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Abstract

This work investigates the electrochemical sensing properties of glassy
carbon (GC) electrodes modified with Printex L6 carbon black (PC) and copper
(1) phthalocyanine (CuPh) films. Successful incorporation of the CuPh into
carbon black was confirmed by FEG-SEM, EDS and TEM analysis. The
transition from nanocrystalline graphite to amorphous carbon material could be
evidenced for Printex L6 carbon black using Raman analysis. The modified
material (CuPh/PC/GC) demonstrated electrocatalytic effect towards TMP
detection according to cyclic voltammetric studies. CuPh modification resulted
in strong adsorption to carbon black and TMP due to 1-11 interactions. Scan
rate studies proved reactions across the electrode/electrolyte interface
progressively change from adsorption to diffusion. The developed method
presented linear relationship in the ranges of 0.4 to 1.1 pmol L™ and 1.5 to 6.0
pumol L™ with limit of detection of 0.6 pmol L™ under optimized experimental
conditions. The proposed CuPh/PC/GC electrode was effectively employed
towards the detection of TMP in natural water samples.

Key words: carbon black, Printex L6, copper phthalocyanine, Trimethoprim
determination, environmental samples.
*First co-author: both first and second authors have contributed equally towards

the development and drafting of this work.



1 Introduction

Carbon nanomaterials have been extensively applied in electrochemical
sensing over the last decade or so. Materials such as single and multi-walled
carbon nanotubes (CNTs), graphene, nanodiamond powder, fullerene and
carbon nitride are endowed with outstanding properties useful for
electrochemical applications. [1-3] Carbon black (CB) is defined as a class of
fine-particle powder with different physicochemical properties depending on
synthesis conditions. The product is manufactured at relatively lower costs
compared to other carbon-based nanomaterials. [4] Apart from elemental
carbon, organic and inorganic compounds may also be found on its surface. [4]
CB can be industrially manufactured via the oil furnace process which involves
the pyrolysis of heavy aromatic petroleum oils at high temperatures. [4]
Recently, CB materials have been described as promising sensing materials for
the determination of substances in solution. [2,5] CB is endowed with specially
distinct features that render it suitable for application in fuel cells, [6] batteries,
[7] sensors, [1] hydrogen peroxide electrosynthesis [8,9] and degradation of
organic ~pollutants. [10] Printex L6 carbon (PC) particularly presents a
hydrophilic character compared to other CB materials which may facilitate
applications in aqueous solutions. To date, few studies have reported the
application of CB as sensing material for compounds detection in aqueous
systems. [5] For this reason, understanding structural, morphological and
electrochemical properties of CB materials would certainly contribute to

progress in this field.



Metalloporphyrins and metallophthalocyanines are tetrapyrrolic
macrocycles of great interest in chemical, analytical, and photochemical
applications. [11] These compounds exhibit great structural similarities and
electrocatalytic properties. [12] Furthermore, they are employed in
electrochemical sensors due to their photochemical, magnetic, electrochemical
and catalytic properties. [13] Mphuthi, et al.(2017) defined phthalocyanines and
their derivatives as blue-green organic semiconductor materials. These
substances belong to the aromatic heterocyclic conjugated molecules family
and they are known to be relatively conductive as a result of delocalised -
electrons system. The redox properties of metal phthalocyanines (Phs)
essentially depend on the interactions and delocalisation of these m-systems.
[14] Phs are known to have good thermal and chemical stability apart from their
capability of changing the metal ion attached to the organic chain which can
bring forth unique properties that are conducive to the development of
electrochemical sensors. Remarkably, Phs have contributed significantly
towards improvements in the performance of CNT-based devices owing largely
to their “suitable electronic and photoelectronic properties. [14] The
functionalisation of CNTs using Phs usually enhances the electrochemical
response. Several electrocatalytic and electroanalytic applications of CNTs and
phthalocyanines are reported involving O, and H,O, electrocatalysis reactions
and oxidation reactions of micropollutants as pesticide, herbicide, dye and
endocrine disruptor. [15,16] This explains why they are considered promising
sensing materials.

