Adsorption-Based Electrochemical Sensor Design for
the Aqueous Detection of Paracetamol
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This study investigates the critical role of adsorption in the development of
electrochemical sensors, focusing on carbon (Vulcan XC72R, acetylene black, and
graphite) and zeolite (high-silica ZSM-5 and all-silica zeolite §) materials. Based
on the paracetamol adsorption characteristics of these materials, an optimized
disposable electrochemical sensor is created. This sensor exhibits a linear range
of up to 5 pM and a remarkable detection limit of 150 nM (S/N = 3), ~1000-time
improvement over the blank sensor. Moreover, paracetamol can be measured
selectively because glucose has no adsorption affinity for the selected sensor
materials. These findings underscore the significance of adsorption properties in
sensor material selection in enhancing sensitivity and robustness against

interfering species.

1. Introduction

The electrochemical detection of organic molecules in aqueous
media offers low detection limits (nM range), fast measurement
(seconds), and easy sample handling, often without pretreat-
ment. For example, per- and poly-fluoroalkyl substances!™ and
phenolic compounds can be detected electrochemically in sur-
face water or wastewater.”” In the food industry, electrochemi-
cal detection is employed for the determination of antibiotics in
aquaculture wastewater.” In medicine, it facilitates monitoring
health indicators like glucose levels (diabetes), uric acid levels
(kidney function), and administered drug concentrations.!*™°
The need for improved detection limits and selectivity has
shifted the focus of electrochemical sensor research toward
modified electrodes. Such electrodes are typically fabricated
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by drop casting, spin coating, or spray
coating an ink composed of an adsor-
bent, a solvent, and binding agents like
polytetrafluoroethylene!'!! or polyvinyli-
dene fluoride!'” onto the sensing electrode.
Several adsorbents have been used,
including carbon blacks,!"*'* carbon nano-
tubes,* ") zeolites,"®'”!  metal-organic
frameworks,'"*#'% or combinations there-
of. Intuitively, it is expected that coating an
adsorbent onto an electrode will concentrate
the analyte close to the sensing surface and
result in improved electrode performance.
However, to our surprise, we did not encoun-
ter any study that went beyond this intuitive
explanation and tried to quantitatively relate
the analyte uptake by the adsorbent to the
resulting increase in the sensor signal.

In this study, we examined the relationship between the ana-
lyte affinity of adsorbents and their performance in electrochem-
ical sensing. Paracetamol (PAR) was selected as the model
analyte since it is one of the most widely used over-the-counter
drugs?®® and a prevalent micropollutant in urban and industrial
wastewater.l”">? PAR residues are even found in drinking water
due to the challenges of its removal during wastewater treatment
processes,**?* underscoring the need for sensitive PAR sensors.

We selected three carbon materials and two zeolites as adsorb-
ents. The carbon materials—graphite, acetylene black, and
Vulcan XC72R—were chosen for their commercial availability,
widespread use in electrode modification,**2® and expected
affinity for aromatic compounds in an aqueous solution.?”*!
The selected zeolites were ZSM-5 with a 100:1 Si:Al ratio and
all-silica zeolite B. Both zeolites have a high affinity for phenolic
compounds because of their high silicon content.”*"

Since electrochemical PAR sensing is well established, 3?7
we use it here to illustrate how our approach—employing adsorp-
tion properties as a guiding principle in sensor design—enables
the development of highly sensitive sensors that can rival existing
standards. This adsorption-based methodology can be extended
to other analytes.

2. Results and Discussion

2.1. Paracetamol Adsorption Isotherms

The adsorption isotherms of graphite (Gr), acetylene black (AB),
Vulcan XC72R (Vu), all-silica zeolite § (), and ZSM-5 (ZSM),
shown in Figure 1, were determined by batch experiments at
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Figure 1. Paracetamol adsorption isotherms of Vulcan XC72R, acetylene
black, graphite, zeolite ZSM-5 (100:1), and all-silica zeolite f. C. is the
equilibrium concentration after 24 h stirring at room temperature, and
q is the amount adsorbed in mmol g~ adsorbent at the equilibrium con-
centration. The isotherms were fitted using the Langmuir adsorption
model. The g error indicates the standard deviation between two duplicate
experiments measured for each isotherm point, and the C, error indicates
the standard deviation between three repeated HPLC measurements of
the same stock PAR solution.

room temperature. The adsorbents were contacted with stock
PAR solutions for 24 h, after which the remaining PAR concen-
tration was determined via HPLC-UV analysis. Figure 1 shows
the equilibrium concentration after 24 h on the x-axis and the
amount adsorbed per mass adsorbent material on the y-axis.
Figure S2, Supporting Information shows the adsorption iso-
therms at the lower concentration range (<0.5mmol L") in
more detail.

