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Accurate and efficient detection of chemical oilfield tracers is essential for enhanced oilfield geological
analyses. We report the development of an electrochemical sensor for detecting carmine (CM) using
coal tar pitch secondary residue (CTPSI) as a carbon precursor. Porous carbon materials derived from
CTPSI (CTPSI-PC) were synthesized through high-temperature carbonization and strong-alkali activation.
The CTPSI-PC material had high specific surface area, excellent conductivity, and a dense porous
structure. Under optimized conditions, the constructed sensor demonstrated good electrochemical
performance for CM detection, with a wide linear range of 10-200 uM, high sensitivity of 5.7324 A L cm?

mol™, and a low limit of detection of 0.017 pM (S/N = 3). In real oilfield water samples, the recovery rate
Received 16th May 2025 99.4% and 103.2%, showi llent ducibility, stability, and selectivit inst
Accepted 8th July 2025 was 99.4% an .2%, showing excellent reproducibility, stability, and selectivity against common
interfering ions. These findings highlight the potential of CTPSI-PC-based electrochemical sensors as
DOI: 10.1035/d5ra03456f efficient and reliable tools for quantitative detection of oilfield tracers, and lays a foundation for practical

rsc.li/rsc-advances applications in oilfield monitoring.
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1. Introduction

Oilfield tracers are essential tools in petroleum exploration.
There are many types of oilfield tracers, and the commonly used
gas tracers have the disadvantages of complex preparation
process, expense, and environmentally unfriendliness, which
restricts their utility. Common chemical tracers such as organic
dyes, fluorescein, SCN, Br, and ethanol, which are inexpensive,
readily available, and have excellent chemical, physical, and
biological stabilities, widely used in oilfield tracing." Among
them, carmine red (CM) has the characteristics of being odor-
less as well as being resistant to light, acids, and heat. It is used
in various fields, such as food, dye, and petroleum industries,
and can be used as an oilfield tracer for evaluating reservoir
geology.”™* Therefore, CM is crucial for the detection of chemical
tracers.

Recent advances in material science, particularly the devel-
opment of carbon-based electrode materials such as coal-based
porous carbon, have significantly enhanced the performance of
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electrochemical sensors. Coal tar pitch (CTP) is produced as
a byproduct during the processing of coal tar in industry.® Using
CTP as a basic carbon source, the components and synthetic
process can be adjusted to produce porous carbon materials
with different morphologies and excellent properties, such as
large specific surface area, high electrical conductivity, and
dense porous structure.® However, due to the complex compo-
sition of CTP, there are many impurities, which will lead to the
poor electrochemical performance of carbon materials.”®
Based on solubility parameters, the optimal extractants are
selected and CTP is extracted stepwise. After stepwise extrac-
tion, the light components in CTP are removed. Then, the
hydrogen and oxygen contents are reduced, and the degree of
aromatic-ring condensation is increased, thereby obtaining
better precursors for porous carbon materials. The latter
demonstrate significant feasibility for electrochemical sensing
applications,”* providing novel pathways for commercializing
CTP-derived carbon sensors.'>*> This approach can realize the
secondary utilization of CTP as a high value-added resource.”**
Hansen developed “Hansen Solubility Parameter Software”
(HSPiP) based on the solubility effect of solvents on materials.*®
The HSP of the material can be quickly and accurately simu-
lated and calculated using a computational model of a generic
algorithm for analytical fitting. In HSP theory, the total solu-
bility parameter (d;) of the material to be measured consists of
three components: polar solubility parameter (Jp), dispersive
solubility parameter (dp), and hydrogen bonding solubility
parameter (dy). This approach provides reliable theoretical
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support for extractant selection and separation of coal
bitumen."”**

