)]),
allowing the development of a pressure sensor with suitable response under loading and
unloading compressive cycles with applied forces up to 10 N with sensitivity of

25kQNT 2,

In addition, considering environmental, sustainable and economic issues, there is an
increasing trend in the development of bio-based sensors for monitoring various physical-
chemical conditions 22. A bio-sensor based on FesOs/chitosan nanocomposites has been
developed to detect gallic acid (GA), with a detection limit of 12.1 nM in a wide range

from 0.5 to 300.0 uM with high recovery percentage ( 98% to 112.8) 3. Also, a bio-based



sensor to measure human motion has been developed based on polyacrylamide-sodium
casein-carboxymethyl  chitosan (PAAM-SC-CC) with excellent mechanical
characteristics- Further, its suitability for the monitoring of different human movement
such as throat movement and joint extension as demonstrated?*.

Based on the former approaches and, in particular, attending to the sustainability
paradigms, this work reports on the development of a pressure sensor based on the
piezoionic effect by combining a natural polymer, carrageenan, and the IL 1-butyl-3-
methylimidazolium tetrachloroferrate ([Bmim][FeCla]).

Carrageenan is a sulphated galactans linear polymer extracted from a red marine algae
(Rhodophyta), composed by x-D-galactopyranose linked in different carbons (3 or 4 for
B or a types) or with 3,6-anhydro-a-d-galactopyranose. There are different types of
carrageenan: kappa (x-), iota (1-) and lambda (A-), with different percentage of sulphate
groups and 3,6-anydrogalactose ring. The most common carrageenan types used for
application are iota and kappa %, which have been implemented in the cosmetics,
pharmaceuticals, food and electronic industries as primary proton battery ?® and dye-
sensitized solar cell (DSSC) #'.

Due to their interesting characteristics which include their high abundance in nature, low
cost and biodegradability, carrageenan emerges as an environmentally friendly material
to be applied in electronic devices %2°. For this purpose, the major limitation is
carrageenan low electrical conductivity, which can be overcome by using ILs. In this
context, this work presents the development of an environmentally friendly pressure
sensor based on the combination of carrageenan and different contents of the IL
[Bmim][FeCls]. The specific IL was selected based on highly stable and non-volatile
liquid 2°. The influence of IL content into the morphological, physical-chemical, thermal,

mechanical and ionic conductivity was evaluated and the potential of the developed



blends to be applied as printable pressure sensors demonstrated, together with its

recyclability.

EXPERIMENTAL

Materials

Carrageenan (iota-1 type) was purchased from Alfa Aesar and the IL 1-butyl-3-
methylimidazolium tetrachloroferrate (I11) >97% [Bmim][FeCls] was supplied by lolitec.
The [Bmim][FeCl4] IL is characterized by a melting temperature < 20 °C, viscosity of

43.4 ¢P and ionic conductivity of 4.37 mS.cm™.

Neat and [Bmim][FeCls]/Carrageenan films preparation

Neat carrageenan films were prepared after polymer dissolution in ultrapure water (ratio
of polymer/ ultra-pure water of 3/97 wt.%.) under magnetic stirring at 50 °C. For the
processing of the [Bmim][FeCls]/carrageenan blends, different contents of the IL
[Bmim][FeCls] (10, 20 and 40 wt.%) in relation to the polymer content were first
dispersed in ultrapure water during 10 minutes, under magnetic stirring at 50 °C.
Subsequently, carrageenan was added to the solution (3/97 wt.%.) and magnetically
stirred at 50 °C. After the complete polymer dissolution, the solution was spread on petri
dishes followed by solvent evaporation at room temperature for approximately 7 days
until the samples dried (Figure 1a). Samples with an average thickness of 100 um were

obtained.
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Figure 1. Schematic representation of the procedure used for the processing of the

[Bmim][FeCls])/Carrageenan blends (a) and for the recycling of the blends (b).

Recycling and reuse of carrageenan films

In order to evaluate the possibility to reuse the previously developed IL/carrageenan
blends, the samples were cut into small pieces of 5x5 mm and dissolved in ultrapure water
at 50 °C under magnetic stirring. After complete dissolution, the sample was dispersed in

a Petri dish and allowed to dry at room temperature (Figure 1b).