The isotherm points were fitted using the Langmuir adsorp-
tion model (1), the fitting parameters of which are shown in
Table 1. g is the amount adsorbed in mmol g™ adsorbent at
the equilibrium concentration, Q. is the adsorption capacity
for paracetamol, K is the Langmuir parameter, and C. is the
equilibrium concentration after 24 h stirring at room tempera-
ture. The fitting errors of the Langmuir parameters are shown
in Table S6, Supporting Information

Table 1. Fitted Langmuir parameters for paracetamol adsorption
isotherms, Qma the adsorption capacity for paracetamol, K_ the
Langmuir parameter.

Omax [mmol g ] Ky [Lmmol "] Va Adj. R?
Vu 0.38 18.23 1x107* 0.99
AB 0.13 6.34 2x107° 0.99
Gr 0.037 5.42 5x10°% 0.99
ZSM 0.34 0.87 1x10°¢ 0.99
i} 1.26 31.64 7%x10°° 0.99

_ QmaxKL Ce

- 1
1+ K, C. M

q

Meanwhile, the nitrogen physisorption isotherms are shown
in Figure S5-S9 and Table S7, Supporting Information. The rela-
tionship between PAR adsorption capacity (Qmax) and the specific
surface area determined by nitrogen physisorption (Brunauer—
Emmett-Teller specific surface area, BET-SSA) is discussed in
more detail in the Section 2.5, Supporting Information.

Besides Q. the other important model parameter is the
Langmuir constant K;, which indicates a material’s affinity for
an adsorbate; the higher the K, the stronger the affinity for
PAR and the steeper the isotherm.?®! In the PAR concentration
range most relevant for the sensor application (<1 mM), the best
adsorbing carbon material is Vu, with a relatively high K; of
18.23 Lmmol !, compared with AB and Gr, with respective
K; values of 6.34 and 5.42 Lmmol~'. However, all carbons
were outperformed by all-silica zeolite , which had a K of
31.64 Lmmol ™!, indicating a strong affinity for PAR.
Interestingly, ZSM-5 had a much lower Ki (0.87 Lmmol™?),
likely because of the presence of aluminum in the lattice com-
pared to the all-silica nature of p.*"

2.2. Sensor Coating Formulation and Sensor Fabrication

To integrate the different materials (Gr, AB, Vu, ZSM-5, and
all-silica zeolite B), a suspension-based drop casting approach
on a commercially available screen-printed electrode (SPE)
was selected (Figure 2). The disposable SPEs are inexpensive
(<2 euros per piece), and drop casting allows for fast production
(more than 100 sensors per day in the lab). This combination
allows for rapid testing of different coatings under different con-
ditions, without the need for electrode cleaning or risk of cross
contamination at a low cost, which is also ideal for commercial
Sensors.

Besides solids, the drop-casting suspension consisted of a sol-
vent, binder, and surfactant, respectively water/ethanol, Nafion,
and Surfynol 465. The surfactant proved a key factor in ensuring
reproducible coatings by improving suspension stability and
coating homogeneity during drying (Section 1.8, Supporting
Information). Surfynol 465 was chosen because of its compati-
bility with water/alcohol solutions and proven success in carbon
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Figure 2. Schematic overview of the SPE and coating process.



ink formulation.**=#! The Nafion loading was minimalized for
every coating composition till the point that still allowed for
reproducible coatings without (partial) detachment; in practice,
the required loading was found to be proportional to the total
mass of the suspended solids, independent of the type.