CTP-based porous carbon (CTP-PC) materials are widely
used in scientific research and practical applications because of
their high specific surface area and readily controllable surface
chemistry.">** Combined with high electrical conductivity, high
thermal conductivity,” high chemical stability and low density
of coal bituminous carbon materials, and a wide range of
sources of low cost, CTP-derived carbon materials can provide
high levels of electrical and thermal conductivities, stability,
and low density.?” They show great potential for applications in
CO, adsorption, catalysis, hydrogen storage, electrochemical
sensors, lithium cathodes, as well as electrochemical bilayer
capacitors and fuel cells.”®

Oilfield tracer technology involves injecting tracers into
reservoirs to monitor formation connectivity, flow dynamics,
and production efficiency.>* Among chemical tracers, carmine is
extensively applied in geological analyses due to its stability and
detectability,>>*¢ so it is crucial for the rapid detection of CM.
Traditionally, the detection of chemical oilfield tracers has
relied on spectrophotometry, chromatography, capillary elec-
trophoresis, and fluorescence analyses.”” These methods are
widely used and offer reliable results, but they often involve
complex procedures, extended analytical times, and high
operational costs, highlighting the need for more efficient
alternatives.”®*°

Electroanalytical methods have gained significant attention
for carmine detection in recent years. These methods are
simple, cost-effective, sensitive, and amenable to miniaturiza-
tion, making them highly competitive tools for oilfield tracer
analysis.**** The integration of advanced materials, such as
CTPSI-derived porous carbon, further enhances the sensitivity
and selectivity of electrochemical sensors, providing a practical
alternative to conventional methods.

We employed HSPiP software to simulate the solubility
parameters of CTP, and selected ethanol and toluene as
extractants for stepwise extraction. Through this process,
primary (CTPPI) and secondary (CTPSI) residues were obtained
and characterized using Fourier transform infrared (FT-IR)
spectroscopy to analyze their chemical structures. The CTPSI
was utilized as a carbon precursor to prepare CTPSI-PC through
high-temperature carbonization and template methods. These
materials were subsequently employed to modify electrodes,
enabling preparation of an electrochemical sensor for CM
detection. The electrochemical performance and electro-
catalytic mechanism of the sensor were systematically
investigated.

2 Experimental details

2.1 Instruments and reagents

All chemicals were of analytical grade and used without purifi-
cation. CTP (high temperature) was from Hami Naomao Lak in
Xinjiang (China). Oilfield water was from Lun nan Oilfield
TK25KH in Xinjiang. Before application, they underwent
vacuum filtration to remove sediment and large particles. K;[Fe
(CN)¢], carmine, HCl, Na,HPO,, NaOH, NaH,PO,, KOH, KCl,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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H,0, K,[Fe (CN)], and anhydrous ethanol (99%, SRL) were
procured. Solutions were made with double-distilled water.
Solution phosphate buffer (0.1 M PBS) was made of 0.1 M
NaH,PO, and 0.1 M Na,HPO,. The pH of 0.1 M PBS was
adjusted using 1 M HCl or 1 M KOH. Electrochemical tests were
carried out on the CHI-840b electrochemical workstation.
Glassy carbon electrodes (GCEs) were polished with an alumina
slurry of particle size 0.3 and 0.05 pm, and then ultrasonically
washed in anhydrous ethanol and double-distilled water for
3 min each.

2.2 Separation of CTP

The HSP was determined by a dissolution test: 0.1 g of CTP was
placed in a stoppered test tube, and after that 1 mL of different
organic solvents were added to each stoppered test tube.
Dissolution was observed, and the dissolved ones were recorded
as “1” and the undissolved and partially dissolved ones were
recorded as “0”. The HSP of all solvents and CTP was distributed
in a sphere. The center of the sphere was the optimal HSP of the
organic solvents obtained from the simulation. Ethanol and
toluene were selected as extractants. Coal pitch was extracted
step-by-step to obtain CTPPI and CTPSI in turn. Based on the
HSPIP, the solubility parameters of CTP have been published.*®