Trimethoprim (TMP) is a synthetic antibiotic used for the treatment of

several infections (intestinal, urinary and respiratory) in humans and animals,



[17] and for prophylactic purposes [18] acting as dihydrofolate reductase
inhibitor (DHFR inhibitor). TMP is commonly associated with sulphonamides
with the aim of achieving higher effectiveness of treatment. [18] It can also be
found as single-drug formulation. [19] Furthermore, TMP derivatives have been
synthesised as a result of antimicrobial resistance [20] posing several risks to
human health. [21] Reports in the literature point out that a high percentage (50-
70%) of TMP dose is excreted in its pharmacologically active form. [17,22] The
toxicity effects of these TMP residues on the aquatic environment especially on
the green algae P. subcapitata (ErCso 129 mg L™; ErCio 65 mg L™) and
daphnids (ErCsp 100 mg L™; ErCi 66 mg L") have been demonstrated. [23]
Accordingly, the relevance of developing new methods for monitoring the
residues of this substance in the environment and their hazardous effects needs
not be overemphasised [24]. Close monitoring can be conducted either by
assisting with medical  diagnosis or through environmental remediation
practices.

TMP residues have already been determined in human urine,
pharmaceutical formulations, natural water and feed samples. Interestingly,
liquid chromatography is the most widely reported method for TMP
determination. [25,26] Other methods employed towards the determination of
this compound such as capillary electrophoresis, [27] spectrophotometry [28]
and electroanalysis [29,30] have also been described in the literature. Among
the electroanalytical methods, there have been reports about the use of
materials such as MIP-graphene-GC [18] and multi-walled CNTs decorated with
Prussian blue nanocubes. [22] Usually, chromatographic methods consume

large amounts of solvents apart from requiring sample preparation and/or



extraction. Electroanalytical methods use reduced solution volume during
analyses, are sensitive, selective, accurate and when compared to liquid
chromatography are faster and cheaper. In addition, important information on
the electrochemical mechanisms can be obtained as well as analytes
determination at submicromolar level [31]. Several materials can be used in the
manufacture of electrochemical sensors while the chromatographic columns are
generally very specific. CB based materials, could be a cost-effective alternative
platform to the expensive CNTs and time-consuming MIP based materials for
manufacture of sensors. Besides, simple preparation methods meet the
requirements of Green Chemistry.

Thus, in the present work, a glassy carbon electrode was modified with
Printex L6 carbon black (PC) and copper phthalocyanine (CuPh/PC/GC)
creating a new nanocarbon-based platform to be used in the electrochemical
determination of Trimethoprim in natural water samples using square-wave

adsorptive anodic stripping voltammetry.

2 Experimental

2.1 CuPh/PC/GC material synthesis
Prior to use, the glassy carbon electrode was carefully polished in
alumina (0.05 um) using a polishing cloth and rinsed in ultrapure water. The
electrodes were sonicated in ultrapure water and isopropanol for 5 min each.
Copper (II) phthalocyanine/carbon black (CuPh/PC) dispersion was
made according to the procedure previously described by our group. [32]
Briefly, PC carbon was dried at 120 °C for 24 h to enable water removal.

Different proportions of CuPh/PC [1:2, 1:4 and 1.6 (wt %)] were then obtained in



the presence of isopropanol. The mixture was kept under magnetic stirring for 1
h. The powder was maintained at 60 °C for 2 h and at 100 °C for an extra hour
in an oven. Upon drying, the powder was macerated for homogenisation. The
same procedure was repeated in the absence of phthalocyanine aiming at
obtaining the pure carbon black powder (PC). A dispersion containing only
copper phthalocyanine (CuPh) in water was also prepared for comparison
purposes.

The glassy carbon electrode surface was modified by casting (20 pL)
from the previously prepared dispersions (1.0 mg/mL) containing PC and/or
CuPh. Finally, the electrodes were kept and dried for 2h in a dissector so as to

obtain the CuPh/PC/GC and PC/GC films.

2.2 Chemicals and solutions

The Printex L6 carbon black sample was purchased from Evonik Brazil
while copper (Il)  phthalocyanine was obtained from Sigma-Aldrich.
Trimethoprim (Sigma-Aldrich) stock solutions were prepared on a daily basis in
ethanol:water (50:50 - v/v). Sulphuric acid was purchased from Panreac.
Phosphate buffer (PBS) solution 0.2 mol L™ (pH 7.0) was prepared using
NaH,PO, and Na,HPO,. NaOH was used to adjust the pH value. The PBS was
chosen for analysis because it has a wide buffering range and composition of
polyprotic acids which function as buffers.

All other chemicals used were of analytical grade. All solutions were

prepared with ultra-pure water (>18.2 MQ).