Based on the PAR isotherm results discussed above, the most
promising sensor material would be all-silica zeolite f. How-
ever, the nonconductive nature of zeolites impedes a sensor
purely based on zeolite, and thus, it must be paired with a con-
ductive carbon to form a hybrid coating that allows electrochem-
ical detection. Since the isotherms results (Figure 1) indicated
Vu had the highest PAR affinity of the carbons, it was selected
for the hybrid coatings. The optimal hybrid coating composition
was determined by increasing the Vu loading in steps and then,
at each step testing different carbon to zeolite ratios. The coating
yielding the highest signal comprised 20 pg Vu + 20 pg zeolite.
To more accurately compare the sensor coatings, the amount of
carbon for all the coatings was fixed at 20 + 9.3 pg Nafion, and
for the hybrid coatings, 20 pg Vu+20pg zeolite + 18.6 pg
Nafion.

The top-view SEM image of the Vu+ all-silica zeolite B
(Vu+ p) sensor in Figure 3A shows that the zeolite particles
are evenly dispersed. The cross-sectional perspective, Figure 3B,
reveals robust contact between the zeolite and carbon particles.
Most likely, the zeolite particles act as channels, allowing more
contact between the liquid and the carbon particles. The
Supporting Information contains top-view SEM images of all
sensor coatings (Table S8, Supporting Information), along with
additional cross-sectional images for the Vu + all-silica zeolite f§
and Vu + ZSM-5 sensors (Table S9, Supporting Information) in
Section 2.4, Supporting Information.

2.3. Electrochemically Active Surface Area of Sensor Coatings

Figure 4 shows the relationship between the experimentally
determined electrochemically active surface area (EC-ASA)
and the theoretical maximum, which would be the BET surface
area of the carbon fraction. (Since the zeolites are nonconduc-
tive, they would not contribute to the EC-ASA.) For the blank,
which was an uncoated SPE, the theoretical maximum was taken
as the 2D flat surface area. Except for the blank, the EC-ASA
values lie between the flat electrode area (0.07 cm?) and the
theoretical maximum (Figure 4). The lower EC-ASA for the
blank, 0.03 cm? versus the flat surface area of 0.07 cm?, is not
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Figure 3. SEM image of the Vu + all-silica zeolite f sensor. A) Top view and B) Cross section.
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Figure 4. Experimentally determined electrochemically active surface area
versus the theoretical maximal available surface area for each sensor and a
blank SPE. Please note that the Vu + ZSM-5 sensor and Vu + all-silica zeo-
lite B overlap.

uncommon for SPEs and is often attributed to the binders
added in the manufacturing process that partially deactivate
the surface.***% The EC-ASAs of the three carbon-only sensors
(Vu, AB, and Gr) followed a logical trend: the higher the BET-
SSA of the material, the higher the EC-ASA. The Vu sensor
had the highest EC-ASA of the three at 1.03cm? (Figure 4).
Interestingly, the Vu + zeolite sensors had much higher EC-
ASAs of 1.92 and 1.93cm? for Vu+ all-silica zeolite p and
Vu + ZSM-5, respectively (Figure 4); even though the conductive
material, 20 ug of Vu, was the same, this could indicate that the
addition of porous zeolites resulted in a larger liquid-carbon
interface, thus allowing more Vu to be electrochemically active.
Hence, besides the indented use of zeolite as an adsorbent for
the compound of interest, it also positively affects the electrode
coating’s EC-ASA, which in turn can provide better sensor per-
formance which will be taken into account for the interpretation
of the electrochemical PAR sensing results. More details about
the capacitance-based EC-ASA determination can be found in
the Section 2.6, Figure S11-S13, and Table S10, Supporting
Information.




2.4. Screening of Coating Inks

The electrode coatings were initially assessed by linear sweep vol-
tammetry (LSV) using four stock PAR concentrations (1 mM,
100, 10, and 1 pM). Before the sensing measurements, the sen-
sors were equilibrated with the PAR solution, which enhanced
the signal by up to 40 times (Figure S14-S15, Section 2.7,
Supporting Information). As more PAR molecules adsorb, the
signal increases. The screening run offered valuable insight into
the relative performance of the coatings relative to the PAR iso-
therm data. The lowest stock concentration for which all sensors
could still measure a PAR oxidation peak was 100 uM. Sensors
modified with Vu and AB could measure down to 10 pM, while
those coated with Vu + all-silica zeolite p could detect the lowest
concentration of 1 pM as well. Figure 5 shows, for the stock con-
centration of 100 pM PAR, the LSV signals of all sensors on the
left and the peak current on the right (Section 2.8, Supporting
Information, Contains LSV scans of all concentrations). In
Figure 5A, although the peak potentials of all sensors fell within
a similar voltage range (350-400 mV versus Ag/AgCl), the peak
potential for the blank SPE was shifted to 550 mV versus Ag/
AgCl. This shift may be attributed to the binders incorporated
during the SPE manufacturing process, which may partially
deactivate the surface.’**%