2.3 Compound of CTPPI-PC material and CTPSI-PC
modified GCE

Specific steps were used to make CTPSI-PC. Briefly, CTPSI, KOH,
and silica were mixed and placed in containers to grind
completely. After that, the CTPSI composite was carbonized in
a Np-atmosphere tube furnace at a heating rate of 5 °C min™".
Then, the materials were annealed for 3 h at 800 °C in a N,
environment. To maintain stability, the material was washed
with a 1 M HCI solution and 1 M NaOH solution, which
removed silica and stayed neutral. Finally, samples were dried
at 90 °C for 10 h and labeled “CTPSI-PC”. In addition, CTP-PC-
and CTPPI-PC-modified electrodes were synthesized under
identical conditions for comparison with the CTPSI-PC elec-
trode (Fig. 1).

CTPSI Formwork
N, T 5°C/min to 800°C,
. | v then activated for 3 hours
E__3
Tube furnace
CTPSI- PC
o’ .‘ Drying Cleaning
" .‘
. ?
/‘ g‘ »
0 — o—
1 M NaOH 1 M HCI

Fig.1 Synthesis of CTPSI-PC.
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3 Results and discussion

3.1. FT-IR spectroscopy

To evaluate the composition adjustment of CTP by different
solvents, FT-IR spectroscopy was carried out on the three carbon
sources of CTP, CTPPI, and CTPSI respectively. As shown in
Fig. 2, the molecular structures of the three samples were quite
different. An -OH stretching vibration absorption peak
appeared at the wave number of 3421 cm ™', and the strength of
the -OH peak decreased with an increase in the extraction stage.
This finding indicated that CTPSI contained fewer hydroxyl
groups compared with the other two samples. At 2916 cm ™/,
1585 cm™ ', and 1434 cm™ ', fatty C-H stretching bending
vibration absorption peaks and C=C skeleton stretching
vibration absorption peaks appeared. With stepwise extraction,
the strength of aromatic C-H (of 2916 cm ') weakened, indi-
cating that the condensation degree of the aromatic ring grad-
ually increased, and the hydrogen content gradually decreased.
At wave numbers 1600 to 1750 cm ', as the extraction order
increased, the spectral band gradually widened, representing
the stretching vibration of C=0 on ester or carboxyl groups,
and the peak of wave number 1180 cm ™" was attributed to C-O
in the ester. In the range of wave numbers 880-680 cm ™", three
types of C-H bending vibration characteristic peaks on the
benzene ring (740 cm™', 798 cm ™', and 871 cm™') were
observed, which decreased with an increase in extraction order.
In summary, the hydrogen and oxygen contents gradually
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decreased, the degree of aromatic ring condensation increased,
and the molecular weight gradually increased, eliminating the
lightweight components in CTP and making it a better carbon
precursor.

3.2. Characterization of the ESI-PC composite

To characterize the morphology and structure of the synthe-
sized CTPSI-PC material, SEM and TEM were done. Fig. 3a is the
SEM image of CTP, which did not have a porous structure.
Fig. 3b is the SEM image of the CTPSI-PC material, which had
a dense porous structure on the surface and uneven distribu-
tion of pore sizes. To validate the SEM results further, TEM was
used to analyze the material (Fig. 3¢). Many pore structures were
clearly distributed on the surface of the material, further sup-
porting the results of SEM. In summary, CTPSI-PC material had
a high specific surface area and was a typical porous carbon
material.

Fig. 4a shows the N, adsorption-desorption isotherm curve
of CTPSI-PC material. It can be observed that it had a typical
type-1V adsorption-desorption contour line for temperature and
related subjects. In the range 0.4-0.7, there was an H2-type
hysteresis loop of typical columnar pores, indicating that it
had a mesoporous pore structure. Fig. 4b shows the pore-size
distribution of the sample. The pore size of the material was
relatively uniform, with a concentrated average pore-size
distribution and many mesoporous structures. The main
pore-size distribution was around 2-20 nm. A mesoporous
structure facilitates rapid electron transfer, improves the
performance of carbon materials, and enables CTPSI-PC mate-
rials to have better electrochemical performance.

