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We report the electrochemical potential of conductive filaments produced with recycled 
polylactic acid (rPLA) alongside a mixture of graphite (Gpt) and/or carbon black (CB) and castor 
oil to create an electrode ready-to-use. Additively-manufactured electrodes (AMEs) were compared 
with commercial-conductive filament composed of PLA and CB. The Gpt-CB-rPLA and CB-rPLA 
sensors showed lower charge-transfer resistance (Rct) and a greater heterogenous rate constant, k0, 
(Rct = 1040 ± 50 Ω and 1810 ± 30 Ω and k0 = 6.91 (± 0.58) ×10-3 and 5.31 (± 0.40) × 10-3 cm s-1, 
respectively) compared to the sensor from the commercial filament (Rct = 9620 ± 280 Ω and 
k0 =  3.62 (± 0.38) ×10-3 cm s-1). The electrochemical response of [Fe(CN6)]3-/4- displayed a 
peak‑to-peak separation of 180 ± 8 mV (Gpt-CB-rPLA) and 240 ± 6 mV (CB-rPLA) compared 
to commercial AME (740 ± 10 mV), without any surface treatment. The filaments were used to 
create a 2,4,6-trinitrotoluene (TNT) detection platform with linear range of 5-20 and 5-100 µmol L-1 
for Gpt-CB-rPLA and CB-rPLA, respectively. The collector-detector device was applied for the 
analysis of a blast simulation. Finally, it is worth noting that the results obtained are without 
electrode treatment/activation, indicating that the rough surface of the additively manufactured 
electrode is an additional feature of the device for collecting explosive residues, simply by rubbing 
the additively manufactured platform on different surfaces in crime scenarios.

Keywords: recycled PLA, trinitrotoluene (TNT), 3D printing, electrochemical sensor, additive 
manufacturing, nitroaromatic compounds

Introduction 

Additive manufacturing has brought significant impact 
to several different areas, including medicine, dentistry, food 
science, civil engineering, aerospace, chemistry, among 
others.1-5 Within the chemistry area, electrochemistry can 
be highlighted with potential applications for (bio)sensors  
and energy storage devices aided by additive manufacturing 
technologies. One popular technology is fused deposition 
modeling (FDM) 3D printing, also called fused filament 
fabrication (FFF), in which desktop 3D printers deposit 
fused polymeric two-dimensional layers that generate the 
final 3D object after layer-by-layer deposition controlled 
by a computer aided design (CAD) file.6-8 FFF 3D 

printing is widely accessible worldwide with inherent 
advantages including design freedom (from tiny to complex 
geometries), low generation of waste (feedstock rationally 
used), low cost fabrication, fast prototyping and use of 
printable biopolymers.7,9 FFF 3D printers and 3D pens can 
be found in chemistry laboratories to construct different 
accessories and equipment as well as for educational 
purposes.10,11 Another advantage is the low cost of 
polymeric filaments, typically polylactic acid (PLA) and 
acrylonitrile butadiene styrene (ABS) are commonly used 
due to their physical-chemical properties compatible with 
FFF 3D printing.12 However, to perform electrochemical 
measurements using additively manufactured electrodes, 
conductive filaments are required, which can be found 
on the market with being ProtoPasta® and BlackMagic® 
the most used brands or can be manufactured in the 
laboratory.13 Lab-made filaments have been an interesting 
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strategy to adjust the composition of chemical modifiers, 
conductive agents, plasticizers, and other additives that 
can significantly improve the conductivity of the filaments 
and affect the electrochemistry of additively manufactured 
electrodes.14-17 Furthermore, the use of castor oil in the 
production of conductive filaments brings sustainability 
improvements as it is a biological phase plasticizer. In 
3D printing, its function is to prevent the printer filament 
from breaking, causing print failures.18 But before 3D 
printing, castor oil was already used in various sectors 
such as pharmacological and medicinal, coatings and 
paints, fertilizers, lubricants, hydraulic fluids, soaps, waxes, 
biodiesel and others.19 Furthermore, its use has already been 
reported in studies, such as in the preparation of biochar 
to evaluate PbII, CdII and CuII ions,20 as a basis for the 
synthesis of gold nanotubes-nanowires-polyurethane and 
polyethylene glycol21 and also, as a corrosion inhibitor.22

On the other hand, although FFF 3D printers use 
rationalized filaments to obtain a 3D object, the constant 
use of polymeric filaments generates plastic residues. The 
application of circular economy in additive manufacturing 
is an essential trend which considers the use of recycled 
polymers to construct novel devices.18,23 In this context, 
conductive filaments made of recycled PLA loaded with 
different conductive carbon-based materials have been 
reported to develop electrochemical sensors for various 
detections, such as oxalate,24 bisphenol A,22 caffeine in 
real samples of tea and coffee,25 and also for detecting 
complementary DNA (cDNA) of the yellow fever virus,26 
among others. In these approaches, the authors employ 
thermal procedures in which the polymer is heated and 
melted in a sealed chamber with the conductive filler and a 
plasticizer. Interestingly, this process does not demand the 
use of toxic/dangerous organics solvents, making it more 
environmentally friendly.16 The addition of conductive 
carbon materials can enhance the electrochemical 
performance of the sensor compared to additively-
manufactured electrodes (AMEs) built with commercially 
available conductive filaments. Although, these procedures 
construct interesting AMEs, the electrochemical activity of 
their printed electrodes in native form is poor with sluggish 
kinetics if compared to other conventional carbonaceous 
surfaces (glassy carbon, boron doped diamond, carbon 
paste, etc.) In this regard, some works reported different 
procedures of post printing pretreatment/activations to 
improve the electrochemical behavior of the AMEs.27,28 
Activation protocols are applied in order to reduce the high 
amount polymer binder on electrode surface, exposing more 
conductive filler and/or increasing the porosity of AME 
surface. Several strategies have been proposed to enhance 
the electrochemical activity of AME surfaces.29 These 

