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Utilising bio-based plasticiser castor oil and
recycled PLA for the production of conductive
additive manufacturing feedstock and detection
of bisphenol A}
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The production of electrically conductive additive manufacturing feedstocks from recycled poly(lactic
acid) (rPLA), carbon black (CB), and bio-based plasticiser castor oil is reported herein. The filament was
used to print additively manufactured electrodes (AMEs), which were electrochemically benchmarked
against geometrically identical AMEs printed from a commercially available conductive filament. The
castor oil/rPLA AMEs produced an enhanced heterogeneous electrochemical rate constant of (1.71 +
0.22) x 107 cm s* compared to (0.30 + 0.03) x 10> cm s~ for the commercial AME, highlighting the
improved performance of this filament for the production of working electrodes. A bespoke electro-
analytical cell was designed and utilised to detect bisphenol A (BPA). The AMEs made from the castor oil/
rPLA gave an enhanced electroanalytical performance compared to the commercial filament, producing
a sensitivity of 0.59 A pM~%, a LOD of 0.10 yM and LOQ of 0.34 pM. This system was then successfully
applied to detect BPA in spiked bottled and tap water samples, producing recoveries between 89-104%.
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1. Introduction

Sustainable development is an increasingly important topic on
the global agenda, with the United Nations (UN) having out-
lined 17 goals to achieve this." The 12" goal of this initiative is
to “Ensure sustainable consumption and production patterns”,
which includes many targets for reducing waste generation
through prevention, reduction, recycling, and reuse; along
with the sound management of chemicals.” Globally, the
human race produces 400 million tonnes of plastic waste
yearly and has recycled less than 10% of the 7 billion tonnes of
plastic in history." This level of global plastic waste production
has called for significant policy and strategy changes from
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world governing bodies, such as: “Plastics in a circular
economy” by the European Union,” “The UK Plastics Pact”,*
and the UN’s “Treaty on plastic pollution”." This last work
through the UN considers the entire lifecycle of plastics,
including production, product design, and waste manage-
ment, to create a thriving “circular economy”. Although still
without an exact definition, the idea of a circular economy gen-
erally refers to an economic system in which raw materials are
extracted, used, reused/recycled repeatedly with zero waste over
the life cycle.” This perfect circular economy remains hypothe-
tical for the time being, but research around the concept is
gaining traction, with more work transitioning from a reliance
on virgin materials, particularly non-renewable sources.®”’
Recently, the idea of circular economy in electrochemistry
was introduced,® focussing on using additive manufacturing
within electrochemistry to produce electroanalytical sensing
platforms. The use of additive manufacturing within electro-
chemistry has seen a sharp increase in the last decade due to
its many benefits, such as low cost of equipment and consum-
ables, rapid prototyping capabilities, the ability to explore
complex electrode geometries without high manufacturing
costs,”'® and low waste production, amongst other benefits.
Due to the additive, layer-by-layer manufacturing methodology,

Green Chem., 2023, 25, 5591-5600 | 5591


http://rsc.li/greenchem
http://orcid.org/0000-0002-8701-3933
http://orcid.org/0000-0003-2700-9008
http://orcid.org/0000-0002-9718-0292
http://orcid.org/0000-0003-0375-4513
http://orcid.org/0000-0002-0756-9764
https://doi.org/10.1039/d3gc01700a
https://doi.org/10.1039/d3gc01700a
https://doi.org/10.1039/d3gc01700a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3gc01700a&domain=pdf&date_stamp=2023-07-12
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc01700a
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC025014

Open Access Article. Published on 22 June 2023. Downloaded on 12/4/2025 8:04:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

there is a low (often zero) amount of waste produced per
product compared to more established subtractive manufactur-
ing technologies. However, most electrodes produced through
additive manufacturing remain a single-use item due to the
ingress of solution'' and the lack of simple electrode cleaning
processes. To introduce improved sustainability practices into
the field, Sigley et al.® produced bespoke filament from recycled
poly(lactic acid) (rPLA), previously utilised as coffee machine
pods. Using the rPLA they created a recycled filament for the
electroanalytical cell production. Then, along with carbon black
(CB) as a conductive filler, they created an electrically conduc-
tive filament for the electrodes. The authors then utilised this
cell to detect caffeine within real coffee and tea samples.