As discussed in Section 2.1, Supporting Information, the
adsorption behavior relevant to sensing PAR is largely governed
by the Langmuir constant, K;. The carbon-based sensors—Gr,
AB, and Vu—displayed peak currents of 2.3, 2.9, and 4.7 pA,
respectively, which aligned with their K values of 5.42, 6.34,
and 18.23Lmmol ', as shown in Figure 5 and Table 1.
Notably, sensors coated with zeolites outperformed all others:
the Vu+ ZSM-5 sensor achieved a peak current of 7.9 pA
(70% enhancement versus 4.7 pA), and the Vu + all-silica zeolite
f sensor reached a significantly higher peak current of 34.8 pA
(710% enhancement versus 4.7 pA). Despite similar EC-ASAs
(1.92 versus 1.93 cm?), the two zeolites exhibited distinct PAR

adsorption properties, with all-silica zeolite § showing a Ki of
31.64 Lmmol ' compared to ZSM-5’s K; of only 0.87 Lmmol .
The total gain of the Vu + all-silica zeolite f sensor is 3250% com-
pared to the blank SPE (34.8 versus 1.07 pA). These findings align
with the adsorption isotherm data, reinforcing that Vu, the carbon
with the highest adsorption affinity, also demonstrates the best
sensor performance. Moreover, incorporating highly PAR-
adsorbing all-silica zeolite p further enhances the sensor’s perfor-
mance, while the effect of the lower-adsorbing ZSM-5 remains
relatively limited.

2.5. Limit of Detection, Linear Range, Reusability, and
Fabrication Repeatability for the Vu + All-Silica Zeolite  Sensor

The measurement conditions for the best-performing sensor of
the screening experiment, the Vu + all-silica zeolite p sensor,
were further optimized with an activation step (voltage cycling
the fabricated electrode first in a 0.1 M phosphate buffer solu-
tion), and the pre-equilibration step was reduced to 5min in a
stirred solution. (Additional information can be found in
Section 2.7, Supporting Information). Figure 6 illustrates the lin-
ear sweeps and calibration curve of the Vu + all-silica zeolite f
sensor. A linear range of up to 5uM, along with a LOD of
150 nM (S/N = 3), was achieved.

The Vu + all-silica zeolite § sensor also shows excellent reus-
ability for PAR sensing. By repeating the same sensing protocol,
the sensor could be reused with only a maximum peak current
shift of 6% between the fresh and three times used sensors
(Section 1.10.5 and 2.9, Supporting Information). All measure-
ments used to create the calibration line in Figure 6 were done
with freshly fabricated electrodes (each point and each repeat)
with only a small degree of error. For analytes more prone to
fouling, such as phenol,*"*? a single-use approach would be
preferable and possible using the inexpensive fabrication proto-
col of this work (<2 euros per sensor).
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aqueous phosphate buffer solution, pH 7 with a scan speed of 50mVs™", a counter electrode Pt plate, and reference electrode Ag/AgCl.

Although this is not explicitly mentioned in the sources, the
work of other PAR sensors mentioned in Table 2 can often be
categorized as having taken either a more adsorption approach
(such as the Vu + all-silica zeolite p sensor) or a more catalytic
approach to improved sensor performance. In the former case,
such as single-wall carbon nanotubes,**! and polyimide-multiwall
carbon nanotubes,**! a PAR adsorbing material is added to the
base electrode material; in the latter case of BiVO,*! and
NiO,!® a more catalytic/reactive electrode material is added.
Meanwhile, the iron oxide encapsulated in chitosan-grafted-
polyaniline,*®! Ni zeolite with graphene oxide,*”’ and cobalt
oxide—embedded nitrogen-doped hollow carbon spheres*®! can
be seen as a combination of adsorption and catalytic approach.
While the Vu + all-silica zeolite p sensor, with its detection limit
of 150 nM, is not the best-performing PAR sensor in recent litera-
ture (Table 2), it does outperform the other sensors of Table 2,
including Ni zeolite + GO™ sensor and Co;0,@NHCSM® reach-
ing respective detection limits of 7.8 and 70 nM. Additionally, the
Vu + all-silica zeolite p sensor is based on an affordable disposable

Table 2. Overview of sensor’s performance compared with the literature.