2.3 TMP analysis in natural water

Natural water was collected from a stream in the city of Sao Carlos (Sao
Paulo State, Brazil) (coordinates -22.003768S and -47.931165W) located inside
Sao Paulo University area 2. The natural river water samples were used.as
electrolyte for the TMP addition and recovery studies without any kind of pre-
treatment. The PBS (pH 7.0) solution was mixed with the natural water (50:50)
and spiked with TMP solutions at 5.0 and 10.0 pmol L™ levels. The TMP content

was determined by three successive additions of standard stock solution (n=3).

2.4 Materials analysis and characterization

A potentiostat/galvanostat pAutolab  (typelll) was wused in all
electrochemical measurements controlled by NOVA 1.11 software. The
measurements were conducted in a conventional three-electrode cell equipped
with glassy carbon electrode (5.0 mm diameter) representing the working
electrode, Pt wire being the counter electrode and Ag/AgCl (KCI 3.0 mol L) as
the reference electrode. Cyclic voltammetry (CV) experiments were carried out
within a potential range of 0.3 V to +1.3 V with a scan rate of 50 mV s™. Square
wave voltammetry (SWV) experiments were conducted at 10 Hz of frequency,
amplitude of 40 mV, and 5 mV step potential. Other parameters such as
conditioning potential and time, which are found to influence the square-wave
adsorptive anodic stripping voltammetry (SWAdASYV) technique, were studied
and optimized (0.6 V and 120 s). Analytical curves were obtained through the
addition of aliquots of the TMP standard solutions. The detection limit was

calculated considering blank solution deviation (n = 10) times three divided by



the analytical curve slope. The TMP concentration in the analytical curve was
determined in triplicate.

Field Emission Gun Scanning electron microscopy (FEG-SEM) and X-ray
energy dispersive spectroscopy (EDS) analysis (Jeol JSM 7500F) were
performed aiming at evaluating the material morphology. The electron beam
energy applied was 10 keV. Colour mapping was also performed using the
same equipment. The samples were prepared by dropping a CuPh/PC
suspension on a silicon plate and drying for 24 hours.

Raman spectroscopy was carried out directly on the powder samples
using a Raman spectrometer Witec model Alpha 300R. The experiments were
conducted following calibration at 514 nm (green laser) at low power level in the
range of 0 to 4000 cm™ after 10 seconds and 10 cycles of exposure.

Transmission electron microscopy (TEM) analysis was conducted using
a JEOL JEM-2100 equipment operating at 200 kV. Diluted particle dispersions
had been immobilized into carbon-coated copper grids, allowing slowly solvent

evaporation atroom temperature.

3 Results and discussion
3.1 ‘Morphological and structural characterization

The morphology of the materials PC, CuPh and CuPh/PC (in the ratio
1:4) was evaluated by scanning electron microscopy. The images obtained are

depicted in Figure 1.



Figure 1: FEG-SEM images obtained for PC (A), CuPh (B) and CuPh/PC 1:4

(wt %) films (C and D) in different magnifications.

Figure 1 (A) shows the image of a nanostructured, homogeneous and
highly porous PC film with average particle size of 20 nm. As these particles
can aggregate to form agglomerates, the pore size of PC samples can range
from microporous (up to 2 nm) to mesoporous (2 to 50 nm).[33] CuPhs film
(Figure 1B) exhibits rod-like structures with size of 10 um. The film obtained by
mixing PC and CuPh (CuPh/PC) combined the respective characteristics of the
separated materials. In Figures 1C and 1D (with different maginifications), one
can clearly observe the CuPh micrometric rods covered by the CB
nanoparticles. The presence of micro and mesoporous structures remains after
CuPh modification. An increase in surface area is also expected due to size of
CuPh. Moreover, the adsorption of the copper phthalocyanine and carbon black

materials could be confirmed.
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Figure 2: (A) CuPh/PC energy dispersive spectroscopy (EDS) analysis recorded
at 10 kV accelerating voltage and 15,000 magnification and (B) colour mapping

image of CuPh/PC film 1:4 (wt %).

Energy dispersive spectroscopy measurements (Figure 2A) confirmed
the presence of carbon, oxygen, copper and silicon elements of 0.280, 0.527,
0.937 and 1.740 corresponding energies. Si is attributed to the substrate used
for characterising the analysis. Literature reports show that PC carbon contains
oxygenated groups on its surface. [34] Copper atoms are the metallic centre of

the phthalocyanine group. Figure 2B represents the colour mapping image of
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the CuPh/PC material. Homogeneous dispersion of carbon and oxygen atoms
was observed along the film surface. The presence of copper atoms iS more
intense on the rods structure.