A plasticizer is commonly used to produce electrically con-
ductive additive manufacturing filaments alongside the base
polymer and high loadings of conductive fillers."> The role of
the plasticiser is to increase the low-temperature flexibility of
the feedstock, ensuring the rapid movement of the print head
or force exerted by the extruder doesn’t snap the filament,
causing print failure. In the above work, poly(ethylene succi-
nate) (PES) was used as a polymeric plasticiser, which is syn-
thesized through a polycondensation reaction of succinic acid
and ethylene glycol or ethylene oxide, utilising an organo-
metallic catalyst.">'* To this effect, we look to replace this plas-
ticiser to remove any requirements for catalysts by using castor
oil as a plasticiser to produce electrically conductive AM fila-
ment from rPLA. Castor oil is an inedible oil that can be
extracted through mechanical pressing or solvent extraction
from the plant Ricinus communis, belonging to the
Euphorbiaceous family.'® This plant is cultivated on industrial
scales in multiple countries globally due to its many industrial
uses, including India, China, Brazil, Thailand, Ethiopia, and
the Philippines.'® Additionally, castor oil waste has been uti-
lised previously to produce biochar as a modifier for develop-
ing electrochemical sensors."”*® Due to its abundance, the
cost of castor oil is significantly less than PES, and transition-
ing to a bio-based plasticiser can further improve the sustain-
ability of filament production.

To highlight how additive manufacturing and electro-
chemistry can be more sustainable, produce higher perform-
ance products, and help address environmental issues; the
filament using castor oil was benchmarked against a commer-
cially available filament to detect bisphenol A (BPA). This
molecule is not naturally occurring, but has become ubiqui-
tous in the environment due to its global demand in the pro-
duction of plastics and its subsequent effluent discharge.*
BPA is an endocrine disruptor that mimics the role of estrogen
once it enters living systems, and can cause damage to repro-
ductive organs, the thyroid gland, and brain tissues at develop-
mental stages in humans.?’ Due to its presence in surface
waters across the globe, a portable, fast, and simple detection
methodology is required. Combining AM and electrochemistry
offers all these advantages, allowing for the production and
use of sensing platforms in situ.

This work shows the first production and characterisation
of electrically conductive additive manufacturing filament
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from recycled sources, utilising castor oil as a bio-based plasti-
ciser. We electrochemically benchmark this against a commer-
cially available conductive filament using common outer and
inner sphere redox probes before highlighting its use for
detecting environmental contaminant BPA.

2. Experimental section
2.1 Chemicals

All chemicals used were of analytical grade and used as
received without any further purification. All solutions were
prepared with deionised water of resistivity not less than 18.2
MQ cm from a Milli-Q Integral 3 system from Millipore UK
(Watford, UK). Hexaamineruthenium(u) chloride (98%), castor
oil, potassium ferricyanide (99%), potassium ferrocyanide
(98.5-102.0%), sodium hydroxide (>98%), and potassium
chloride (99.0-100.5%) were purchased from Merck (Gillingham,
UK). Potassium phosphate monobasic (>99%), potassium
phosphate dibasic (>99%), and bisphenol A (>99%) were
acquired from Sigma-Aldrich (Gillingham, UK). Carbon black
(Super P®, >99+%) was purchased from Fisher Scientific
(Loughborough, UK). Recycled poly(lactic acid) (rPLA) was pur-
chased from Gianeco (Turin, Italy). Commercial conductive
PLA/carbon black filament (1.75 mm, ProtoPasta, Vancouver,
Canada) was purchased from Farnell (Leeds, UK). Recycled
non-conductive PLA filament was produced in-house, as shown
previously.® Water samples were collected from the tap in John
Dalton Tower Laboratory and a local convenience store.

2.2 Recycled filament production

Before mixing or filament production, all rPLA was dried in an
oven at 60 °C for a minimum of 2.5 h, removing any residual
water in the polymer. The polymer composition was prepared
using 65 wt% rPLA, 10 wt% castor oil, and 25 wt% CB in a
chamber of 63 cm® and were mixed at 190 °C with Banbury
rotors at 70 rpm for 5 min using a Thermo Haake Poydrive
dynameter fitted with a Thermo Haake Rheomix 600 (Thermo-
Haake, Germany). The resulting polymer composite was
allowed to cool to room temperature before being granulated
to create a finer granule size using a Rapid Granulator 1528
(Rapid, Sweden). The granulated sample was collected and pro-
cessed through the hopper of the EX6 extrusion line (Filabot,
VA, United States). The EX6 was set up with a single screw with
four set heat zones of 60, 190, 195, and 195 °C respectively. The
molten polymer was extruded from a 1.75 mm die head, pulled
along an Airpath cooling line (Filabot, VA, United States,
through an inline measure (Mitutoyo, Japan), and collected on
a Filabot spooler (Filabot, VA, United States). The filament was
then ready to use for Additive Manufacturing (AM).