Samples characterization

The morphology of the samples was analysed by scanning electron microscopy (SEM,

Zeiss EVO 40) with an accelerating voltage of 20 kV. Prior the analysis, the samples were



coated with a gold layer by magnetron sputtering with a Polaron, model SC502. Energy-
dispersive X-ray (EDX) analysis was carried out with a Hitachi Tabletop Microscope TM
3000 apparatus to evaluate IL distribution within the sample. The vibration bands of the
samples were obtained by Fourier Transformed Infrared Spectroscopy (FTIR) in the
Attenuated Total Reflection mode (Jasco FT/IR-6100) from 4000 to 600 cm™ after 64
scans at a resolution of 4 cm™. The thermal behaviour of the blends was analysed by both
Differential Scanning Calorimetry (DSC) and Thermogravimetric analysis (TGA). DSC
measurements were performed with a 822e Metler Toledo under nitrogen atmosphere in
the temperature range between 25 °C and 200 °C at 10 °C.mint. The TGA measurements
were carried out in a SDT-Q600 TGA apparatus (TA Instruments) between 25 °C and 800
°C, at 10°C.min under a nitrogen atmosphere.

The mechanical properties of the samples were evaluated by stress-strain tensile tests at
room temperature in a TST350 Linkam Instrument set up at a strain rate of 15 pm.s 1.
The ionic conductivity of the samples was measured with an Autolab PGSTAT-12 at
frequencies from 1Hz to 65kHz in the temperature range between 20 and 95 °C. The
sample was placed between 2 gold electrodes of 10 mm diameter and placed inside a
Buchi TO50 oven. The real and imaginary components of the impedance were obtained
and the resistance R of the samples was obtained through the intercept of the imaginary
impedance (minimum value of Z’”) with the slanted line in the real impedance (Z’). The

ionic conductivity was determined after equation 1:

t 1)

where t is the thickness and A the area of electrodes.



Piezoresistive pressure sensor functional demonstration, readout electronics and data

acquisition system

A 5x5 piezoresistive sensor matrix was assembled with overall dimensions of 50 mm x
50 mm. Five silver electrodes (conductive silver nanoparticle ink Metalon HPS-021LV
from Novacentrix) (Figure 2a-c) were screen printed using a semi-automatic printing
equipment, model DX-305D from DSTAR on polyethylene terephthalate (PET) films
(Melinex 506) with a polyester screen with 100 threads per centimeter. The dimensions

of the digits of the electrodes were 50 mm x 50 mm as shown in Figure 2Db).
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Figure 2. a) Diagram of the assembly process, b-c) details of the piezoresistive sensor
with dimensions and thickness. d) Schematic representation of the connection of the
piezoresistive matrix to the microcontroller. ) Detail of the algorithm for the readout of

a sensor.



The piezoresistive film based on the [Bmim][FeCl4]/Carrageenan with 40 wt.% IL sample
was deposited on top of one of the electrodes and sandwiched together with the printed
electrodes with double-side tape (3M), leaving the active material with some degree of
freedom as shown in Figure 2c) with the corresponding thickness values. The freedom of
the film allows the presence of some air (air gap) in the interface of the piezoresistive film
with the printed silver electrodes, increasing the initial resistance of the sensors. The
interface is reduced when a pressure is applied to the matrix resulting in the reduction of
the initial resistance of the matrix sensors, the resistance being inversely proportional to
the applied pressure. The connection with the electronic acquisition system was carried
out by attaching 1 mm pitch flexible flat cable with 5 pins to the screen-printed electrodes
using a z-axis conductive tape from 3M (9703).

The electronic acquisition system directly connects the piezoresistive matrix to a
microcontroller. The microcontroller, Teensy-LC from PJRC, initially configures the
internal pull-up resistors (R1 in figure 2e) of the 12 bits analog-to-digital converter (ADC)
pins, allowing the readout of the sensors in the piezoresistive matrix through a voltage
divider as shown in Figure 2d) and e). The microcontroller eliminates ghost points, when
two or more detection points are in the active area, by connecting all except the readout
line (E.g., D1-D4 to VCC) to the positive voltage (VCC), and the readout line (E.g., D0O)
to ground, forming the voltage divider. The output voltage of the voltage divider is them
read by the ADC for all the columns (A0 to A4). The acquired data are them filtered for
smooth visualization by a digital second order low pass Butterworth infinite impulse
response (IIR) filter with a cut-out frequency of 10 Hz, increasing the stability and
removing environment noise. Finally, the data is fed through a Universal Serial Bus
(USB) to the computer for data visualization in a graphical user interface (GUI) built in

python.
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RESULTS AND DISCUSSION

