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3D printing is a manufacturing technique used to prototype devices with customized shapes composed of
different materials, including carbon composites. Toxic phenolic compounds are a major environmental hazard.
Herein, we demonstrate the use of carbon-based 3D-printed electrodes for the detection of chlorophenols and
nitrophenols. The influence of pH on the voltammetric response was studied, and an alkaline pH was identified as
the best environment for the detection of substituted phenols. Simultaneous detection of phenolic compounds

was performed using differential pulse voltammetry. This approach appears promising for the fabrication of

electrochemical sensors.

1. Introduction

There is a considerable need to detect phenolic compounds in in-
dustrial, environmental, or food samples because of the toxicity of these
compounds [1,2]. The conventional analytical methods used for detec-
tion, such as chromatography [3], capillary electrophoresis [4], and
spectrophotometry [5] are time-consuming and the equipment is not
portable. However, electrochemical methods have been shown to be
suitable for rapid and portable detection of phenols and their sub-
stituents [6,7]. Various electrochemical analytical techniques (such as
voltammetry) can be used for the facile electrochemical oxidation of
phenols at a solid electrode, thus enabling their detection. Unfortu-
nately, the electro-oxidation of these phenolic compounds produces
phenoxy radicals, which combine to form a passivating layer at the
electrode surface [1]. Considerable efforts have been made to identify
new electrode materials and to develop a surface pre-treatment that
would effectively avoid the surface fouling effects caused by the
oxidation of phenols [8-10]. 3D printing of phenol-sensing platforms
represents a promising approach, as the electrodes can be fabricated at

low cost. 3D printing, also known as additive manufacturing, is a recent
technology that involves a layer-by-layer deposition process guided by
computer-aided design (CAD) software [11]. This technique has many
advantages compared to traditional electrode manufacturing tech-
niques, including the rapid production of devices with minimal waste,
high accuracy, good repeatability, high resolution, and high durability.
Furthermore, it offers the possibility of customizing the shape and ge-
ometry of the produced object through a highly automated system with
minimal human intervention [12,13]. In particular, the fused deposition
modelling (FDM) printing technique can be utilized to fabricate 3D-
printed nanocarbon electrodes (3DnCE): a composite filament consist-
ing of thermoplastic polymer (polylactic acid (PLA)) and nanocarbon is
extruded down the nozzle, and the desired shape is printed. Unfortu-
nately, these surfaces have poor electrochemical activity due to the high
amount of PLA needed for the successful extrusion and deposition of the
materials. Hence, activation (some form of post-treatment) is needed to
increase the electrochemical activity of the electrodes [14]. Thermal,
electrochemical, and solvent treatments are among the most commonly
used activation methods [15]. However, solvent treatment using N,N'-
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dimethylformamide (DMF) is one of the simplest and fastest activation
methods, providing an improved electrochemical response due to the
removal of the PLA and the exposure of the nanocarbon on the electrode
surface [16].

In this work, we demonstrate for the first time that 3DnCEs provide
improved sensing of phenolic compounds through voltammetric mea-
surements. In this case the oxidation process is promoted by delaying the
kinetics of polymeric film formation [17] on the electrode surface, so it
is possible to sense the analytes at a higher concentration than is possible
with a glassy carbon electrode. Cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) techniques have been used to investigate the
oxidation behavior of phenols. Furthermore, the pH conditions have
been optimized to provide an enhanced electrochemical response to the
phenolic compounds. 3DnCEs have been shown to be able to detect
several compounds simultaneously. These developments provide an
insight into the application of 3DnCE:s for the voltammetric detection of
phenolic compounds.

2. Experimental
2.1. Reagents

Phenol, 2,3-dichlorophenol, 2,4-dichlorophenol, 2,6-dichlorophe-
nol, 3-chlorophenol, 4-chlorophenol, 2,4,6-trichlorophenol, and 4-nitro-
phenol were purchased from Sigma-Aldrich (Czech Republic).
Monobasic potassium phosphate (Sigma) and dibasic potassium phos-
phate (Merck), sodium chloride (Merck) and potassium chloride (Merck)
were used for the preparation of the phosphate buffer solution (PBS).
Deionized water with a resistivity not less than 18.2 MQ cm was used. A
commercially available conductive nanocarbon/polylactic acid (PLA)
filament (Graphene Laboratories Ink., New York, USA) was used for 3D
printing of the electrodes. pH values were measured with a Thermo
Scientific Orion Star A111 pH meter.