2.3 Additive manufacturing

All computer designs, and .3MF files seen throughout this
manuscript were produced using Fusion 360® (Autodesk®,
CA, United States). These files were sliced and converted to .
GCODE files ready for printing by the printer-specific software,
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PrusaSlicer (Prusa Research, Prague, Czech Republic). The
AMEs were 3D-printed using fused filament fabrication (FFF)
technology on a Prusa i3 MK3S+ (Prusa Research, Prague,
Czech Republic). All AMEs were printed using a 0.6 mm nozzle
with a nozzle temperature of 225 °C, extrusion ratio of 1.6
(160%), 100% rectilinear infill, 0.2 mm layer height, and print
speed of 40 mm s~'. The increase in extrusion ratio was
necessary due to the produced filament’s diameter of
~1.6 mm, slightly below the de-facto 1.75 mm standard, the
value PrusaSlicer uses to calculate extruder steps based on
volumetric requirements for extrusion moves. The cells were
printed using rPETG, using default 0.2 mm “quality” settings
inside PrusaSlicer for a Prusa Mk3s+, with a 0.4 mm nozzle
installed. The only change made was to increase the number
of perimeters to 4, in order to allow for the heat-set insert to
be installed successfully.

2.4 Physiochemical characterisation

Thermogravimetric analysis (TGA) was performed using a
Discovery Series SDT 650 controlled by Trios Software (TA
Instruments, DA, USA). Samples were mounted in alumina
pans (90 pL) and tested using a ramp profile (10 °C min™")
from 0-800 °C under N, (100 mL min™").

X-ray Photoelectron Spectroscopy (XPS) data were acquired
using an AXIS Supra (Kratos, UK), equipped with a monochro-
mated Al X-ray source (1486.6 eV) operating at 225 W and a
hemispherical sector analyser. It was operated in fixed trans-
mission mode with a pass energy of 160 eV for survey scans and
20 eV for region scans with the collimator operating in slot
mode for an analysis area of approximately 700 x 300 pm, the
FWHM of the Ag 3d5/2 peak using a pass energy of 20 eV was
0.613 eV. Before analysis, each sample was ultrasonicated for
15 min in propan-2-ol and then dried for 2.5 hours at 65 °C as
this has been shown in our unpublished data to remove excess
contamination and therefore minimise the risk of misleading
data. The binding energy scale was calibrated by setting the gra-
phitic sp> C 1s peak to 284.5 eV; this calibration is acknowl-
edged to be flawed,** but was nonetheless used in the absence
of reasonable alternatives, and because only limited infor-
mation was to be inferred from absolute peak positions.

Scanning Electron Microscopy (SEM) measurements were
recorded on a Supra 40VP Field Emission (Carl Zeiss Ltd,
Cambridge, UK) with an average chamber and gun vacuum of
1.3 x 107 and 1 x 107° mbar respectively. Samples were
mounted on the aluminium SEM pin stubs (12 mm diameter,
Agar Scientific, Essex, UK). To enhance the contrast of these
images, a thin layer of Au/Pd (8 V, 30 s) was sputtered onto the
electrodes with the SCP7640 from Polaron (Hertfordshire, UK)
before being placed in the chamber.

Raman spectroscopy was performed on a Renishaw PLC in
Via Raman Microscope controlled by WiRE 2 software at a
laser wavelength of 514 nm.

2.5 Electrochemical experiments

All electrochemical measurements were performed on an
Autolab 100N potentiostat controlled by NOVA 2.1.6 (Utrecht,
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the Netherlands). The electrochemical characterisation of the
bespoke filament and comparison to the benchmarks were
performed using a lollipop design (@ 5 mm disc with 18 mm
connection length and 2 x 1 mm stem thickness) electrodes
alongside an external commercial Ag|AgCl (3 M KCl) reference
electrode and a nichrome wire counter electrode. All solutions
of RuHex were prepared using deionised water of resistivity not
less than 18.2 MQ cm from a Milli-Q system (Merck,
Gillingham, UK) and were purged of O, thoroughly using N,
prior to any electrochemical experiments.

Activation of the AMEs was performed before all electro-
chemical experiments. This was achieved electrochemically
in NaOH as described in the literature.”® Briefly, the AMEs
were connected as the working electrode (WE) in conjunction
with a nichrome wire coil counter (CE) and Ag|AgCl (3 M
KCl) reference electrode (RE), and placed in a solution of
NaOH (0.5 M). Chronoamperometry was used to activate the
AMEs by applying a set voltage of +1.4 V for 200 s, followed
by applying - 1.0 V for 200 s. The AMEs were then thoroughly
rinsed with deionised water and dried under nitrogen before
further use.