Morphology

The morphology of neat carrageenan and the different [Bmim][FeCls]/carrageenan blends
was analysed by SEM, as shown in the representative cross-section images of Figure 3.
Neat carrageenan presents a layered and non-porous structure, ascribed to its
semicrystalline structure 3. Upon IL incorporation (10 and 20 wt.%) into the polymer
matrix, the non-porous structure is preserved but becomes more compact due to the good
distribution of the IL within the matrix (Figures 3b and 3c). The incorporation of and IL
content of 40 wt.% (Figure 3d), on the other hand, induces an increase in the sample

roughness, which may be attributed to phase segregation of the IL within the polymer

matrix, exceeding IL being located on the surface of the blend 32,
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Figure 3. Cross-section images of neat carrageenan (a) and [Bmim][FeCl4]/Carrageenan
blends with different IL contents: b) 10 wt. %, ¢) 20 wt.% and d) 40 wt.% of
[Bmim][FeCls]. EDS images for the [Bmim][FeCls]/Carrageenan samples containing

different IL contents: e) 10 wt.%, f) 20 wt.% and g) 40 wt.%

The presence of [Bmim][FeCl4] into the carrageenan matrix was directly assessed by EDS
analysis (Figure 3e)-g)). Independently of the IL content, all the hybrid samples present
the chemical element of Iron (Fe) in their blends, identified by a purple colour. The EDS
images shows a uniform [Bmim][FeCl4] distribution along the polymer matrix for the 10
and 20 wt.% content samples, the 40 wt.% sample presenting a homogenous distribution

of IL aggregates, confirming phase segregation of the filler for larger filler contents .
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Physical-chemical, thermal and mechanical proprieties

Figure 4a) shows the FTIR-ATR spectra of the [Bmim][FeCls]/carrageenan samples.
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Figure 4. a) FTIR-ATR spectra, b) DSC scans, ¢) TGA thermograms and d) stress-

strain mechanical curves for neat carrageenan and [Bmim][FeCls]/carrageenan

samples containing different IL contents (insert: Young Modulus variation as a

function of IL content).

The main characteristic absorption bands of neat carrageenan are observed in Figure 4a

and presented in Table 1.
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Table 1. FTIR peaks associated to carrageenan polymer 34,

Wavenumber (cmt) Assignments

3400 - O-H Stretching
1635 - C=0 asymmetric stretch/N-H deformation

1240-1260 - S=0 bond of sulphate esters

970-975 - Galactose groups

930-1070 - C-0 of 3,6 anhydrogalactose
905 - C»-0-S03 of 3,6-anhydrogalactose in C6
845 - C»-0-S0O3 of 3,6-anhydrogalactose in C4
805 - C»-0-S0s3 of 3,6-anhydrogalactose in C2

It is verified that the characteristic bands of carrageenan do not suffer relevant variations
with the inclusion of the IL and no new bands appear, excepting the C—C and C-N
stretching vibrations characteristics of the IL [Bmim][FeCl4], attributed to the skeleton
vibrations of the imidazolium ring of the cation at 1564 and 1450 cm™ %,

The DSC thermograms of neat carrageenan and the [Bmim][FeCls]/carrageenan blends
are shown in Figure 4b). Independently of being the neat polymer or the
[Bmim][FeCls]/carrageenan blends with different IL contents, just a single endothermic
peak is observed between 70 and 130 °C, corresponding to the glass transition temperature
(Tg) of carrageenan with contribution of the intrinsic water within the samples 2.

The thermal stability of the samples is shown in the TGA thermograms of figure 4c). For
neat carrageenan, three weigh loss degradation steps are observed. The weight loss occurs
between 25-100°C being attributed to the adsorbed and bound water loss 3. The
carrageenan polymeric backbone degradation occurs in the temperature range of 210 and
330 °C * and the last degradation stage with a Tonset Of ~750 °C is attributed also to the
last stage of carrageenan decomposition 3. Independently of the [Bmim][FeCl4] content,
a decrease in the thermal stability is observed in the second and third steps, decreasing

the blends stability with increasing IL content up to 40 wt.%. Further, the weight loss

14



related to the IL [Bmim][FeCl4] decomposition occurs at approximately ~330 °C in a
single step and is ascribed to thermal decomposition through dealkylation 3.