The degree of graphitization of CTPSI-PC material was
studied using XRD and Raman spectroscopy. As shown in
Fig. 5a, strong and sharp diffraction peaks could be observed
near 30° and 60°. Near 43°, a weak and broad diffraction peak
was observed, corresponding to the (002), (100), and (110)
reflection surfaces, indicating that CTPSI-PC had a high degree
of graphitization.*® Fig. 5b shows the Raman spectrum of CTPSI-
PC. The D and G peaks were located at 1332 cm ' and
1587 cm ', respectively, and the 2D peak appeared around
2918 cm ', The presence of the D band indicated numerous
defects in the CTPSI-PC material, and the G and 2D bands
denoted a high degree of graphitization. The Iy/I; ratio was
calculated to be 1.04. If the ratio is >1, it denotes a good graphite

Fig. 3 (a) SEM of CTP. (b) SEM of CTPSI-PC. (c) TEM of CTPSI-PC.
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Fig. 4 (a) Adsorption and desorption isotherm curve of CTPSI-PC. (b) Pore-size distribution of the material.

structure. The characterizations stated above confirmed the
graphene or graphene-like structure of the CTPSI-PC material.>”

3.3 Electrochemical behavior of carmine at different
electrodes

To compare the electrocatalytic performances of carmine at
different electrodes, CV was carried on bare GCE, CTPPI-PC/
GCE, CTP-PC/GCE and CTPSI-PC/GCE in 0.1 M PBS at a pH of
1.0. Fig. 6a shows that on bare GCE, no electric signal appeared
from carmine (curve GCE). CM showed reversible redox
behavior on CTP-PC/GCE, CTPPI-PC/GCE and CTPSI-PC/GCE.
The CM redox peak current of the CTPSI-PC-modified elec-
trode was far greater than that for the other GCE. These results
showed that CTPSI-PC had an excellent electrocatalytic effect
and CTPSI-PC/GCE had excellent sensitivity to CM. Hence, the
proposed CTPSI-PC/GCE was chosen for additional studies of
CM detection.

The electrochemical impedance spectroscopy (EIS) of
various electrodes in 5 mmol L' K;[Fe(CN)s]/Ky[Fe(CN)s]
solution containing 0.1 mol L™" KCl solution was undertaken
(Fig. 6b). The Nyquist plot of the electrochemical impedance
spectrum contained a semicircular part at high frequency and
a linear part at low frequency, which represents the electron
transfer dynamics of the redox probe on the electrode surface.
Bare GCE had a large semicircle and a straight line featuring the
diffusion-limiting step of the Kj[Fe(CN)e]/K4[Fe(CN)g]
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processes. After the GCE was modified with CTP/PC, CTPPI-PC,
or CTPSI-PC, the semicircle diameter decreased, meaning that
these conductive materials facilitated electron transfer. The EIS
curve for CTPSI-PC/GCE exhibited a straight line, which
revealed that the electron-transfer kinetics of the redox probe
were so fast that the semicircle disappeared. This finding
indicated that the CTPSI-PC materials had high conductivities.

3.4 Effect of scan rate

Kinetic studies of the electrode reactions were investigated
using CV of CTPSI-PC/GCE at different scan rates in 0.1 M PBS
containing 100 uM CM at pH = 1.0. Fig. 7a reveals the CV curves
of CM at a CTPSI-PC-modified GCE with scan rates ranging from
10 to 200 mV s~ '. The peak current of CM increased linearly
with increasing electrode reaction scan rates, and plots of the
relationship between peak current and scan rates were drawn.
Moreover, the peak current of CM varied linearly with the scan
rate, and the regression equations were I,, = —0.2407v — 2.6807
(A, mV s, R =0.9932) and I,,, = 0.2446v + 2.1361 (uA, mV s/,
R =0.9971). These data demonstrated that the redox reaction of
CM on CTPSI-PC/GCE was an adsorption-controlled process.*®