protocols are able to enhance the voltammetric profile 
of inner sphere redox couples. However, these protocols 
are costly, time-consuming, and can generate chemical 
residues.29 In this sense, the development of a disposable 
electrode that combines the benefits of 3D-printing 
technology and satisfactory electrochemical performance 
without the requirement of surface treatments has proven 
to be highly appealing. This approach also reduced the time 
and reagent costs (eco-friendly), being very attractive for 
sustainable development.

One area of forensic analysis that has garnered a lot of 
interest from several research groups is the creation of new 
analytical procedures for explosive detection.30-32 Given 
that explosives are frequently employed in terrorist acts, 
this interest stems from the necessity to develop low-cost 
and portable methods to enhance public security. In the 
forensic scenario, the creation of analytical methods that 
facilitate the detection of trace level of explosive residues 
at the crime scene and furnish information to aid in the 
identification of suspects has been made possible by the 
application of chemical expertise in conjunction with 
portable instrumentation.33,34

Herein, we demonstrate that a conductive filament 
composed of recycled PLA loaded with carbon black and/
or graphite can be used to obtain a single electroanalytical 
device that presents two functions: a collector of solid 
residues and an electrochemical sensor of explosive residues. 
Importantly, the electrochemical device only requires a 
surface polishing before use to obtain smooth surface, which 
is a remarkable feature considering that most additively 
manufactured electrodes require additional surface treatment 
protocols.35 As a proof-of-concept, the 3D-printed device 
was used to collect and detect residues of the explosive 
2,4,6-trinitrotoluene (TNT) in post-explosion samples. 
Before its application, the electrochemistry of TNT was 
investigated on the additively manufactured device. 

Experimental 

Reagents and samples

Acetonitrile (99.8% v/v) was purchased from Vetec (Rio 
de Janeiro, Brazil). Hexaammineruthenium(III) chloride 
(98% m/m) was purchased from Sigma-Aldrich® (St. Louis, 
MO, USA). Potassium ferrocyanide(II)  (99%  m/m), 
potassium ferricyanide(III) (99% m/m) and hydrochloric 
acid were acquired from Labsynth (São Paulo, Brazil). 
Potassium chloride (98% m/m) from Dinâmica® (São Paulo, 
Brazil). Sodium hydroxide was obtained from AppliChem 
Panreac (Barcelona, Spain). TNT (> 96% m/m) was obtained 
by a donation from Brazilian Federal Police (Uberlândia, 
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MG, Brazil) and its stock solution (20.0 mM) was prepared 
by dissolving their respective solids in acetonitrile. 
For the electrochemical detection of TNT, a standard 
solution of 1.0 mM was prepared by diluting an aliquot 
of the initial stock solution in 0.01 mM HCl (pH 2.00) 
supporting electrolyte. All solutions were prepared with 
highly purity deionized water (resistivity ≥ 18.2 MΩ cm, 
Millipore Direct-Q3, Bedford, MA, USA). Recycled PLA 
was acquired from Gianeco (Turin, Italy). Carbon Black 
(C65) from PI-KEM (Tamworth, U.K.) and graphite powder 
(> 20 μm) was obtained from Merck (Gillingham, U.K.) 

Filament production from recycled material

Before use, recycled polylactic acid (rPLA) was 
dried at 60 °C for 2.5 h to remove any residual water in 
the polymer. The filament composition was prepared by 
adding appropriate amounts of PLA, carbon black and/or 
graphite, and 10% wt. of castor oil, used as a plasticizer. The 
compounds (rPLA, carbonaceous conductive materials and 
castor oil) were mixed with a mixer at 70 rpm at 190 °C for 
5 min in a Thermo Haake Polydrive Dynameter fitted with 
A Thermo Haake Rheomix 600 (Thermo-Haake, Germany). 
The polymer compound was then left to cool at room 
temperature and subsequently extruded using a Filabot 
EX6 as described in a previous process.18 Two conductive 
filaments were developed both containing 60 wt.% rPLA 
and 10 wt.% castor oil. The difference is the composition 
of conductive material: the first filament only contains 
30 wt.% carbon black (CB) while the second is composed 
of 18 wt.% carbon black and 12 wt.% graphite (Gpt) . The 
filaments were named CB-rPLA and Gpt-CB-rPLA. 