Through the Raman spectroscopy measurements conducted (Figure 3),
Cu-N bond deformation was noted which may be attributed <to the
phthalocyanine due to the presence of two bands around 232 and 254 cm™. [35]
Grzadziel et al. (2017) [35] and Beaulieu-Houle et al. (2014) [36] reported that
the intense band at 593 cm™ can be attributed to CuPc macro-cycle ring while
C-N-C and N-C-C bending modes can be assigned to the band at 680 cm™. The
low intensity bands at 1141, 1037 and 833 cm™ can be attributed respectively to
pyrrole breathing vibrational mode, C-H bending and C-N stretching. [35] C-N
stretching vibration can be associated with the band close to 1344 cm™. The
intense band at 1533 cm™ is assigned to isoindole mode according to Wang et
al. (2014) [37] and Grzadziel et al. (2017). [35] The band at 1448 cm™ was
assigned as Cg —Cg, Cg —C, —H and C4 —Ng, Nq —C4 —Cp , C—C—-H by Basova et
al. (2009). [38]

The CuPh/PC material exhibited the three of the most intense bands of
CuPh at 594, 678 and 1515 cm™, Figure 3C. The characteristic D (1340 cm™)
and G (1580 cm) bands were observed for the PC and CuPh/PC samples,
thus confirming the composition of amorphous carbon. [2] The G-band is
usually related to sp? domains vibrations of graphene or single-crystal graphite.
The D-band, on the other hand, is attributed to disorder and imperfection of
carbon crystallites. [2] Printex L6 carbon black (Figure 3B) presents the G peak
close to 1577 cm™. This shift in G peak position is characteristic of transition

from nanocrystalline graphite to amorphous carbon. [39] This transition also
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depends on the relation between intensity of D band and the clustering of the
sp? phase. This parameter directly influences optical, electrical and mechanical
properties of amorphous carbon. [39] The intensity of D band is relatively higher
for Printex L6 carbon black when compared to other carbon nanomaterials. This
could imply PC L6 presents higher evolution of sp? clusters or, in other words,
higher ordering of amorphous carbon crystallites. [39] The incorporation of the
CuPh has lowered such intensity proving the insertion of sp? rings and
consequently dropping the degree of imperfection. [39]

Thus, Ip/lc ratio can be calculated from these results indicating the
order/disorder of amorphous carbon. The same ratio of 1.84 was obtained for
both PC and CuPh/PC samples, although relatively lower D bands intensities
are observed for CuPh/PC material. Reduced intensities indicate the
introduction of sp*® carbon proving successful modification of carbon matrice.
Even after the incorporation of CuPh, the CB maintain its properties. Other
nanocarbon materials such as pristine carbon nanotubes, [40] functionalized-
CNT [41] and graphene [42] present lower Ip/lg values compared to carbon
black. This implies diminished amount of defect sites and terminal groups
resulting in higher purity material. [41] The increase of this ratio would also
suggest higher sp® carbon content probably bonded to oxygenated functional
groups at Printex L6 CB structure though not exceeding 20%. [39,43]

A further observation that merits mentioning is that the ratio obtained for
PC 6L is relatively lower than the reported values for other carbon black
materials such as Vulcan XC72R (2.64) and Vulcan E2000 (2.36). [2] The lower
In/lg ratio in PC 6L could be attributed to its relatively smaller number of defects

compared to Vulcan suggesting Printex L6 presents higher degree of order than

12



other carbon black materials. These findings are strong evidences to classify

carbon black as a material in transition between nanocrystalline graphite and

amorphous carbon. [41] Vulcan resembles more nanocrystalline graphite due to

higher Ip/lg ratio. In contrast, according to the amorphization trajectory and

decreased Ip/lg ratio, [39] Printex L6 properties are more similar to pure

amorphous carbon and in less extent to nanocrystalline graphite.
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Figure 3: Raman spectra of (A) phthalocyanine, (B) Printex L6 carbon and (C)

CuPh/PC 1:4 (wt %) materials.
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Figure 4: TEM images of (A) Printex L6 carbon and (B) CuPh/PC 1:4 (wt %)

materials.

The prepared materials have also been characterised using TEM
analysis. The CuPh (Figure 4B) is covered with Printex L6 carbon black (Figure
4A) nanoparticles. These results are in agreement with the scanning electron

microscopy results.