2.7 Real sample analysis

All stock solutions and BPA samples were prepared by diluting
the BPA in the lowest possible ethanol aliquot and then com-
pleting the volume with the supporting electrolyte (0.1 M
phosphate buffer solution (PBS) pH 7.4). The electrochemical
determination of BPA was performed by differential pulse vol-
tammetry (DPV), carried out from +0.2 to +1.0 V (vs. Ag|AgCl)
with a pulse amplitude of 50 mV and a step potential of
10 mV. The bespoke AM cell described above was used for the
real sample analysis with the bespoke castor 0il/rPLA electro-
des. For this purpose, 250 mL of water samples were spiked
with ~1 mg (20 pM) of BPA and diluted (20-fold) in the sup-
porting electrolyte. The standard addition method was then
used to construct the calibration curves. All measurements
were performed after a preconcentration step by 5 min stirring
of the BPA solution, with no potential applied.** The electro-
des had to be polished in sandpaper (3 M Wetordry P400)
between each measurement to circumvent the adsorptive
effects of BPA.

3. Results and discussion

With the number of publications utilising additive manufac-
turing and electrochemistry increasing annually, the sustain-
ability of the systems must be considered alongside their per-
formance and many advantages. Current systems relying on
the use of virgin plastic feedstock and man-made additives to
produce single-shot, “disposable” systems can only cause to
increase in the levels of plastic waste produced globally. To
this end, we look to utilise recycled plastic feedstock — along-
side castor oil as a bio-based plasticiser - to produce conduc-
tive filament. This filament is electrochemically characterised
and applied to the detection of BPA.

Green Chem., 2023, 25, 5591-5600 | 5593


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc01700a

Open Access Article. Published on 22 June 2023. Downloaded on 12/4/2025 8:04:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
3.1 Production and characterisation of recycled filament

A scheme highlighting the production of the electrically con-
ductive filament used throughout this work is presented in
Fig. 1A. All rPLA used throughout this work was dried in a con-
vection oven prior to use, removing any residual water
ingressed into polymer pellets. Photographs of the materials
used in filament production and throughout each stage of pro-
duction are presented in Fig. S1.t The rPLA (65 wt%) was
added to the chamber of a rheomixer along with CB (25 wt%)
and castor oil (10 wt%) and mixed at 190 °C for 5 min using
Banbury rotors. The resultant mix was allowed to cool, pelle-
tised, and passed through an extruder to produce an electri-
cally conductive filament with excellent flexibility, Fig. 1B. The
low-temperature flexibility of the rPLA filament with 25 wt%
loading of conductive carbon filler indicated that castor oil
was successfully acting as a plasticiser. The resistance across a
10 cm length of filament was observed to be (864 + 54) Q com-
pared to a quoted value of 2-3 kQ for the commercially pur-
chased filament.>® This was expected due to increased conduc-
tive filler content for the bespoke filament.

Thermogravimetric analysis of the bespoke filament and its
constituent parts was performed and is shown in Fig. 1C. It is
important to analyse the original feedstocks to understand
whether historical processing or the subsequent thermal treat-
ments from producing the bespoke filament affect the stability
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of the polymer. It can additionally provide information on the
effect that the plasticiser and conductive filler have on thermal
stability and offer accurate information about the mass of con-
ductive filler within the final filament. The onset temperature
of thermal degradation and filler content for all constituent
parts, alongside the final filament, are presented in Table S1.}
It can be seen that the rPLA had an average onset temperature
of (305 + 5) °C compared to the pure castor oil at (250 + 3) °C.
The conductive filament combining these materials with
25 wt% CB provided an onset temperature of (283 + 3) °C, indi-
cating that the CB provided some stabilising effect by acting as
a physical barrier for gas diffusion out of the polymer, serving
to slow the rate of decomposition.>® Through the stabilisation
of the TGA curve after the degradation of rPLA and castor oil,
the conductive filler content of the filament was calculated to
be (23 + 4) wt%.