FFF printing of working electrodes and electrochemical 
measurements

The FFF technique was used to print the working 
electrodes and electrochemical cells. A Flashforge Dreamer 
NX 3D FFF printer equipped with 0.8 mm nozzle (São José 
dos Campos, São Paulo, Brazil) was used to manufacture 
the working electrodes. Briefly, a circular shaped electrode 
(78.5 mm2) was printed at 215 °C and a bed temperature of 
90 °C. The printing parameters were set up in layer thickness 
of 0.18 mm, two perimeters in a horizontal orientation with 
100% infill density and a constant printing perimeter speed 
of 70 mm s-1. A GTMax 3D printer (São Paulo, Brazil) was 
used to print the electrochemical cells. This cell is composed 
by ABS (GTMax, São Paulo, Brazil) and more information 
about it is described by Cardoso et al.35 

C y c l i c  vo l t a m m e t r y  ( C V ) ,  s q u a r e  w ave 
voltammetry  (SWV), and electrochemical impedance 

spectroscopy (EIS) measurements were performed at 
room temperature in the presence of dissolved oxygen, 
using a μ-AUTOLAB type  III or a PGSTAT128N 
potentiostat/galvanostat (Metrohm Autolab BV, Utrecht, 
The Netherlands) connected to a microcomputer and 
controlled by NOVA software 2.1.6. A platinum wire and 
Ag|AgCl saturated with KCl were used as auxiliary and 
reference electrodes, respectively. All electrochemical 
measurements were performed in triplicate and the 
results were expressed as an average and their respective 
standard deviation. The working electrodes (CB-rPLA, 
Gpt‑CB‑rPLA and commercial CB-PLA) were used after 
simple mechanical polishing with different sandpapers 
(44.3 and 12.6 µm, respectively) to obtain a smooth surface. 

Electrochemical impedance spectroscopy (EIS) 
characterizations of the 3D printed electrodes were 
performed using frequency between 50 kHz and 0.01 Hz 
with an amplitude of 10 mV in the presence of 2.0 mM 
[Fe(CN)6]4−/3− in 0.1 M KCl solution, applying the half‑wave 
potential (+0.22 V vs. Ag|AgCl|KCl(sat.)). The Randles 
equivalent circuit was applied to fit the experimental data 
to acquire the charge transfer resistance (Rct) between the 
3D printed electrode working surface and the redox probe. 

TNT detection was performed using SWV with 
conditions reported by Siqueira et al.13 The SWV parameters 
values were amplitude = 40 mV; step potential = -6 mV 
and frequency of 20 s-1 and supporting electrolyte was 
0.01 mol L-1 HCl. 

Physiochemical characterization

X-ray photoelectron spectroscopy analyses were carried 
out using an AXIS Supra (Kratos, U.K.), equipped with a 
monochromated AI X-ray source (1486.6 eV), operating at 
225 W and a hemispherical sector analyzer. The operation 
is realized fixing transmission mode with a pass energy of 
160 and 20 eV for survey and region scans, respectively. 
The collimator was operated in slot mode for an analysis 
area of at around 700 × 300 μm. The FWHM of Ag 3d5/2 
peak using a pass energy of 20 eV was 0.616 eV. Scanning 
electron microscopy (SEM) images were acquired using a 
Supra 40VP Field Emission (Carl Zeiss Ltd., Cambridge 
U.K.) with an average chamber and gun vacuum of 1.3 × 10-5 
and 1 × 10-9 mbar, respectively. Samples were mounted 
in aluminum SEM pin stubs (12 mm diameter, Agar 
Scientific, Essex, U.K.). A thin layer of Au/Pd (8 V / 30 s)  
was sputtered on electrode surface with SCP7640 from 
Polaron (Hertfordshire, U.K.) with the aim to improve the 
contrast of these images. The particle sizes of the irregularly 
shaped graphite powder, calculated from SEM images, 
(Figure S6, Supplementary Information (SI) section) 
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ranged from 1 to 20 μm, these values ​​are in accordance 
with the information provided by the manufacturer. In 
contrast, carbon black powder particles are predominantly 
spherical in shape and range from 44 to 89 nm, which are 
in agreement with values ​​reported in the literature.36

Raman spectroscopy was performed on a DXR Raman 
microscope (Thermo Scientific Inc., Waltham, MA, 
USA) configured with a 532 nm laser and operated using 
OMNIC 9 software. 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 µL) and tested 
using a ramp profile (10 °C min−1) from 0-800 °C under 
N2 (100 mL min−1).

Study about contact angle

Images of the contact angle of the working electrode 
surface were captured using a smartphone mounted on a 
universal holder. These images were taken 10 s after the 
launch of a deionized water droplet onto the surface of the 
working electrode. Subsequently, the angle between the 
tangent drawn at the liquid-air interface of the water droplet 
and the surface of the electrode was measured (n = 3) using 
GeoGebra software.37

TNT sampling and detection 

TNT explosion simulation was carried out in the city 
of Uberlândia (Brazil, Minas Gerais) with the help of 
the Brazilian Federal Police. The explosion simulation 
was conducted on a metallic surface using a TNT paste 
and a chemical mixture of lead azide and nitropenta, as 
detonator. The 3D-printed circular-shaped electrodes were 
mechanically polished and then used to sample residual 
dust on the blast surface. Two forms of collection were 
evaluated: (i) collection by friction for one minute over 
a region of around 30 cm × 20 cm and (ii) collection 

point by point for fifty times covering a region of around 
30 cm × 20 cm (similar manner executed by forensic experts 
for residues collections using wet cotton swabs). 

Subsequently, the additively manufactured sampler-
electrode was positioned at the bottom of the additively 
manufactured printed cell (with a capacity of 10 mL) 
and 5  mL of supporting electrolyte (0.01 mol L-1 HCl) 
was added to perform SWV measurements. The blanks 
presented in the voltammograms were obtained before 
using the electrodes as collectors. Figure 1 depicts a scheme 
of the TNT sampling and detection. 