3.2 TMP electrochemical behavior

First, the electrochemical behavior of TMP was analysed by cyclic
voltammetry in 0.2 mol L™ PBS buffer and under pH of 7.0 for PC/GC,
CuPh/GC and CuPh/PC/GC electrodes. TMP electrochemical performance also
compared to the bare GC and pure CuPh film. Figure 5A describes the
irreversible behavior of TMP confirmed by the presence of an anodic oxidation
peak at 1.10 V for both PC and CuPh/PC carbon-based materials, Figure 5Ac
and 5Ad respectively. Pure carbon has proven to be massively more conductive
compared to pure phthalocyanine (Figure 5A curves ¢ and b respectively). A
significant increase in peak current (80 pA) was observed after the modification
of carbon black with CuPh. Very low and not well-defined peak current close to
1.2 V' 'was observed for the bare GC (Figure 5Aa) and CuPh/GC (Figure 5Ab)
electrodes. The carbon black induces a shift (100 mV) in the direction of less
positive potentials when compared to CuPh/GC and GC electrodes. The
addition of small amount of copper phthalocyanine to the carbon black has
evidently improved material sensitivity towards TMP determination. Xxxx. These
results clearly indicate that the combination of PC and CuPh materials produces
electrocatalytic effect in addition to contributing towards improving electron

transfer on the film surface.
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A similar behavior has been reported for CNTs modified with metal-
phthalocyanine in which the modified film revealed higher electrochemical
response in relation to each single material. [12]

The proportion of phthalocyanine as a carbon modifier was studied in this
work. Phthalocyanine/carbon 1:2, 1:4 and 1:6 (wt %) relations were investigated
(Figure 5B). The experiments conducted in this work reveal that an excess of
phthalocyanine (1:2) can cause a massive reduction of peak current values.
This result is in agreement to the nature of CuPh as an organic semiconductor
material and the excess of this material would lower conductivity. [14] By
diminishing the amount of phthalocyanine in carbon (1:4), anodic peak current
significantly improves in relation to pure carbon. And when the amount of
phthalocyanine is reduced (1:6), peak current drastically declines. In view of
that, subsequent experiments were conducted using CuPh/PC/GC electrode

with a ratio of 1:4 CuPh/PC.
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Figure 5: Cyclic voltammograms for 3.0x10* mol L'> TMP in 0.2 mol L™
phosphate buffer solution at pH 7.0, recorded for (A) GC (a), CuPh/GC (b),
PC/GC (c) and CuPh/PC/GC (d). v = 50mV s . (B) CVs recorded for pure PC

(c) and different proportions of CuPh/PC (wt %) 1:2 (a), 1:6 (b), and 1:4 (d).

Although carbon black is a widely studied -catalyst for H,O,
electrosynthesis and more recently as electrochemical sensor, some properties
of these materials are not well defined. Metallophthalocyanine are electron
transfer mediators with great adsorption to carbon nanomaterials. [15,16]
Carbon black (CB) is widely known for the superficial sp® orbitals and
consequently p pure orbitals available for interactions. For this reason, the
obtained CuPh/PC electrode could be described as noncovalent hybrid material
with strong adsorption through the -1 interactions. These interactions are
usually governed by the phthalocyanine planar macrocycle distortion to
increase the contact area with carbon surface. This effect is regardless of
chemical nature of the central atom over the binding energy. Furthermore, such

effect was reported based on the frontier HOMO and LUMO orbitals, spin
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density and binding energy studies of CuPh (paramagnetic open-shell) and
CNTs. [44] Therefore, when CB and CuPh are combined at an appropriate ratio,
there is increased superficial electron availability all over the material causing
the synergistic effect. This property, certainly favours electrochemical oxidation
reactions and results in improved current responses [12] as observed for the
TMP compound. This effect is due to greater electron transfer rate for this
process.

The exact interaction between the analytes and the
metallophthalocyanine are not always explored in electroanalysis. The literature
reports macrocyclic compounds are usually based in the metal atom of the
phthalocyanine offering extra adsorption sites to organic compounds. [11,45]
Recently, the interactions between the central metal atom and the 1-cloud of
organic molecules have demonstrated no effect on sensor response. [46] The
improved sensor response was attributed to the 1T-1 interactions of periphery
substituents the CuPh and the analyte, [46] as the frontier orbitals of CuPh have
no metal character.[15,16] Presumably, the increased electrochemical
performance for the proposed CuPh/PC/GC sensor is favoured by the tr-1r
interactions of the CuPh/PC film and the aromatic rings of the TMP compound.
These stable 1 system interactions result in faster diffusion of the organic
compound across the porous material. [46] In addition, the presence of PC
mesoporous structures favors the adsorption of TMP through these channels
into PC internal pores. [47] These TT-11 electrons interactions facilitate electron
transfer from the solution/electrode interface through the material until the

substrate.
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The electrochemical characterization of the modified material in 0.2 mol
L PBS buffer (pH 7.0) (supplementary material as Figure S1) revealed the
presence of two oxidation peaks at 0.85 and 1.10 V and a reduction peak at
0.48 V at the cyclic voltammograms. The oxidation peaks could also be
confirmed using SWV technique. The presence of these peaks could be
associated to the interaction of copper (lI) with phosphate ion (Cu-O) [48],
corroborating the idea that the phthalocyanine metal atom would not be

interacting with the carbon surface or the TMP but the electrolyte only.