The chemical composition of the additively manufactured
electrodes (AMEs) was investigated through XPS and SEM,
before and after electrochemical activation of lollipop electro-
des. The design of these electrodes is presented in Fig. S2.f
Electrochemical activation in NaOH (0.5 M) of AMEs is
common in the literature and ensures the electrode surface is
available for electrochemical processes requiring access to the
conductive filler.>” The non-activated and activated C 1s spec-
trum for the castor oil AMEs are presented in Fig. 2A and B,
respectively. The non-activated C 1s environment shows a spec-

Conductive ¢

Carbon Black

B

Recycled PLA Bio-based
from i
castor oil
coffee machine n
pods )

A

Rheomixer

|
|

Single Screw Extruder

i~

I_ % Non-Conductive

Recycled PLA

Fan Cooling Spooler

T

FFF 3D-Printing

Fig. 1

@
(<]
L

IS
o
L

Mass (wt%)

—— Bespoke
—— Castor oil
—rPLA

N
o
L

.

0 1(|)0 2(')0 3(')0 460 51')0 660 760 8(')0 ;60
Temperature (°C)

(A) Schematic representation of filament production. (B) Images of the bespoke castor oil/rPLA filament. (C) Thermal gravimetric analysis of

the bespoke castor oil/rPLA filament, pure castor oil alone, and recycled PLA alone.
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Fig. 2 XPS C 1s data for the (A) as-printed and the (B) activated castor oil/rPLA electrode, highlighting the graphitic carbon peak after activation.
SEM surface images for the (C) as-printed and the (D) activated castor oil/rPLA electrode.

trum with three peaks, corresponding to the three carbon
environments seen within rPLA and castor oil. The structures
of these molecules can be seen in Fig. S3.1 In rPLA, there are
equal amounts of the three carbon environments, leading to
an XPS C 1s fitting of three peaks with similar intensities.® In
castor oil, there is significantly more C-C/C-H bonding than
C-OH and O-C=0 bonding, leading to a peak of much higher
intensity, significantly more than that seen in Fig. 2A. The C
1s spectrum fitting suggests that the C-C/C-H peak at 285.0 eV
has an atomic concentration of 67%, compared to 18% and
15% for the C-OH and O-C=O0 peaks. This would suggest that
the surface of the non-activated AME consists of a mixture of
castor oil and rPLA. The absence of any graphitic peak at 284.5
eV suggests that the CB particles are embedded within the
electrode below the depths probed by XPS (i.e. a few nm)."" In
contrast, once activated the XPS C 1s spectrum exhibited a
peak at 284.5 eV, consistent with the X-ray photoelectron emis-
sion by graphitic carbon.*®** This provides evidence of the
stripping of non-conductive material from the surface of the
electrode, making the CB available to the range of the XPS and
exposing the edge plane sites/defects at the triple-phase
boundary giving improved electrochemical responses This is
supported by the SEM images seen in Fig. 2C and D, where
before activation, there is a smooth surface seen across the
AME, compared to significant amounts of CB visible after acti-

This journal is © The Royal Society of Chemistry 2023

vation. After the bespoke castor oil filament had been physio-
chemically characterised and shown to be successfully acti-
vated, electrochemical characterisation was required.

3.2 Electrochemical characterisation of AMEs

Electrochemical characterisation of the AMEs printed from the
bespoke castor oil/rPLA filament is performed against
common outer- and inner-sphere probes hexaamineruthenium
(m1) chloride [Ru(NH;)e]*" and [Fe(CN)e]*™*~ and benchmarked
versus AMEs printed with commercially available conductive
filament from Protopasta. A summary of key benchmarking
data can be found in Table 1. Fig. 3A presents an example scan
rate study for the castor oil/fPLA AME against the near-ideal
outer sphere probe [Ru(NH;)]** (1 mM, 0.1 M KCl). Fig. 3B
compares this filament and the commercial benchmark at
25 mV s~'. At 25 mV s7', the castor 0il/rPLA AME produces a
higher cathodic peak current at (81.8 + 4.3) pA compared to
(65.8 + 3.5) pA for the commercial sample. Additionally, the
peak-to-peak separation (AE,) is significantly smaller for the
castor oil/rPLA AME at (110 + 9) mV compared to (238 + 5) mV
for the commercial AME. The data from scan rate studies
against [Ru(NH;)e]** for both the castor o0il/rPLA and commer-
cial AMEs were used to determine the heterogeneous electro-
chemical rate constant (k°) and the real electrochemical
surface area (A.).>*' The k° of the castor oil/rPLA was calcu-
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Table 1 Comparisons of the RuHex cathodic peak currents (~I7), peak-
to-peak separations (AE,), heterogeneous electron transfer (k3,.), elec-
trochemically active area (A.), EIS charge transfer resistance (R.) and
solution resistance (Rs), and dopamine sensitivity, LOD, and LOQ for the
commercial and the bespoke filaments. The uncertainties are the stan-

dard deviations across three different AME measurements

Parameter Protopasta Castor oil

—1,°% (pA) 65.8 + 3.5 81.8 +4.3

AE,“ (mv) 238+5 110+ 9

kﬁ}hgb(cm s (0.30+0.03)x 107> (1.71 +0.22) x 1073
Ae” (cm?) 0.47 + 0.02 0.63 + 0.04
R.‘(Q) 623 + 187 41+8