Results and Discussion 

Production and characterization of filaments 	

The manufacturing of bespoke conductive filaments 
from recycled PLA, castor oil (plasticizer), CB and/or 
graphite were carried out in the same way as previously 
reported.18,25 This methodology is an interesting approach 
to achieve flexible filaments with great electrochemical 
activity. Moreover, the mixing thermal step did not require 
any organic solvents as seen in other previous works.14,38 

Thermogravimetric analysis of the filaments (CB-rPLA 
and Gpt-CB-rPLA) and their constituents was performed. 
Analysis of the rPLA and produced filaments is important to 
comprehend the historical thermal stability of the polymer. 
Additionally, the TGA provides information regarding mass 
of conductive filler on each filament. From the TGA data, 
Figure 2a, the temperature for the onset of degradation for 
the CB-rPLA and Gpt-CB-rPLA filaments were calculated 
to be 268 ± 3 °C and 279 ± 5 °C, respectively. This indicated 
that the inclusion of graphite within the filament improved 
the thermal stability. However, it should be noted in both 
cases, the conductive filament is less thermally stable 
than the individual constituents, with the rPLA providing 
an onset temperature of 327 ± 7 °C and the pure castor 
oil a temperature of 300 ± 7 °C. The TGA data within 

Figure 1. Schematization of sampling and detection of TNT residues: (a) simulated explosion performed by Federal Brazilian Police explosive experts; 
(b) real images showing the TNT collection on metal plate at which the TNT explosive was placed before explosion; (c) additively manufactured collector-
electrode; and (d) additively manufactured-printed electrochemical cell ready to be assembled with the collector-electrode placed at the bottom of cell. 
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Figure 2a was also used to calculate the exact amount of 
carbon filler present within the filaments after production. 
Through calculating the point at which the curves flatten 
after the degradation of rPLA and castor oil, and removing 
the residual 2 ± 1 wt.% remaining from the rPLA, the 
final filler masses were obtained to be 32 ± 1 wt.% and 
31 ± 1 wt.% for the CB-rPLA and Gpt-CB-rPLA filaments,  
respectively.

Following characterization of the filament, it is 
important to establish the surface characteristics of the 
AMEs post-print as this is vital for the electrochemical 
performance. Figure 2b displays the Raman spectra 
obtained for the CB-rPLA (black) and Gpt-CB-rPLA (red), 
respectively. There are clear peaks present at 1338, 1572, 
and 2860 cm-1, which are attributed to the characteristic D-, 
G-, and 2D- bands found within Raman spectra for graphitic 
structures. Through calculating the ID/IG ratio, the number 

of defects and order can be implied. These were calculated 
to be 1.01 and 0.99 for CB-rPLA and Gpt‑CB‑rPLA, 
respectively, which indicates a higher number of defects 
and a less ordered structure, which is consistent with CB. 
SEM images, Figures 2c and 2d, confirm the presence of 
CB on the surface of the AMEs, where it can be clearly 
seen that spherical particulates of CB are protruding from 
the surface of the rPLA. In Figure 2d, a graphite flake can 
also be seen on the surface of the electrode, confirming the 
presence of graphite in this AME.

X-ray photoelectron spectroscopy (XPS) was then used 
to identify the surface functionalities present. Figures 2e 
and 2f present the XPS C 1s spectra obtained for both the 
CB-rPLA and Gpt-CB-rPLA AMEs. In both spectra three 
symmetric peaks are fitted and assigned to the O-C=O, 
C-O, and C-C functionalities, which are all found within 
the structures of PLA and castor oil. Due to the significantly 

Figure 2. (a) Thermal gravimetric analysis of the recycled PLA (rPLA), castor oil, CB-rPLA and Gpt-CB-rPLA filaments. (b) Raman spectrum obtained 
for the CB/rPLA (black line) and Gpt-CB/rPLA (red line) electrodes surface. SEM surface images of the (c) CB/rPLA and (d) Gpt-CB/rPLA electrodes. 
XPS data for the (e) CB/rPLA and (f) Gpt-CB/rPLA electrodes. 
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increased intensity for the C-C bonding peak, it can be 
inferred that there is castor oil present on the surface of the 
electrode, as if only PLA was present these peaks would be 
approximately equal intensities.18,25 To adequately complete 
the fitting of the C 1s spectra for both the CB-rPLA and 
Gpt-CB-rPLA AMEs, an asymmetric peak was required at 
284.5 eV which is consistent with the X-ray photoelectron 
emission of graphitic carbon.39,40 This provides more 
evidence that there is indeed the presence of CB on the 
surface and the electrochemical performance of the AMEs 
should be good. 

Study of interfacial phenomena

Figure S1 (SI section) illustrates the measured contact 
angle values for the 3D printed electrode surfaces. This 
parameter indicates the surface wettability.41 The values 
obtained for the Gpt-CB-rPLA and CB-rPLA electrodes 
were 78 ± 1º and 80 ± 3º before and 79 ± 1º and 82 ± 2º after 
sampling, respectively. Graphitic materials are known for 
their hydrophobic properties.39,42 However, the presence of 
PLA and the oxygenated groups on the electrodes reduces 
their hydrophobic nature towards water. Due to the higher 
PLA content in the electrodes, the materials exhibited 
contact angles close to 90º, demonstrating partial wettability 
of the surfaces. Comparatively, the contact angles observed 
on the Gpt-CB-rPLA and CB-rPLA electrodes indicate that 
their surfaces exhibit similar wettability characteristics 
before and after sampling applications.

Electrochemical characterization of AMEs

The electrochemical performance of the AMEs 
produced from recycled plastic material and carbon fillers, 
and the commercial filament was tested using a circular 

design (Figure 1) to facilitate step of collecting real samples 
of the analyte of interest. 