2.2. Fabrication of 3DnCEs using graphene/PLA filaments

3DnCEs were fabricated using fused deposition modelling, a method
in which a spool of thermoplastic filament is melted inside a printing
nozzle and laid down layer by layer according to a pre-defined printer
program (Prusai3 MK3s printer, Prusa Research, Czech Republic) using
an Olsson Ruby ruby-tipped 0.6 mm nozzle (3DVerkstan, Sweden). The
nanocarbon/PLA filament is extruded from the nozzle using a temper-
ature of 220 °C and a bed temperature of around 60 °C [13,18,19]. The
dimensions of the 3D-printed electrode are as follows: length: 1.6 cm,
width: 0.6 cm (r = 0.3 cm) and thickness: 3 mm. The width of the
rectangular part was 0.2 cm. The circular portion of the electrode was
immersed in the electrolytic solution for the electrochemical measure-
ments [20-22]. The electrochemically active area was calculated to be
1.86 cm?. The resulting electrode consists of a composite of conductive
graphene and non-conductive PLA polymer. To improve the electrical
conductivity of the electrode, it was activated by immersion in the sol-
vent DMF for six hours. After six hours, the electrodes were rinsed
thoroughly with ethanol and then with ultrapure water and allowed to
dry for 24 h [14].

2.3. Electrochemical instruments

The electrochemical measurements were conducted at room tem-
perature (25 °C) using a three-electrode configuration, with Ag/AgCl (1
M KCl) as the reference electrode, a platinum wire as the counter elec-
trode, and 3DnCE as the working electrode, using a Metrohm Autolab
potentiometer (PGSTAT 204) operated by Nova 2.14 software.

2.4. Material characterization

The surface morphology of the 3DnCEs was examined by scanning
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electron microscopy (SEM), using a Verios 460L instrument (FEI, USA),
to compare the surface before and after DMF treatment.

2.5. Electrochemical detection

The influence of pH on the voltammograms of 4-chlorophenol was
investigated by CV by using 50 uM 4-chlorophenol in 100 mM PBS at
different pH values (3, 5, 7, 9, 11) as an electrolyte solution. The same
scan rate (10 mV s’l) was used for the different analytes.

5 mM stock solutions of different phenols (2,3-dichlorophenol, 2,4-
dichlorophenol, 2,6-dichlorophenol, 3-chlorophenol, 4-chlorophenol,
2,4,6-trichlorophenol, 4-nitrophenol) were prepared in 100 mM PBS
solution and DPV was performed at pH 11 with different concentrations
(25-125 pM) of each analyte.

3. Results and discussion

As described previously, we activated the nanocarbon/PLA elec-
trodes (3DnCEs) by immersion in DMF [16]. Structural characterization
of 3DnCEs was performed using SEM to investigate the effect of the DMF
treatment on the electrode morphology. The 3D-printed electrode sur-
face is dominated by the presence of PLA, which aggregates with the
nanocarbon to form a composite with a dense structure (Fig. 1A). The
SEM image of the DMF-treated 3DnCEs (Fig. 1B) reveals that the PLA has
been partly removed from the electrode surface, and that the nano-
carbon has formed a mesh-like structure [14].

Subsequently, we employed the activated 3DnCE for detection of 4-
chlorophenol as an archetypal compound. To evaluate the accuracy and
precision of the 3DnCEs, five different electrodes have been studied in

Fig. 1. SEM of 3DnCE (A) PLA/nanocarbon electrode without activation. The
inset shows a photograph of the printed 3DnCE, circle diameter 0.6 cm (B) PLA/
nanocarbon electrode after DMF activation.



Jyoti et al.

100 uM 4-chlorophenol, as shown in Fig. S3. The output responses of all
the different electrodes were consistent, providing a mean peak current
at 0.24 pA and a relative standard deviation of 8.81% (n = 5). Since the
pH plays a vital role in the electro-oxidation of 4-chlorophenol, as the
phenolic group dissociates, the electrochemical characterization was
carried out at various pH values. Cyclic voltammetry (Fig. 2A) shows the
oxidation peak corresponding to the oxidation of 4-chlorophenol to the
chloro-phenoxy radical, which appears during the positive scans.
However, no reduction peak appears, suggesting that the process is
chemically irreversible. Interestingly, reversible redox peaks at 0.3 V
(oxidation) and 0.2 V (reduction) were observed at pH 3. This could be
attributed to the presence of oxygenated functional groups (such as
quinones) in the nanocarbon electrode [15]. When the pH is varied, the
electrochemical behavior changes in two ways. As the pH increases, the
peak intensity also increases significantly, but the oxidation of 4-chlor-
ophenol is shifted to lower potential values. The rise in the peak in-
tensity can be related to the availability of 4-chlorophenol in the anion
form at higher pH values. Similarly, the shift of the peak towards lower
potential values is related to the low pK, value of the 4-chlorophenol,
because on shifting from an acidic medium to alkaline solutions, the
concentration of H' ions decreases, which shifts the equilibrium to-
wards the 4-chlorophenol anion species (see Eq. (1)).