R (Q) 765 + 36 159 + 18
Sensitivity? (WA pmol™ L) 0.13 +0.01 0.22 +0.01

“ Extracted from 25 mV s* CVs. ” Calculated using cyclic voltammetry
scan rate study (5-500 mV s™'). “Extracted from Nyquist plots of EIS
experiments in a solution of [Ru(NH;)e]** (1 mM in 0.1 M KCl), with a
nichrome wire CE and Ag|AgCl (3 M KCI) RE. ?Extracted from cali-
bration plots of dopamine CVs in different concentrations
(10-500 mmol L™ in 0.1 M PBS pH 7.4), with a nichrome wire CE and
Ag|AgCl RE.

lated to be (1.71 + 0.22) x 10~ ¢cm s~', compared to (0.30 +
0.03) x 107 cm s~ for the commercial AME, highlighting the
improved performance of this filament for the production of
working electrodes. The AME was also tested by CV over 100
cycles in [Ru(NH;)e]** producing a relative standard deviation
of 5.63%, demonstrating its electrochemical stability as an
electrode.

Electrochemical impedance spectroscopy (EIS) can be uti-
lised to establish the solution resistance (R;) and the charge
transfer resistance (R.;) when the Nyquist plot is fitted with
the appropriate circuit. The castor oil/rPLA and commercial
AMEs were tested against RuHex and fitted with a Randles
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circuit, Fig. 3C. When the solutions and electrochemical
equipment are identical, except for the working electrode,
the Ry value can give insight into the resistance introduced
to the system by the working electrode. In this case, the
castor oil/rPLA AME produced an Ry value of (159 + 18) Q in
comparison to (765 = 36) Q for the commercial electrode,
indicating the castor oil AME produced much lower resis-
tance. The R, values indicate the resistance formed through
a single kinetically-controlled electrochemical reaction. In
this case, the castor 0il/rPLA AME produced an R of (41 + 8)
Q compared to (623 + 187) Q for the commercial electrode,
again indicating the improved performance of the recycled
filament.

To further test the activated AMEs made from castor oil/
rPLA and commercial filament, they were tested against the
commonly used inner sphere redox probe [Fe(CN)e]*™*~ and
for the detection of dopamine. Cyclic voltammograms
obtained at 25 mV s~ for both AMEs are presented in Fig. 3D.
These show a clear improvement in AE,, for the castor oil/rPLA
filament. They were both then applied to detecting dopamine
using cyclic voltammetry (CV). An example plot for detecting
dopamine (10-500 pum) using the castor oil/rPLA AME is
shown in Fig. 3E, with calibration plots for both and the
benchmark presented in Fig. 3F. The castor o0il/rPLA AME pro-
duced a sensitivity of 0.22 + 0.01 pA uM ™" compared to 0.13 +
0.01 pA uM~' for the AME printed from the commercial
filament.

This characterisation highlights the improved performance
of the castor oil/rPLA filament compared to the commercial
benchmark. To utilise this in an appropriate electroanalytical
sensor for detecting BPA within water samples, a cell with
specific electrodes was then designed.
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Fig. 3 (A) Scan rate study (5-500 mV s~%) with [Ru(NHsz)el** (1 mM in 0.1 M KCl) performed in the castor oil/rPLA as the WE, nichrome coil CE, and
Ag|AgCl as RE. The Randles—Sevéik plot is presented inset. (B) CVs (25 mV s™) of RuHex comparing the castor oil/rPLA electrode with the commer-
cial Protopasta. (C) EIS Nyquist plots of RuHex comparing castor oil/rPLA with Protopasta. (D) CVs (25 mV s™%) of [Fe(CN)¢]*>~ (1 mM in 0.1 M KCl)
comparing the activated castor oil/rPLA electrode with Protopasta. (E) Electroanalytical detection of dopamine (10, 25, 50, 100, 250, 500 pM in 0.01
M PBS, pH 7.4) in the castor oil/rPLA electrode using CV (50 mV s™%) and (F) the respective calibration curve in comparison with Protopasta.
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3.3 Cell design