The influence of the IL content into the mechanical properties of the blends was evaluated
by stress-strain tensile measurements and the results are presented in figure 4d. Neat
carrageenan shows the typical mechanical behaviour of a thermoplastic polymer “°,
characterized by elastic and plastic regions separated by yielding. The incorporation of
IL affects the mechanical behaviour proportional to the IL content. Figure 4d) shows that
the plastic region and the maximum deformation of the blends decrease with increasing
IL content. The insert of figure 4d shows the Young Modulus for the different
[Bmim][FeCls]/ carrageenan blends obtained from the linear regime of the stress-strain
curve at 2% of maximum elongation using the tangent method. All hybrid samples show
a significant reduction of the Young Modulus with respect to the neat polymer, the

reduction being larger to the 40 wt.% blend (Figure 4d).

lonic conductivity

The ionic conductivity of the samples is presented in Figure 5. Figure 5a shows the typical
Nyquist profiles at two temperatures 30 and 60 °C for the [Bmim][FeCl4] /Carrageenan
sample incorporating 20 wt.%. Similar results are obtained for the samples with 10 and
40 wt.% of IL.

The Nyquist plots of Figure 5a are characterized by a semi-circle located in the high
frequency range that corresponds to charge transfer process, the transition between high
and low frequencies and a straight line at lower frequencies that is characteristic of charge
diffusion process #*. This behavior is dependent on IL content and temperature and it is

observed that the semicircle represented in the figure 5a decreases with increasing of IL
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content and temperature due to the decrease of the bulk resistance, i.e., increase in the
number of charge carriers and mobility.

Figure 5b shown the ionic conductivity obtained from Nyquist plots as a function of

temperature.
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Figure 5. a) Nyquist plot for the 20 wt.% IL blend at 30 and 60 °C and b) Arrhenius

conductivity plots for [Bmim][FeCls]/carrageenan blends with different IL contents.

Figure 5b) shows the Arrhenius plots of the ionic conductivity at temperatures ranging
from 20 to 95 °C. The ionic conductivity of carrageenan blends increases with IL
incorporation into the polymer matrix and with increasing IL content, as a result of the
higher number of ionic positive and negative charges from the IL into the carrageenan
matrix and their increased mobility *2. Moreover, the value of the ionic conductivity also
increases with increasing temperature, as higher temperatures promote the mobility of the
segmental motion of the polymer chains, supporting mobility of the ionic species . At
room temperature, the highest ionic conductivity is 8.74 x 10° S/cm for the composite
with 40 wt.% IL content, as compared with 3.3 x 10" for the neat polymer. It is to notice

that the ionic conductivity value obtained with the [Bmim][FeCl4] IL is lower when

16



compared to the one obtained with other IL"s, such as [Ch][DHP] IL, for samples with
40% wiw IL content (1.2 x 10 S/cm) 32, being nevertheless suitable for piezoresistive

sensing applications, as demonstrated in the following.

Piezoresistive pressure sensor

The suitability of the developed [Bmim][FeCls]/carrageenan samples to be applied as
pressure sensors was evaluated. Figure 6a-b) shows the results of the graphical user
interface (GUI) by colormap chart for the sample with 40 wt.% IL content where the red
and blue colours represent high and low pressure, respectively. The electronic systems
starts by calibrating the initial position of all matrix sensors. Thus, in the relaxed state (no
pressure applied) all the sensors read the same value. When a pressure force is applied to
the device, the sensors in the matrix detect the variation of the applied force and output
the data mapping the location where the pressure was applied as well as the value of the

specific pressure. Figure 6a) shows the pressure distribution for a mass of 200 g.
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concentrations of 10, 20 and 40 % and d) sensor sensitivity calculated from the 200 g to

400 g sensor response variations.

In Figure 6b) a simultaneous multiple finger pressure detection is shown (position 0C, 2D
and 4B at the same time) showing the multitouch capability of the device with no relevant
cross-talk.

Figure 6¢ shows the time response of the different sensors when first a weight of 200 g
and then a weight of 400 g is placed on devices developed with the different blends.
Figure 6d represents the sensitivity (variation of the resistance as a function of weight)
for all [Bmim][FeClas]/carrageenan blends. It is observed that the sensitivity value
decreases with increasing the IL content, as the mechanically induced variations of the
ionic conductivity are lower for higher ionic conductivity values.