C¢H,CIOH < C4H,CIO™ +H" (@]

Fig. 2B shows oxidation potential values as a function of pH in PBS.
The oxidation potential value decreases with the increase in pH values,
following a linear trend, which is in close agreement with the Nernst
equation (Eq. (2)):

E =E"+ 0.059pH 2)

where E’ is the standard electrode potential, and E is the potential at
25 °C. The slope extracted from the fitted equation (y = —0.0487x +
1.0604) is 0.0487, as shown in Fig. 2B, corresponding to approximately
n =1 from 0.059/n. This implies that during the oxidation of 4-chloro-
phenol, one electron and one proton are transferred in an electro-
chemical reaction.

These results emphasize the influence of pH on the electro-oxidation
of 4-chlorophenol and suggest that the oxidation reaction would be
favored in a strongly alkaline medium (pH 11). The oxidation reaction is
favored because the current obtained at that pH is the highest and the
oxidation potential the lowest. Further studies were carried out using
this optimum pH value.

The voltammetric behavior of 2,3-dichlorophenol, 2,4-dichlor-
ophenol, 2,6-dichlorophenol, 3-chlorophenol, 4-chlorophenol, 2,4,6-
trichlorophenol, 4-nitrophenol, and phenol was studied using differen-
tial pulse voltammetry (DPV). Fig. 3 displays the typical voltammo-
grams of various chlorophenols, 4-nitrophenol, and phenol in PBS (100
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mM, pH 11) using 3DnCE. Each of these phenolic compounds displays an
oxidation peak, attributed to the formation of the corresponding
phenolate ions, which appear at different potentials and provide
different currents. These differences in electrochemical behavior can be
correlated with the structural differences between the compounds.

It has been reported that the electrochemical oxidation of aromatic
compounds may be influenced by the number of substituents, as well as
their electronic nature and their position on the aromatic ring [23]. Ring
substituents can influence the reactivity of phenolic compounds not only
through steric, resonance (mesomeric, +M), and field (inductive, +I)
effects, but electron-withdrawing substituents can also decrease the
basicity (lower the pK3) of phenol. On the other hand, electron-donating
substituents can increase the basicity and nucleophilicity of phenol [24].
The pK, values of phenol, 4-chlorophenol, 2,4-dichlorophenol, 3-chlor-
ophenol, 2,6-dichlorophenol, 2,3-dichlorophenol, 2,4,6-trichlorophenol
and 4-nitrophenol are 10.02, 9.38, 7.89, 9.02, 6.79, 7.45, 6.42, 7.15,
respectively [25]. The corresponding oxidation potentials vs Ag/AgCl
are 498 mV, 513 mV, 568 mV, 593 mV, 612 mV, 637 mV, 670 mV, 901
mV, respectively. There is an increase in the oxidation potential of
disubstituted chlorophenols compared to monosubstituted chlor-
ophenols. The greater stability of the compounds is directly correlated to
the number of substituents which favor electronic delocalization, hence
lowering the acidic strength of the compound [26]. Thus, phenolic
compounds with electron-withdrawing substituents are more resistant
to oxidation than phenols with electron-donating substituents.

Calibration curves were constructed for 3-chlorophenol, 4-nitro-
phenol, 4-chlorophenol, and phenol. Fig. 4(A-D) shows the DPV re-
sponses of the 3DnCEs using different concentrations of 3-chlorophenol,
4-nitrophenol, 4-chlorophenol, and phenol in 100 mM PBS at pH 11.
Comparing the DPVs obtained in the presence and absence of analytes
illustrates the successful electro-oxidation of the phenols, chlor-
ophenols, and nitrophenol. These compounds show characteristic
oxidation peaks using the 3DnCEs, and their intensity is proportional to
the concentration. To compare the analytical performance of 3D-printed
electrode with glassy carbon, a concentration calibration study of 4-
nitrophenol was carried out (Figs. S1 and S2) using a glassy carbon
electrode. Fig. S1 shows the DPV response of the glassy carbon electrode
as the concentration of 4-nitrophenol is varied. Similarly, Fig. S2 shows
the concentration calibration curve of 4-nitrophenol using a glassy
carbon electrode. It is clear that after 100 uM concentration passivation
of the electrode occurs, as there is a decrease in the current intensity at
125 pM compared to 100 uM. By contrast, Fig. 4(B) shows the same
study carried out using a 3DnCE electrode, where no passivation is
observed and the peak intensity increased continuously as far as 125 uM
concentration. Furthermore, the current peak intensities of the glassy
carbon electrode were lower than those of the 3DnCE. However, the
peak potential is observed at 0.88 V, which is similar to the value found
with the 3DnCE.
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Fig. 2. (A) Influence of pH on CV response of 50 uM 4-chlorophenol in 100 mM PBS between +1.2 V and 0 V at a scan rate of 10 mVs ' and (a) pH 3 (b) pH 5 (c) pH 7
(d) pH 9 (e) pH 11. (B) Oxidation potential values of 50 uM 4-chlorophenol as a function of pH in PBS.
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Fig. 3. Influence of the chemical structure of chlorophenols, nitrophenol and phenol on their voltammetric response (a) PBS (b) 2,6-dichlorophenol (c) 4-chlorophe-
nol (d) 2,4-dichlorophenol (e) 2,3-dichlorophenol (f) 2,4,6-trichlorophenol (g) 3-chlorophenol (h) 4-nitrophenol (i) phenol, conc. 50 uM. Conditions: DPV scan rate