Initially, the electrodes made from recycled and 
commercial material were tested through cyclic voltammetry 
studies at varying scan rates (5-500 mV s-1) using the near-
ideal outer-sphere redox probe [Ru(NH3)6]3+/2+ (1 mM in 
0.1 M KCl), as shown in Figure S2 (SI section), to determine 
the heterogeneous electrochemical rate constant (k0). It can 
be observed in Table 1, k0 value obtained for Gpt‑CB‑rPLA 
electrodes (6.91  ±  0.58)  ×  10-3  cm s-1 is higher than 
the CB‑rPLA (5.31 ± 0.40) × 10-3 cm s-1 and showed a 
significant improvement (ca. 2-fold) over the commercial 
filament (3.62 ± 0.38) × 10-3 cm s-1. Additionally, the 
current intensities observed in Figure S1 is similar for 
both lab‑made electrodes. However, the value decrease for 
electrodes printed with commercial filament.

The sensors were also tested with the inner-sphere probe 
[Fe(CN)6]3-/4- (2 mM in 0.1 M KCl) to further evaluate 
their electrochemical behavior (Figure 3 and Table 1). It is 
important to compare laboratory-made filaments tailored 
with the same weight percentage of conductive filler 
composed solely of carbon black to highlight the effect that 
graphite has on the system.25 The cyclic voltammograms 
obtained at 50 mV s-1 are shown in Figure 3a. It is important 
to mention that the AMEs were not subjected to any surface 
activation protocol, only a surface polishing in order to 
remove lines of the printing (layer thickness). A notable 
improvement in terms of peak-to-peak separation (ΔEp) and 
the ratio of anodic and cathodic signals was observed for 
the sensor containing graphite (180 ± 8) mV and Ipa/Ipc  
of 0.99 ± 0.02 compared to CB (240 ± 6) mV Ipa/Ipc 
of 1.11  ±  0.01 and a significant improvement over the 
commercial electrode (740 ± 10) mV and Ipa/Ipc of 
1.10 ± 0.07, indicating an effective enhancement in 
process reversibility and consequently in electrochemical 

Figure 3. (a) Cyclic voltammograms recorded at 2 mmol L-1 [Fe(CN)6]3-/4- in 0.1 M KCl solution, using different additively manufactured electrodes (the 
dashed lines refer the blank of analysis). CV conditions: scan rate (50 mV s-1) and step potential (5 mV). (b) EIS Nyquist plots for additively manufactured 
electrodes acquired in the presence of 2 mM [Fe(CN)6]3-/4- in 0.1 mol L-1 KCl solution applying a half-wave potential (+0.22 V vs. Ag|AgCl|KCl(sat.)). 
Frequency range between 0.1 to 50,000 Hz and signal amplitude of 10 mV. Each color refers a type of AMEs, as described below: CB-rPLA (black line), 
Gpt-CB-rPLA (red line) and commercial CB-PLA (blue line) electrodes.
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performance.24,38 In fact, XPS C1s spectrum analysis 
showed two oxygenated peaks (at 288 eV (C-OH) and  
291 eV (O-C=O)) for Gpt-CB-rPLA with higher intensities 
when compared to XPS spectrum obtained for CB-rPLA 
electrodes. According the literature, the changes in C/O 
groups affected inner-sphere probes and can explain the 
enhancement in the electrocatalytic activity (shifted to less 
positive potentials, reduction in peak-to-peak separation) 
for Gpt-CB-rPLA electrodes.43 

As expected, the voltammetric profile for AMEs 
constructed with commercial filament is poor (ill-defined 
peaks) when using an inner-sphere probe since there are a 
large amount of PLA on surface (ca. 80 wt.%), requiring 
some activations procedures on surface to reduce the 
insulating material. On the other hand, the lab-made 
filament provided a satisfactory electrochemical activity 
(improvement in the reversibility). These results showed 
that the higher concentrations of conductive material 
(30  wt.%) for both lab-made filament) in the filament 
improve considerably the electrochemical performance 
of the AMEs without post-treatment after the printing 
since there are a considerable reduction in the quantities 
of polymer. Stefano et al.38 also observed the same 
behavior when they manufactured a filament based on 
graphite (40 wt.%) and PLA. However, increasing the 
amount of conductive fillers in the composite filaments 
has the disadvantage of making the filament brittle44 and, 
according to our experience, at more than 40% weight, 
the material could not be reliably fed into a 3D printer. 
Additionally, although Stefano  et  al.38 managed to add 
a high load of conductive material, the peak-to-peak 
separation for [Fe(CN)6]3-/4- redox pair was larger (ΔEp = 
264 mV) when compared to CB-rPLA and Gpt‑CB‑rPLA 
electrodes, even if a smaller amount of conductive material 
(ca. 30 wt.%) was employed. It is important to emphasize 
that the use of plasticizer (castor oil) enhances the 

printability of the filament and production of conductive 
filament by thermal process and is an interesting green 
approach to develop FFF materials. Finally, EIS was 
tested over frequencies ranging from 50,000 to 0.1 Hz in 
[Fe(CN)6]3-/4- (2 mmol L-1 in 0.1 mol L-1 KCl), applying 
a half-wave potential of +0.22  V (vs. Ag|AgCl|KCl(sat.)) 
to determine the charge transfer resistance (Rct).45 
Figure 3b presents the Nyquist plot obtained for all 
non-treated AMEs. Once again, electrodes produced 
from recycled material outperformed the commercial 
ones, with Rct values of 1040 ± 50 Ω (Gpt-CB-rPLA)  
and 1810 ± 30 Ω (CB-rPLA) compared to 9620 ± 280 Ω 
(commercial CB-PLA). The results obtained from EIS and 
the k0 values corroborate with the superior response of the 
laboratory-produced sensors compared to the commercial 
one, which indicate that the electron transfer was facilitated 
for CB-rPLA and Gpt-CB-rPLA electrodes.46,47 