Thus, it is shown that both the initial sensor resistance and the sensor sensitivity can be
tuned by controlling the IL concentration, allowing to tune the sensor for specific

applications and/or electronic systems.

Recyclability and reuse of the sensing materials

As carrageenan is a natural polymer and attending to the sustainability and circular
economy paradigms #4, the possibility to recycle the developed materials was evaluated.
For this purpose, the [Bmim][FeCls]/carrageenan sample with 20 wt.% IL content was
selected as representative sample as it presents resistance and sensibility values
comprised between the ones obtained for the other two IL contents.

The samples were recycled as indicated in the experimental section (Figure 1). The
mechanical properties of the recycled sample (Figure 7a) show a similar behaviour to the
original ones, showing just a reduction in a tensile strength, with a slight decrease in the

Young Modulus from 526 MPa to 488 MPa for the reused sample.
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Figure 7. a) Mechanical response and b) Arrhenius conductivity plot for neat and
recycled [Bmim][FeCls]/carrageenan blends with 20 wt. % IL content. c) Resistance
variation when a weight of 200 g first and then a weight of 400 g were placed on a device
developed with neat and recycled [Bmim][FeCls]/carrageenan blends with 20 wt. % IL

content.

With respect to the ionic conductivity, it is the same for the original and the recycled

sample at room temperature, being the slightly higher for the recycled sample than for the
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original one for temperatures above ~35 °C (Figure 7b). In addition, the ionic conductivity
value increases with increasing temperature (Figure 7b). The slightly higher ionic
conductivity obtained for the recycled blend comparatively to the original one indicates
that some water molecules may have been adsorbed in the recycled carrageenan sample,
which are thermally activated, contributing to the increase of the electrical conductivity
upon heating.

The potential to further develop a pressure sensor after the recycling process of the
[Bmim][FeCls]/carrageenan blend was also evaluated. Figure 7c) shows the variation of
the resistance of the [Bmim][FeCls]/carrageenan blend with 20% IL before and after the
recycling process, leading to no relevant variations in the operation of the developed
sensing devices.

In the developed application just the [Bmim][FeCls]/carrageenan blend was recycled and
the electronic components (electrodes and substrates) maintained for all tests.

As shown in Figure 7c), the recycled blend is sensible to the placement of the 200 g and
400 g, with no significant differences being observed in the sensing device response when
prepared either with as processed or recycled [Bmim][FeCls]/carrageenan samples,
successfully demonstrating the proper functional response of the recycles samples and

their contribution towards more sustainable sensor and electronic systems.

CONCLUSIONS

Carrageenan film blends with different [Bmim][FeCla] 1l contents were prepared by a
solvent casting method at room temperature aiming to provide sustainable sensing
materials compatible with circular economy considerations. The incorporation of the IL
within the polymer matrix induces changes in the morphology of the blends, leading to

more compact samples with well dispersed and distributed IL, excepting for the sample
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with the highest IL content (40 wt%) which shows phase segregation of the IL within the
polymer matrix. No significant changes occur in the chemical properties of the developed
blends, however the thermal stability decreases with the incorporation of the IL within
the carrageenan matrix. The mechanical properties are dependent on IL content, the
Young modulus of the samples decreasing from 748 MPa for neat carrageenan to 437
MPa for the sample comprising 40 %wt. of IL. Independently of the IL content, a
decrease in resistance occurs with increasing temperature from 30 to 60 °C,
increasing the IL conductivity with increasing IL content from 3.3 x 101t S/cm for
the neat polymer up to 8.74 x 10" S/cm for the [Bmim][FeCls]/carrageenan blends with
40 wt.% filler content. The recyclability of the developed samples was accessed being
observed no significant changes in mechanical and electrical properties. The performance
of both neat and recycled blends to be used as printable pressure sensors was
demonstrated being the sensor resistance response and sensitivity (711 to 27 Q/g) tuned

by the IL concentration.
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This work represents a novel blend based on carrageenan biopolymer and a ionic liquid,
1-butyl-3-methylimidazolium tetrachloroferrate ([Bmim][FeCl4s]) with focus on the

recyclability and reuse for pressure sensor applications
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