10 mV s}, PBS buffer (100 mM, pH 11).

A 10

Current (uA)

0 02 04 06 08 1
Potential (V)

o o
N w

Current (pA)

Current (1A)

0.15 0.35 0.55 0.75 0.95

Potential (V)

B 4 | OH
3.5 - ¢
3 e
gz.s E
NO,
~— 4 C
o
S15 -
™9
5 1
o
0.5 -
0 : : :
0.4 0.6 0.8 1
Potential (V)
D 6 - §
5 4 OH

0.2 0.4 0.6 0.8
Potential (V)

Fig. 4. Effect of concentration of (A) 3-chlorophenol (B) 4-nitrophenol (C) 4-chlorophenol and (D) phenol on the DPV response (a) in PBS, (b) 25 uM, (c) 50 uM, (d)
75 uM, (e) 100 pM and (f) 125 pM of each analyte, respectively, using 100 mM PBS at pH 11.

The calibration graphs of peak current density versus analyte con-
centration are plotted in Fig. 5 for different phenols, chlorophenols, and
nitrophenols. Interestingly, the linear plots for all the analytes gave
similar results, i.e., the peak current density increases with the increase
in the concentration and reaches a maximum value at 125 uM. By
comparison, the maximum concentration is lower with the glassy carbon
electrode, only reaching 100 uM. Hence, the 3D-printed electrode shows
a better response with lower rates of passivation compared to glassy
carbon electrodes.

The calibration curves obtained for 3-chlorophenol, 4-nitrophenol,
4-chlorophenol, and phenol are y = 0.0325x + 0.4257, y = 0.0165x +
0.3408, y = 0.0014x + 0.0917 and y = 0.0273x + 0.5152, respectively.
It is clear that detection of 4-chlorophenol and phenol is more sensitive
than that of the remaining compounds [27].

We then investigated the simultaneous detection of phenols. Two
simultaneous detections of mixtures 3-chlorophenol with 4-nitrophenol,
and phenol with 4-nitrophenol were carried out by DPV analysis (Fig. 6)
using 3DnCEs. This was performed simultaneously by keeping the same
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Fig. 6. Determination of mixtures of phenols. DPVs for mixtures of phenolic
compounds in 100 mM PBS at pH 11: (a) 3-chlorophenol and 4-nitrophenol and
(b) phenol and 4-nitrophenol at 50 uM concentrations of each compound.

concentration (50 uM) of each compound. The results show well-defined
independent anodic peaks at 0.545 V and 0.823 V; and 0.450 V and
0.805 V, which correspond to the oxidation of 3-chlorophenol and 4-
nitrophenol; or phenol and 4-nitrophenol, respectively. This indicates
that the simultaneous determination of 3-chlorophenol and 4-nitrophe-
nol, or phenol and 4-nitrophenol is possible using 3DnCEs [28].

4. Conclusion

We have demonstrated the utility of 3D-printed nanocarbon elec-
trodes for the individual and simultaneous detection of phenolic com-
pounds in aqueous solution. The electrochemical behavior of a range of
phenolic compounds was thoroughly invesitgated using voltammetry.
The influence of pH on the oxidation of phenols was studied and it was
found that an alkaline pH is most suitable for the detection of these
phenolic compounds. The chemical nature of the substituent(s) plays a
vital role in the oxidation potential of these phenolic compounds due to
their inductive and mesomeric effects. Furthermore, an increase in the
number of substituents also shifted the oxidation potential towards more
positive values. The simultaneous analysis of various phenolic com-
pounds in a mixture was also successfully carried out. Thus, 3D-printed

Electrochemistry Communications 125 (2021) 106984

electrodes offer great promise for the environmental screening and in-
dustrial monitoring of toxic phenolic compounds.
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