3.2.1 TMP oxidation mechanism

TMP oxidation on CuPh/PC/GC may occur in a manner similar to the
mechanism proposed by Rajith, L. et al for manganese porphyrin. [11] The
overall reaction (Figure 6) occurs by the consumption of 4 electrons and
deprotonation of the amino group. [11] The first step involving TMP oxidation
pathway is the deprotonation of the NH, group followed by the loss of one

electron. This step Is repeated until the complete oxidation. [11]

NH, NO
0 o
N7 “CH, N7 CH;
)I\ i _CHs |=> /lk o2 _cH, T4e +4H'
H,N~ N o HoN N o
o} o
“CHs “CH;

Figure 6: Trimethoprim catalytic oxidation mechanism.

3.2.2 Study of the influence of scan rate and TMP adsorption

Cyclic voltammetry was used to evaluate the effect of scan rate on the
TMP electrochemical response on the CuPh/PC/GC electrode (Figure 7). The

experiments were performed using 3.0 x 10® mol L* TMP in 0.2 mol L™
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phosphate buffer (pH 7.0) and the scan rate was kept within the range of 5 to

200 mV s so as to evaluate TMP oxidation.
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Figure 7: (A) Cyclic voltammograms of CuPh/PC/GC electrode for 3.0 x 10 mol
L*TMP in 0.2 mol L™ PBS (pH 7.0) at different scan rates ranging from 5 to 200
mVs™. Inset: the oxidation peak current vs. square root of the scan rate and the
log Ip vs log v (scanning range: 0.7 to 1.3 V). (B) 10 successive cyclic

voltammograms on CuPh/PC/GC electrode (v = 50 mVs™).
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According to the literature, mass transfer across the electrode surface is
associated with the relation between the anodic peak current (l,p) and scan rate

(v). Whenever a linear association is obtained from I, versus v

, the process
is said to be diffusion controlled. Conversely, if there is a linear relationship
between I, and v, the process is found to be adsorption-controlled. [1] In our
present study, both adsorption and diffusion of the species on the electrode
surface occurs suggesting electrode reactions across the surface progressively
change from adsorption to diffusion. [49] The regression equations (1 and 2) are
described:

lap= -4.32 x 10 + 1.97 x 10™v; (r = 0.995) Equation (1)

lap= 1.55 x 10 + 3.75 x 10™ v; (r = 0.969) Equation (2)

TMP anodic peak current is shifted towards more positive potentials as
the scan rate is increased. Figure 7A describes the linear relationship observed
between |5, and v*? (r'= 0.995) with a slope of 1.97 x 10™. The slope is 3.75 x
107 for the I, and v relation (r = 0.969). Although linearity is observed for both
the square root of the scan rate and the scan rate, diffusion of the TMP species
is the dominant effect as indicated by the lower slope of the linear relation. For
this reason, diffusion limits the rate of mass transfer on the electrode surface.
[49] This observation could also be confirmed considering the linear relationship
between the logarithm of the peak current (log Ip) and the logarithm of the scan
rate (log v) (Eq. 3) with a slope of 0.54 (r = 0.997) [1] (inset Figure 7A).

lap=-3.7 + 0.54 v; (r = 0.997) Equation (3)

The adsorptive feature of TMP was studied using cyclic voltammetry
(Figure 7B). Following 10 successive scans, the TMP oxidation process at 1.1V

20



was found to decrease significantly as the number of scans increased from 1 to
10. It is likely that the TMP oxidation product (Figure 7) forms a film on the
electrode surface, hampering diffusion of species to the active sites and
consequently lowering the peak current. [50] In light of that, the effects of pre-
concentration potential and time on TMP determination were studied using
SWYV in the range of 0.6 to 1.3 V (data not shown). Initially, the time was set at
60 s and the potential was studied at -0.2; 0.0; +0.2; +0.4; +0.6, and +0.9 V.
Relatively higher peak current and peak definition were obtained at +0.6 V. An
increase of 0.35 A was observed in the peak current when the potential was
applied for 120 s. Regarding longer periods of time, the peak current was found
to decrease given an increase in time. The peak definition and peak current
were both found to decline at shorter periods of time.