Sensor material Current LOD Detection (Year)
collector method source
Vu + all-silica zeolite p SPE 150 nM LSV This work
SWCNTs?) SPE 819nM DPV 143]
BiVO, FTO" 200 nM DPV 3]
PI-MWCNT® Pt 2000 nM DPV 144
«-Fe,05-en-CHIT-g-PANI® ITO® 5700nM  Potentiometric 146l
Ni zeolite + GO? CPEM 7.8 1M DPV 147]
NiO Gc) 230nM DPV 6]
Co;0,@NHCS® GC 70 nM DPV 18]

Single-wall carbon nanotubes. Polyimide-multiwall carbon nanotubes. Iron oxide
encapsulated in chitosan-grafted-polyaniline. PNickel zeolite with graphene oxide.
9ICobalt oxide—embedded nitrogen-doped hollow carbon spheres. ?Fluorine-doped
tin oxide. &Indium tin oxide. "Carbon paste electrode. "Glassy carbon.

electrode and a straightforward detection method involving LSV,
while the Ni zeolite + GO™! and the Co;0,@NHCS*® sensor are
more difficult to fabricate/nondisposable and use differential
pulse voltammetry (DPV) as a detection method. Potentiostats
capable of LSV measurements are available for under €100,/
In contrast, DPV is a more complex method and often requires
a more expensive measurement setup (>€850, e.g., PalSens
Sensit).”"*? Hence, the Vu + all-silica zeolite  sensor provides
a practical, affordable, and highly sensitive PAR detection platform.

2.6. PAR versus Glucose Selectivity

In addition to enhancing sensitivity, adsorption characteristics
can also guide the enhancement of sensor selectivity. To demon-
strate this, glucose was chosen as a potential interference source
for PAR sensing. If the Vu+ allsilica zeolite B sensor were
applied to analyze blood samples, glucose would be present,
and though not the same molecular type as PAR, carbon electro-
des have been reported to oxidize glucose in 0.1-0.6 V1>~
range (the Vu+ all-silica zeolite p sensor PAR oxidation peak
occurs at 375 mV; hence, glucose could be a potential interferent.
Typical fasting blood glucose levels range between 5.6 and
6.9 mM.P® Glucose adsorption was assessed for Vu and all-silica
zeolite P across a concentration range of 1 to 30 mM (Figure S19,
Supporting Information), with no detectable adsorption observed
for either material. Consistent with these results, the Vu + all-
silica zeolite P sensor electrochemical exhibited no response to
glucose, even at a concentration as high as 10 mM (Figure S20,
Supporting Information).

Consequently, glucose presence does not interfere with PAR
detection, as depicted in Figure 7A, which presents an example
LSV scan of a PAR signal both with and without 10 mM glucose
in solution. Figure 7B presents the calibration curve of the
Vu + all-silica zeolite p sensor for PAR sensing with 10 mM glu-
cose in solution. Comparison of this curve with Figure 6 reveals that
glucose does not impede PAR sensing; the PAR LOD remained at
150nM (S/N=3), and the curve equation showed only slight
deviation, y=1.4588x — 0.1937 versus y=1.4763x — 0.1862.
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paracetamol in the presence of glucose (red). B) A calibration curve for paracetamol detection in the presence of 10 mM glucose. Scan speed 50 mVs™,
counter electrode Pt plate, and reference electrode Ag/AgCl. Measurements were performed in 0.1 M aqueous phosphate buffer solution, pH 7.

3. Conclusion

By systematically investigating the adsorption properties of vari-
ous carbon and zeolite materials, we rationalized their perfor-
mance in sensor electrodes. The disposable PAR sensor
constructed based on these insights demonstrated a remarkable
detection limit of 150 nM (S/N = 3). Moreover, the absence of
glucose adsorption on Vu and all-silica zeolite B clarified how
PAR can be detected selectively in the presence of glucose.
The study showed how adsorption properties can provide guid-
ance to achieve both sensor sensitivity and selectivity.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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