3.5 Effect of pH

The pH of the supporting electrolyte solution (PBS in our case)
directly affects the form of the test substance and the

intensity(a.u)

' L L L L
500 1000 1500 2000 2500 3000 3500

Raman shift(cm™)

(@) XRD spectrum of CTPSI-PC. (b) Raman spectrum of CTPSI-PC.
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conductivity of the electrochemical reaction system, thereby
affecting the electrochemical signal. To improve the response
sensitivity of CM, the pH of the solution was optimized. Fig. 8a
shows the LSV curves of CM at different pH values (1.0, 2.0, 3.0,
4.0, 5.0) on CTPSI-PC/GCE. As shown in Fig. 8a, the peak current
gradually decreased with an increase in pH. In Fig. 8b, the peak
current was highest when pH = 1.0, which was attributed to the
redox of CM on the modified electrode. Also, the azo group on
the CM molecule was reduced to N-N- under strong acid
conditions; the more H' content, the faster the reaction rate,
and the stronger the current response. With an increase in pH,
the lower the H' content, the weaker was the reaction. In
addition, as shown in Fig. 8c, the peak potential shifted in the
negative direction and there was a linear relationship between
the peak potential and pH. In the linear regression equation E,
(V) = —0.0529 pH + 0.5045 (R = 0.9925), the slope of the line in
the equation was 52.9 mV pH ™. This was close to —59 mV pH "
in the Nernst equation at 25 °C, indicating that the same
number of protons and electrons participated in the reversible
electrochemical redox process of CM, and the proton concen-
tration in strong acid solution was high. Hence, an electrode
reaction could occur readily, so pH = 1.0 was selected as the

26416 | RSC Adv, 2025, 15, 26412-26419
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best pH. The mechanism of the electrochemical reaction of IC
at the surface of PSMCPE is shown in Fig. 9.

3.6. Analytical performance for of carmine determination

Compared with other methods of electrochemical detection, LSV
technology has higher sensitivity, with a pH of 1.0 and a scanning
speed of 100 mV s denoting optimal test conditions for our
study. Under a scan potential of 0.2-0.6 V, we used LSV to study
CTPSI-PC/GCE for the detection of different concentrations of CM
(10, 20, 30, 50, 70, 90, 110, 130, 150, and 200 uM), and determined
the correlation linear relationship (Fig. 10a). The LSV curve
showed that when the CM concentration increased from 10 pM to
200 uM, the peak current increased accordingly. According to
Fig. 10b, there was a good linear relationship between the CM
concentration in the range 10-200 uM. The linear equation was
Ipa (MA) = —0.45159C (uM) — 4.0100 (R = 0.9942), sensitivity was
5.7324 AL cm® mol ', and the limit of detection (LOD) was 0.017
uM. These data indicated that CTPSI-PC/GCE had a high sensi-
tivity to CM. According to Table 1, compared with other reported
methods for detecting CM, the electrochemical sensor con-
structed using CTPSI-PC material had higher sensitivity and lower

© 2025 The Author(s). Published by the Royal Society of Chemistry
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LOD and better application prospects. Besides, Table 1 lists the
LOD for CM recorded at different electrodes reported by other
researchers. In comparison with electrochemical approaches
described previously, the constructed sensor had a wide linear
range and lower LOD.

3.7. Repeatability, reproducibility, and stability of CTPSI-PC-
modified GCE

LSVs verified the reproducibility of CTPSI-PC/GCE. Ten versions
of CTPSI-PC/GCE were constructed for use in carmine analyses,
and the relative standard deviations (RSD) was 0.90%,

© 2025 The Author(s). Published by the Royal Society of Chemistry

respectively. Furthermore, repeatability was investigated by
measuring the same electrode five times, with the RSD of
carmine being 2.73%. The electrochemical performances of
CTPSI-PC/GCE was determined after 15 days of storage at room
temperature. The oxidation peak current of carmine was 1.43%
of the RSD, indicating that the constructed carmine sensor has
good reproducibility, repeatability, and stability.