To adequately design a full electroanalytical cell for the detec-
tion of BPA some key considerations had to be met, includ-
ing: simple print files with minimal chance of print failure;
adequate volume size for different applications such as col-
lecting water from a tap, bottle or environmental source;
simple construction of the water tight cell; use of a defined
removable AME working electrode to easily replenish the
surface between measurements; incorporation of standard
non-carbon commercial reference and counter electrodes to
avoid contamination through the adsorption of BPA onto
their surfaces.”*

Fig. 4A shows the cut-through view and Fig. 4B the top
view of the bespoke electroanalytical cell designed to detect
BPA. The printed AME can be seen in Fig. S2A, where a flat
tab is printed with a @ 2 mm cylinder protruding vertically,
which, when the cell was fully assembled, produced a disc
electrode flush with the electrochemical cell base. The tab
allowed for the simple attachment of a crocodile clip to form
a connection to the potentiostat. This kept the connection
length as short as possible at 16 mm, as the connection
length of AMEs is known to affect the electrochemical per-
formance.** The cell was sealed using a rubber O-ring around
this electrode cylinder, with adequate pressure supplied by a
screw threaded into a heat-set insert mounted within the cell
body, as seen in Fig. 4A. The cell was designed with a detach-
able lid, with cavities specific for adding an Ag|AgCl (3 M
KCl) reference electrode, and coiled wire counter electrode.
This allowed the lid to easily be removed to add sample to
the cell and to clean the electrodes between measurements,
reducing the amount of plastic waste. Additionally, the lid
served to keep the electrode spacing identical no matter the
device’s user.

This cell and its lid were printed using rPETG due to the
increased robustness and longevity compared to PLA/rPLA, to
reduce the need for re-printing — and therefore plastic waste —
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due to solution ingress or breakages; though the cells could
feasibly be produced from any waterproof polymer. In total,
the cell and lid required 14 g of rPETG to produce.

The rPLA/Castor oil working electrode required printing
with an increased extrusion ratio of 1.6/160%, to volumetri-
cally compensate for the slightly smaller diameter of the
bespoke filament compared to the 1.75 mm commercial fila-
ment. Nozzle temperature was also increased to 225 °C to com-
pensate for the lower viscosity at standard 205 °C (virgin PLA)
printing temperatures. Each electrode required 0.8 g of feed-
stock to produce, corresponding to a material cost of £0.60.
Following the production of a suitable electroanalytical
sensing platform, the bespoke castor 0il/rPLA AMEs were
tested for the determination of BPA.

3.4 Electroanalytical determination of BPA

Utilising the cell outlined, the castor oil/rPLA AMEs were
tested for the determination of BPA. Fig. 5A shows the CV
response for both a non-activated and activated AME produced
from castor oil/rPLA which shows a pronounced oxidation
peak at ~+0.65 V where the activitation exposes the edge plane
sites/defects upon the CB, giving rise to improved electro-
chemical responses. Thus it is clear that activation of the
AMEs gives significantly enhanced signals for determining
BPA, and hence all AMEs were activated for this work. As
shown within Fig. S4A,f a plot of the peak potential (Ep)
against the natural logarithm of the scan rate (Inv) gives rise
to a linear plot of E, = 0.0233In(v) + 0.7143 and using the
Laviron approach,®® this suggests that the number of electrons
are 2.15. Furthmore, a pH study is shown within Fig. S4(B and
C)t which shows that a plot of the Ej, versus pH gives rise to a
gradient of 66 V per pH which compares to the theoretical pre-
diction and suggests that the number of electrons and protons
are the same. This corresponds with the Laviron approach con-
firming that the electrochemical oxidation of BPA involves 2
protons and 2 electrons.

™ CE

Ji_‘ '

RE

Cell volume: 10 mL

2mm
AME @

Fig. 4
assembled.
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(A) Cross-section view and (B) top view of the cell body in operation with castor oil/rPLA WE, external nichrome wire CE, and Ag|AgCl RE
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Fig. 5 (A) CVs of 100 pM BPA in 0.1 M PBS pH 7.4 recorded at castor oil/rPLA electrodes with and without electrochemical activation and (B) the

castor oil/rPLA activated electrodes with and without BPA preconcentration step (5 min stirring). (C) CVs and (D) DPVs of 100 pM BPA in 0.1 M PBS

pH 7.4 recorded at the castor oil/rPLA versus protopasta-activated electrodes performed after BPA preconcentration step. CV: scan rate: 50 mV s

DPV: step potential: 25 mV; amplitude: 50 mV.