TMP adsorption process in massively influenced by the solution pH.
Once again, the presence. of oxygenated surface group affects this process.
Maximum TMP peak current had been obtained at pH 7.0; for lower and greater
values, peak current massively decreases (data not shown). This trend is
associated to the adsorption of TMP molecule in the carbon black surface.
Similar trend has been reported. [47] This process is known as proton exchange
mechanism thus mediated by H” release to solution.

Prior to the electrochemical oxidation of TMP, firstly pore diffusion and
chemical interactions occurs. The presence of CB mesopores facilitates
diffusion of species to the internal pores. The enhanced catalytic activity of
carbon black materials is commonly attributed to the superficial oxygenated
groups. These groups are responsible for altering the acid-base character and

the electron donor/acceptor properties of carbon materials. [47] Carboxylic acid
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and lactonic groups can act as Tr-electron-acceptors and promote strong
interaction with aromatic rings of TMP due to 1—1 electron donor-acceptor
interactions. [47] Besides, strong hydrogen bonds interaction can be formed
between these oxygen rich groups and the —CHs; (amino) and/or —OCHj;
(methoxy) substituents of TMP. [47] These TT—1T electron interactions can also
be established with the aromatic rings present of the CuPh ligand.

Considering TMP pka (pka;= 3.2 and pKa,= 6.7) [51] and the solution pH
(7.0), one group of the molecule is deprotonated and the other partially
protonated/deprotonated. Thus, an electrostatic interaction is possible between
the TMP negatively charged with the aromatic system of phthalocyanine and

carbon oxygen rich groups.

3.3 Analytical performance

TMP determination was carried out via optimized analytical method using
square-wave adsorptive anodic stripping voltammetry (SWAdASV) technique
and CuPh/PC/GC electrode. The pre-concentration step at +0.6 V for 120 s was
performed prior to all studied conditions. The parameters including amplitude
(a), frequency (f) and scan increment (AE) were optimized in the range of 5 -
100 (mV), 10 — 60 (Hz) and 1 — 10 (mV) respectively for TMP determination.
The values were selected based on the magnitude and shape of the analytic
signal, repeatability, accuracy and baseline stability. [1] The parameters and

their respective values are shown in Table 1 below.
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Table 1: SWV optimized parameters for CuPh/PC/GC

Parameters studied range selected value
Amplitude (mV) 5-100 40
Frequency (Hz) 10-60 10

Step potential (mV) 1-10 5

Figure 8 shows SWYV curves obtained for varying concentrations of TMP
in 0.2 mol L™ PBS under pH of 7.0. Results show the anodic peak current was
directly proportional to the TMP concentration in two different ranges consisting
of 0.4 to 1.1 umol L™"and 1.5 to 6.0 umol L™ (r = 0.994 and 0.986) respectively.
The linear regression equations obtained from the analytical curves are Iy =
8.89x107 + 5.82 [TMP] and Iy, = 9.09%10° + 0.79 [TMP] (x10™° mol L™). The
calculated detection limit (LOD) was 6.70x10 and 4.93x10® mol L™ for the first
and second linear regions respectively (n = 3).

The presence of two linear segments in the determination of TMP
suggest a mixed mass transportation system. The first linear region presents a
higher slope as a result of strong adsorption process of the analyte on the
CuPh/PC/GC electrode surface. The presence of a second linear region with a
lower slope, indicates the beginning of a diffusion process on the previously
formed monolayer at the material surface. Besides, in determinations of this

nature, both linear ranges can be used to TMP quantification. [52,53]
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Figure 8: Square wave voltammograms for. CuPh/PC/GC sensor with the
optimized parameters. The different TMP concentrations ranged from blank to
0.4 (1), 0.6 (2), 0.8 (3), 1.0 (4), 1.2 (5), 1.3/(6), 1.5 (7), 1.9 (8), 2.4 (9), 3.0 (10),
4.0 (11), 5.0 (12) and 6.0 x 10° mol L™ (13). Inset: linear dependence of the

anodic peak current vs. TMP concentrations (0.4 to 1.1 umol L™ (squares) and

1.5 to 6.0 umol L™ (circles)).