3.8. Interference studies

Some interfering chemicals were added to the test to confirm
the anti-interference property of CTPSI-PC/GCE. A detection of
10 uM carmine in 0.1 M PBS (pH = 1.0) was explored. The data
show that adding a tenfold excess of various interfering ions
(blank, Ca**, K%, Na‘, Mg>*, NH*, Br~, Sr**, Ba*", CO;*",
HCO; ™, Cl™, SO,>", NO; ) has no significant effect on carmine
detection. For the detection of carmine, the relative error caused
by interfering compounds was +5%. Fig. 11 shows that the
competitors had no effect on the detection of carmine, indi-
cating that the constructed sensor had a high selectivity for
carmine.

3.9. Analyses of real samples

CTPSI-PC/GCE was used to assess the practical application
performance of the developed sensor. We measured the CM
concentration in an oilfield water sample using a standard
addition procedure (i.e., CM was detected in a real sample).
Following the addition of a known quantity of carmine to the

RSC Adv, 2025, 15, 26412-26419 | 26417
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Table1 Comparison of CM determinations between the present work
and reported methods

Electrode Method Range (uM) Detection limit Report
ALMCPE® Ccv 20-500 pM  0.78 uM 39
Y,0,@GPE” DPV 5-300 M 0.17 pM 40
P(GA)LMWCNTPE® DPV 5-50 pM 0.36 pM 41
PSMCPE? DPV 0.3-3.5uM  0.13 pM 42
CTPSI-PC/GCE LSV 10-200 pM  0.017 pM This work

“ Alanine-modified carbon paste electrode. ? Yttrium oxide (Y,Os)
nanoparticles to modify a graphite paste electrode. ¢ Poly(glutamic
acid)-layered multiwalled carbon nanotube paste electrode.
4 poly(serine)-modified carbon paste electrode.
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Fig.11 LSV response of CMin 0.1 M PBS solution at pH = 5.0 at CTPSI-
PC/GCE for different interfering compounds.

test system (Table 2), the recovery was 99.4% and 103.2%. These
findings showed that the constructed sensor could detect CM
quickly in oilfield water circumstances. To verify the accuracy of
the constructed electrochemical sensor, high-performance
liquid chromatography (HPLC) was used to test the known

26418 | RSC Adv, 2025, 15, 26412-26419

Table 2 Detection of CM in oilfield water samples

Sample Added (uM) Found (uM) Recovery (%)
1 10 10.13 101.3
2 20 20.63 103.2
3 40 40.60 101.5
4 60 60.57 100.9
5 100 99.53 99.4

CM content in a real sample. With a CM concentration of
20 mg L', the LOD of HPLC detection was 19.998 mg L', and
recovery rate was 99.99%. The relative error between the HPLC
result and the constructed electrochemical sensor at the same
concentration was 3.2%, indicating that the electrochemical
sensor had high accuracy. This sensor has good application
prospects for the detection and analyses of CM content in actual
samples.

4. Conclusions

A GCE-modified with porous carbon derived from CTPSI-PC was
fabricated and electrochemical performances evaluated. The
electrochemical behavior of CM on CTPSI-PC/GCE was charac-
terized using CV and LSV, revealing rapid electron transfer
kinetics and outstanding electrocatalytic activity towards CM.
Under optimal conditions, the CTPSI-PC-modified sensor
exhibited excellent analytical performance, including high
sensitivity, a broad linear detection range (10-200 uM), a low
LOD of 0.01 uM (S/N = 3), as well as exceptional repeatability
and reproducibility. The sensor also demonstrated superior
selectivity in the presence of common interfering species,
making it well-suited for the reliable detection of CM in
complex matrices. The functionality of the sensor was verified
by quantifying CM in authentic oilfield water samples under
controlled analytical conditions, achieving consistent recovery
rates and high precision. These findings confirm the potential
of the sensor as candidate technology for practical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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implementation, pending validation in operational field envi-
ronments and system-integration studies.
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