Electrochemical determination of TNT by SWV

As proof-of-concept, the electrochemical behavior of 
0.5 mmol L-1 TNT explosive using non-treated AMEs, was 
investigated through cyclic voltammetric experiments in 
0.01 M HCl solution. This experiment was carried out with 
previous conditions reported in the literature.13 The potential 
range studied was from -1.0 to 1.0 V (vs. Ag|AgCl|KCl(sat.)). 
As can be seen in Figure 4, ill-defined voltammetric profile 
(low current intensity) was achieved using additively 
manufactured CB-PLA electrodes while both electrodes 
printed from lab-made filaments improve considerably 
the electrochemical behavior in which is possible to 
discriminate three reduction processes (-0.35, -0.57, and 
-0.77 V vs. Ag|AgCl|KCl(sat.)) and a redox pair (at around 
+0.14 and +0.41 V vs. Ag|AgCl|KCl(sat.)). The cathodic peaks 
are related to reduction of three different nitro groups in the 
TNT structure. Firstly, the ortho-nitro with respect to methyl 

Table 1. Comparison between electrochemical parameters, cathodic (-Ipc) and anodic (Ipa) peak currents intensities, peak-to-peak separation (ΔEp), 
heterogeneous electron transfer (k0), EIS charge transfer resistance (Rct) for the non-treated CB-rPLA, Gpt-CB-rPLA and commercial CB-PLA electrodes

Parameter Gpt-CB-rPLA CB-rPLA Commercial CB-PLA 

Ipaa,b / µA 27.9 ± 1.5 21.6 ± 1.9 8.7 ± 1.0

-Ipca,b / µA 28.2 ± 1.6 19.4 ± 1.7 7.9 ± 0.4

Ipa/Ipca,b 0.99 ± 0.02 1.11 ± 0.01 1.10 ± 0.07

Epaa,b,c / mV 300 ± 5 330 ± 3 570 ± 3

Epca,b,c / mV 120 ± 3 90 ± 3 170 ± 8

ΔEpa,b,c / mV 180 ± 8 240 ± 6 740 ± 10

Rct
a / kΩ 1.04 ± 0.05 1.81 ± 0.03 9.62 ± 0.03

k0 d / (cm s-1) (6.91 ± 0.58) × 10-3 (5.31 ± 0.40) × 10-3 (3.62 ± 0.38) × 10-3

aThese results were performed using 2 mM [Fe(CN)6]3-/4- redox probe in 0.1 M KCl solution. bThese CVs were performed at 50 mV s-1. cvs. Ag(s)|AgCl(s)|KCl(sat.) 
reference electrode. dCalculated using 1 mM [Ru(NH3)6]2+/3+ in 0.1 M KCl solution. CV scan rate study performed between 5 and 500 mV s-1.
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group is reduced (at around -0.35 V vs. Ag|AgCl|KCl(sat.)). 
Next, the reduction of another ortho-nitro group occurs 
(ca. -0.57 V vs. Ag|AgCl|KCl(sat.)). Finally, the formation 
of last cathodic peak is related to reduction of nitro group 
in the para position. All nitro groups were reduced to 
hydroxylamine. The reaction in the redox pair is related 
to the oxidation of hydroxylamine and the reduction of 
the amine formed.13,48

Calibration curves were constructed to assess the ability 
of Gpt-CB-rPLA, CB-rPLA, and commercial CB-PLA 
sensors to detect TNT at various concentrations (Figure 5), 
using SWV and the supporting electrolyte, according to 
previous published work. Table 2 summarized the results 
obtained for all 3D-printed sensors. As can be noted, both 
sensors were able to detect TNT at low concentrations, 
resulting in reduction peaks at potentials around -0.39 V 
and -0.62 V vs. Ag|AgCl|KCl(sat.) (Gpt-CB-rPLA), 
-0.36 V and -0.58 V vs. Ag|AgCl|KCl(sat.) (CB-rPLA), and 
-0.35 V and -0.55 V (vs. Ag|AgCl|KCl(sat.)) (commercial 
CB-PLA). However, the lab-produced filaments from 
recyclable material exhibited higher sensitivity (0.106 
and 0.102  μA  L  μmol-1 for non-treated CB-rPLA and 
Gpt‑CB‑rPLA, respectively) compared to the commercial 
one (0.041 μA L μmol-1). The electrode produced from CB 
and recycled PLA showed a linear range of 5-100 µmol L-1 
(r = 0.993), with a limit of detection (LOD) of 3.42 µmol L-1 
and the electrodes produced from graphite CB and rPLA 
presented two linear ranges (5-20 and 25‑100 µmol L-1) 
with LOD = 0.88 µmol L-1 while the electrode manufactured 
with commercial filament presented a linear range of 
5-40 µmol L-1 (r = 0.998) and LOD of 1.55 µmol L-1. The 
limits of detection and quantification (LOD and LOQ, 
respectively) were estimated according to International Pure 

Figure 4. Cyclic voltammograms recorded at 0.5 mmol L-1 TNT in 
0.01 M HCl solution, using 3D-printed (black line) CB-rPLA, (red line) 
Gpt-CB-rPLA and (blue line) commercial CB-PLA working electrodes. 
The dashed lines refer the blank of analysis. CV conditions: scan rate 
(50 mV s-1) and step potential (5 mV). 