Previous results reported in literature using electroanalytical methods for
TMP determination had been compared to the results obtained in this work (see
Table S1 in the supplementary data). CuPh/PC has a low detection limit similar
to the ones reported for BDD [54] and MIP-graphene-GC. [18] Although CNTs
[55,56] presented even lower LOD, both CNTs [56] and BDD [19,54] materials

are more expensive than carbon black.
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3.4 TMP determination in natural water samples

The application of the developed CuPh/PC/GC sensor was conducted by
the determination of TMP in natural water using the optimized SWV
methodology. The river water samples were spiked with two fortification levels
of 5.0 and 10.0x107® mol L™ The results obtained in terms of recovery
percentage are presented in Table 2. CuPh/PC/GC sensor has essentially
proven to be reliable for the determination of pharmaceutical compounds.
Excellent recoveries of 97.4 and 99.6% demonstrate undoubtedly that the
sensor can be applied successfully towards TMP determination even in the
presence of a complex matrix. These results reinforce the application potential
and suitability of CuPh/PC/GC sensor in environmental monitoring analysis.
Environmental samples analysis is highly demanded. [57] as well as the

monitoring at the end point of industrial level wastewater. [24]

Table 2: TMP determination in water sample by SWV.

Sample* Added/pmol L*  Found/umol L™ % Recovery RSD
5.0 4.87 97.4 0.9703
River Water
10.0 9.96 99.6 0.9712
*(n=3)

3.5 Interfering agents, Reproducibility and stability

The determination of 3.0x10™* mol L™* of TMP was performed in the
presence of interfering agents for the CuPh/PC/GC sensor. Inorganic and
organic compounds were added to 0.2 mol L™* PBS buffer solution (pH 7.0). The
organic interfering agents were selected taking into account the possible

substances present in river water such as dyes, endocrine disruptor and other
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pharmaceutical compounds. The ratios of TMP to interfering agents were 1:100
and 1:50 for inorganic and organic agents respectively. The ions Na®*, K*, CI,
and SO, % (93.2, 99.6, 99.6 and 102.8%) were found to present no interference
in TMP determination. By contrast, propylparaben, alizarin, dipyrone and
paracetamol enabled TMP detection with great recoveries of 90.4, 97.2, 96.4
and 93.3% respectively.

Reproducibility of the CuPh/PC/GC electrode was investigated using the
previously optimized SWV method. Three successive determinations were
carried out and the relative standard deviation (RSD) obtained was 5.4 %,
which is clear evidence that the sensor is, indeed, reproducible. Furthermore,
the CuPh/PC/GC electrode stability was studied considering films prepared at 1,
15 and 30 days prior to measurements. The material presented a stable anodic
peak current. The Ipa values of 103.9 and 94.5% obtained suggest the material
exhibits great stability as an electrochemical sensor when stored in air and at

room temperature for a long time. [58]

4 Conclusion

The modification of Printex L6 carbon black nanospheres with copper (ll)
phthalocyanine has proven to be effective in the synthesis of a new sensing
material. There is strong adsorption of CuPh in the PC surface due to the -1
interactions. The combination of CB and CuPh materials proved electrocatalytic
effect towards TMP determination. The cyclic voltammetric results for the
CuPh/PC/GC sensor showed an increase in the analytical response and
improvement in the electron transfer kinetics for TMP oxidation compared to the

bare GC electrode. The proportion of CuPh in PC demonstrated to have a
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massive impact on the electrochemical performance of the material since
relatively larger amounts of phthalocyanine contributed towards a decline in the
TMP analytical signal. Scan rate studies demonstrated TMP mass transfer
across the surface progressively changes from adsorption to diffusion. at
carbon/CuPh surface. The proposed CuPh/PC/GC sensor was applied‘to TMP
determination using square-wave adsorptive anodic stripping < voltammetry
(SWAJASV). Two linear ranges of 0.4 to 1.1 umol L™ and 1.5 to 6.0 pmol L™
were obtained with limit of detection of 6.7x10” mol L™.'Both curves can be
used at TMP quantification. Based on the results obtained, the proposed
material has, in effect, proven to have excellent stability and repeatability. The
successful testing of the material in natural water shows its great potential for

application in water quality control.
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Highlights

Carbon black Printex L6 (PC) was used as cheaper and stable alternative platform
for electrochemical sensors development than other carbon nanomaterials.

Copper phthalocyanine modification resulted in noncovalent hybrid material with
strong adsorption to carbon black due to z-m interactions.

The m-m interactions inside the CuPh/PC and at electrode/electrolyte interface
increased sensing response due to faster electron transfer.

Trimethoprim has been detected in a wide linear range comprised of two linear
regions. showing the mixed mass transport
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