Fig. 5B shows the improvement seen when a preconcentra-
tion step is applied for the AMEs printed from castor oil/rPLA
filament, where the peak current increases from 41.6 pA to
128.5 pA. It has been seen in previous work that a preconcen-
tration step, where the solution was stirred for 5 min can
improve the performance of AMEs toward the detection of

-1

BPA. This adsorption can be facilitated when the BPA is below
its pK, value of 9.73.>* Using activated AMEs and a preconcen-
tration step, the castor oil/rPLA and commercial benchmarks
were compared using both CV, Fig. 5C, and differential pulse
voltammetry (DPV), Fig. 5D. It can be seen that the peak cur-
rents using both electrochemical techniques are greatly

~
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Fig. 6

(A) Differential pulse voltammograms of BPA in different concentrations (0.5 to 10 pM) in 0.1 M PBS pH 7.4 recorded at the castor oil/rPLA

electrode and (B) the respective calibration curve compared to protopasta. Step potential: 10 mV. Amplitude: 50 mV.
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Fig. 7 DPV measurements of spiked (A) tap and (B) bottled water samples (red lines) diluted (20-fold) in 0.1 M PBS pH 7.4 with subsequent additions
of BPA standard solutions (0.5 to 2.5 pM) (black lines), and the respective calibration curves (inset). Step potential: 10 mV. Amplitude: 50 mV.

increased through the use of the castor oil/rPLA filament, with
the CV peak currents increasing ~8-fold and the DPV peak cur-
rents increasing ~17-fold.

The castor 0il/rPLA AMEs were then compared to the com-
mercial benchmark for detecting BPA (0.5-10 uM) using DPV.
An example of the DPV response obtained using the castor oil/
rPLA filament can be seen in Fig. 6A. Linear calibration plots
were obtained for both filaments, which are presented in
Fig. 6B. The AMEs made from the castor oil/rPLA produced an
improved electroanalytical performance, giving a sensitivity of
0.59 pA pM™', a LOD of 0.1 uM and LOQ of 0.34 uM. This is
compared to a sensitivity of 0.19 pA pM ™', a LOD of 4.5 uM
and LOQ of 15.1 pM for the AMEs printed from the commer-
cial electrode. Additionally, this electrode performs excellently
compared to other literature reports, Table S2.7 The castor oil/
rPLA AMEs were then tested for their repeatability and repro-
ducibility, Fig. S5.f The AMEs produced an RSD of 8% for
repeatability after polishing the same electrode 3 times and an
RSD of 5% for three separate electrodes when measuring 5 pM
BPA, highlighting the excellent performance of the filament.

The castor oil/rPLA AMEs were then applied to detect
1.0 uM BPA in spiked bottled and tap water samples. Fig. 7A
and B show the DPV curves for these analyses with the respect-
ive calibration curve found inset. Using these curves it was
possible to recover 104 + 2% and 89 + 11% in the bottled and
tap water, respectively.

4. Conclusions

This work has presented the production of electrically conduc-
tive additive manufacturing filament from recycled PLA and a
bio-based plasticiser, castor oil. The filament was physio-
chemically characterised through TGA, XPS, and SEM to
provide evidence for the successful production of AMEs. The
bespoke filament has been shown to exceed the performance
of a commercial benchmark in both the electrochemical
characterisation, electroanalytical determination of dopamine,
and electroanalytical determination of BPA. The k° of the

This journal is © The Royal Society of Chemistry 2023

castor 0il/rPLA was calculated to be (1.71 + 0.22) x 107> cm s~

compared to (0.30 + 0.03) x 10~ cm s~ for the commercial
AME, highlighting the improved performance of this filament
for the production of working electrodes. A bespoke cell was
designed for the use of the bespoke filament toward the detec-
tion of BPA. The AMEs made from the castor oil/rPLA pro-
duced an improved electroanalytical performance, giving a
sensitivity of 0.59 pA pM™, a LOD of 0.1 pM and LOQ of
0.34 pM. This is compared to a sensitivity of 0.19 uA pM™, a
LOD of 4.5 pM and LOQ of 15.1 pM for the AMEs printed from
the commercial electrode. The castor oil/rPLA AMEs were then
used to detect BPA in spiked bottled and tap water, achieving
recoveries of 104 + 2% and 89 + 11%, respectively. This shows
how the production of conductive filament may be done in
more sustainable ways whilst still improving on performance.
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