Figure 5. SWV for increasing of successive TNT concentrations (5 to 100 µM) in 0.01 M HCl recorded at (a) Gpt-CB-rPLA, (b) CB-rPLA and (c) 
commercial CB-PLA electrodes and the respective calibration curve (insert graph). The dashed lines refer the blank of analysis. Step potential: -6 mV. 
Amplitude: 40 mV and frequency: 20 s-1. 
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and Applied Chemistry (IUPAC) recommendations,49 where 
LOD = 3.3Sb/s and LOQ = 10Sb/s, with Sb representing 
the standard deviation of ten blank measurements and s 
the slope of the calibration curve (Table 2). The difference 
in electrochemical response for the TNT explosive when 
using AMEs constructed with lab-made versus commercial 
filaments can likely be explained by the type of conductive 
filler present in the commercial filaments, as discussed in 
the previous section.

Although similar sensitivities were achieved for 
both lab-made electrodes, the material cost of producing 
conductive filaments with graphite, CB and PLA composite 
was £ 58.58 per kg, while the cost of manufacturing 
CB‑rPLA was £ 83.06 per kg. Overall, commercial filament 
was more expensive than lab-made filaments in which 
is observed a price reduction of £ 24.28 and £ 48.76 for 
CB‑rPLA and Gpt-CB-rPLA filaments, respectively.

The precision of the method was evaluated using both 
the lab-made and commercial sensors through an inter-
electrode reproducibility study (n = 5) at a concentration of 
30 µM TNT (see Figures S3B, S4B and S5B). The relative 
standard deviations (RSD) of the peak currents were 1.8, 
1.9, and 3.1% for the GPT-CB-rPLA, CB-rPLA, and 
commercial electrodes, respectively, confirming the better 
reproducibility of the AMEs fabricated in the lab. Intra-
electrode repeatability (n = 10) was also studied, where the 
same electrode was used throughout the day to determine 
30 µM of TNT. The RSD values again confirmed the better 
efficiency of the recycled filaments (1.9% GPT-CB-rPLA 
and 2.6% CB-rPLA) compared to the commercial filament 

(4.0%) (Figures S3D, S4D, and S5D). Based on the observed 
results, both electrodes can be effectively used as analytical 
sensors for TNT determination, as no fouling effect was 
observed. Finally, the inter-day repeatability of the electrodes 
was evaluated over five different days (n = 5) at 30 µM of 
TNT. RSD values of 1.8, 1.2, and 3.4% were obtained for 
the GPT-CB-rPLA, CB-rPLA, and commercial electrodes, 
respectively (Figures S3F, S4F, S5F). These results confirm 
good precision for TNT detection by AMEs produced with 
recycled PLA. It is worth noting that no degradation effect 
was observed during the studies, and therefore the electrodes 
were discarded when their thickness significantly decreased 
after numerous polishing sessions. Table 2 provides a 
summary of the RSD values obtained.

The analytical features of the AMEs produced using 
recycled PLA was compared with other electrochemical 
sensors reported for TNT detection. Table 3 lists these 
characteristics for comparison. The comparison shows that 
the obtained LOD values are not so low when compared 
with sophisticated platforms employing different chemical 
modifiers. On the other hand, they are well comparable with 
other low-cost electrochemical sensors, such as those based 
on PLA composites. However, the proposed 3D-printed 
device herein reported is the single one that employs 
recycled PLA and thus contributes to circular economy.

TNT detection in post-explosion samples

As the AMEs produced with the laboratory-produced 
filaments (Gpt-CB-rPLA and CB-rPLA) showed greater 

Table 2. Comparison of the analytical parameters obtained for TNT using 3D-printed Gpt-CB-rPLA, CB-rPLA and commercial CB-PLA working electrodes

Analytical parameter Gpt-CB-rPLA CB-rPLA Commercial CB-PLA

R
0.998a 
0.996b 0.993 0.998

R2 0.995 a 

0.991b 0.987 0.996

Linear range / (µmol L-1)
5-20a 

25-100b 5-100 5-40

Slope / (µA L µmol-1)
-0.102 ± 0.004a 

-0.091 ± 0.003b -0.106 ± 0.002 -0.041 ± 0.009

Intercept / µA
0.026 ± 0.030a 

-2.322 ± 0.121b -0.621 ± 0.121 0.396 ± 0.002

LOD / (µmol L-1)
0.88a 

4.00b 3.42 1.55

LOQ / (µmol L-1)
2.94a 

13.30b 11.40 5.17

RSD (inter-electrode, n = 5, 30.0 mM) / % 1.8 1.9 3.1

RSD (intra-electrode, n = 10, 30.0 mM) / % 1.9 2.6 4.0

RSD (inter-days, n = 5, 30.0 mM) / % 1.8 1.2 3.4
aValues for the first linear range and bsecond linear range. R: correlation coefficient; R2: coefficient of determination; LOD: limit of detection; LOQ: limit 
of quantification; RSD: relative standard deviation. 
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electrochemical response than electrodes printed with 
the commercial filaments, they were used as a sampler in 
a TNT explosion simulation to test their applicability in 
real samples and their versatility as sample collectors. For 
this purpose, an explosion simulation was conducted on a 
metallic surface using a TNT paste and a chemical mixture 
of lead azide and nitropenta, as detonator with the help of 
Brazilian Federal Police. The electrodes were printed in 
a circular shape to facilitate movement during collection 
(Figure 1), using Gpt-CB-rPLA and CB-rPLA electrodes, 
and were directly used as collectors at the explosion site. 
Prior to this, they underwent mechanical polishing (for 
one minute), and blank measurements were conducted in 
a 0.01 M HCl supporting electrolyte. The same electrodes 
were used for collection, and two methods of collecting 
TNT were tested: one by friction (for one minute) and the 
other by point collection, where the electrode was placed 
and removed from the surface fifty times consecutively. In 
Figure 6, we showed the electrochemical response of 50 μM 
TNT standard solution, to facilitate the visualization of the 
TNT processes for each type of electrodes. 

The friction collections of both electrodes (Figures 6a 
and 6c, for Gpt-CB-rPLA and CB-rPLA electrodes, 
respectively) demonstrate their effectiveness in detecting 
the presence of TNT in small quantities, as evidenced by 

the characteristic reduction peak of TNT at around -0.36 V 
(vs. Ag|AgCl|KCl(sat.)). On the other hand, the TNT sampling 
by point collection (Figures 6b and 6d) did not prove to 
be as effective as TNT sampling by friction, which could 
be attributed to the limited adhesion of the analyte on the 
electrode surface as well the short contact time between 
the electrode and the explosion surface.

Conclusions 

This study showed the use of filaments made from 
graphite and carbon black with recycled PLA and castor oil 
as plasticizers for the production of additively manufactured 
electrodes for TNT detection. Electrodes manufactured 
in the laboratory presented analytical parameters with 
greater precision and reproducibility compared to 
commercial electrodes. Furthermore, they presented superior 
electrochemical response (lower resistance and greater 
sensitivity). They also offered cost benefits due to laboratory 
production. The cost of producing 1 kilogram of the mixture 
of graphite, carbon black and recycled PLA is £58.58, while 
carbon black and rPLA alone cost £83.06 and ProtoPasta® 
costs £107.34. The significant reduction in the production 
cost of Gpt-CB-rPLA is attributed to the fact that graphite 
powder is twelve times cheaper than carbon black.

Table 3. Comparison of the electrochemical sensors produced with others reported in the literature for TNT determination

Sensor
Analytical 
technique

Sample LODa / (µmol L-1) Reference

Fe3O4@Au/CA SWV
tap water, Razan River water, and Persian 

Gulf water
0.0005 50

B-NCD SWV seawater 0.044 51

CdS nanoparticles Amp tap, river and lake water 0.001 52

MIPEDOT/LIG DPV
river water, seawater and wastewater from 

the Wanquan River
0.009 53

GC/GNSs/pCAF DPV real sample assay for TNT 0.026 54

SPEs modified with TNT-specific peptides EIS - low as 10-6 55

SPCE DPV river water 4.4 × 10−3 56

Graphene-PLA doped with diamond foil DPV – 0.4 57

GC/P(Cz-co-ANI)-Aunano SWV military-purpose mixed explosives 0.11 58

PtPd-rGONRs/GCE LASV tap and lake water 0.0035 59

Gpt-PLA SWV tap, river and seawater 0.52 and 0.66 12

Gpt-CB-rPLA and CB-rPLA SWV post-explosion
0.88
3.42

this work

aDifferent concentration unities were converted to µmol L-1. Fe3O4@Au/CA: sensor constructed by modifying a graphite paste with Fe3O4-Au core-shell 
nanoparticles modified with cysteamine; B-NCD: boron-doped diamond electrode; MIPEDOT/LIG: electrochemical sensor based on dummy molecularly 
imprinted poly (3,4-ethylenedioxythiophene)/laser-induced graphene; GC/GNSs/pCAF: sensor was created by combining electrochemically reduced 
graphene nanosheets (GNSs)-through cyclic voltammetric reduction of a graphene oxide colloidal solution-with phosphate-stabilized poly-caffeic acid 
(pCAF) film-modified glassy carbon electrode (GCE); SPCE: screen printed carbon electrode; α-Al2O3/GCE: glassy carbon electrode modified with alumina; 
GC/P(Cz-co-ANI)-Aunano: glassy carbon electrode modified with gold/poly(carbazol-aniline) nanoparticle film; PtPd-rGONRs/GCE: glassy carbon electrode 
modified with concave PtPd nanocubes anchored in graphene nanoribbons; SWV: square wave voltammetry; Amp: amperometry; DPV: differential pulse 
voltammetry; EIS: electrochemical impedance spectroscopy; LASV: linear adsorption stripping voltammetry.
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Additionally, we demonstrated that TNT can be detected 
using an additively manufactured cell with electrodes made 
from recycled material. Moreover, the electrodes printed 
with recycled PLA successfully functioned as direct 
TNT waste collectors. After passing the electrode over 
the explosion surface, it was mounted on the additively 
manufactured cell, and SWV scans confirmed the presence 
of the analyte. It is worth highlighting that electrodes did 
not require any electrochemical modification to achieve 
satisfactory detection, offering an added advantage for 
routine applications with the proposed dual-function 
device: collector/detector.

Supplementary Information

Supplementary information (Figures S1, S2, S3, S4, S5 
and S6) is available free of charge at http://jbcs.sbq.org.br  
as PDF file.
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