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ABSTRACT: Aniline is one of the sources of water pollution and also a carcinogenic substance, posing a threat to
ecological balance and human health. With the increasing demand for aniline detection, quartz crystal microbalance
(QCM) detection is highly advantageous due to its high sensitivity and stable performance. Here, we fabricated
carboxyl-functionalized silica spheres (SiO2−COOH spheres) through a post-synthesis modification method. The
SiO2−COOH spheres were used as the sensing material in a QCM sensor for aniline detection in water. This QCM
sensor could detect 10 ppb of aniline with a frequency shift of approximately 180 Hz within 150 s. Furthermore, the
continuous response, selectivity, and anti-interference capability of the sensor were systematically investigated. This
study shows that the method is fast and cost-effective and can be adapted to various on-site inspection sites.
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INTRODUCTION

Aniline, an organic compound that exists as a color-
less to pale yellow liquid, is widely used in industry
as a pivotal raw material in the production of dyes,
pesticides, rubber additives, pharmaceuticals, and nu-
merous other products [1, 2]. However, its presence in
water bodies poses significant risks [3]. Upon entering
aquatic systems, aniline degrades water quality, which
not only impedes the practical use of water resources
but also poses potential threats to both aquatic life
and human health [4]. When the concentration of
aniline exceeds 100 ppm, exposure can have severe
health impacts on organisms [5]. Additionally, aniline
exhibits remarkable stability in the aquatic environ-
ment and resists degradation, thus posing a persistent
threat to ecological habitats [6, 7]. Consequently, it
is imperative to implement rigorous monitoring and
control measures for aniline in water to safeguard
environmental integrity.

The detection of aniline in water frequently re-
lies on techniques such as gas chromatography, high-
performance liquid chromatography, and spectropho-
tometry, among others. The detectable concentration
range of these technologies for aniline is 0.6–3. ppm
[8, 9]. While each of these methods possesses dis-
tinct advantages, they are commonly hampered by the
drawbacks of being equipment-intensive and lacking
portability. In contrast, sensors offer a unique bal-
ance between sensitivity and portability, thus emerg-
ing as an attractive alternative [10, 11]. Currently,
fluorescence-based sensors are at the forefront of ani-
line detection in water, employing an array of innova-
tive sensing materials such as graphene quantum dots,

HOF-20, and Eu@UiO-66(COOH) [12–14]. These
fluorescence sensors exhibit remarkable strengths in
sensitivity, selectivity, and real-time monitoring capa-
bilities. Nevertheless, their practical deployment ne-
cessitates the acknowledgment of inherent limitations,
including potential interference, stringent illumina-
tion requirements, and intricate calibration procedures
[15–18].

The quartz crystal microbalance (QCM) serves
as an innovative sensing platform for the detection
of harmful substances in water, featuring real-time
stability, immunity to light interference, and broad
versatility [19, 20]. Its operational principle revolves
around converting the minute mass variations induced
by the adsorption of target analytes onto the quartz
crystal’s surface into measurable shifts in the crystal’s
resonant frequency [21]. This transformation enables
precise quantification of the analyte’s mass through
frequency measurements [22]. Accordingly, QCM has
garnered widespread adoption across diverse domains,
including gas analysis, viral detection, and heavy metal
ion monitoring [23–25]. Nevertheless, despite such
advancements, there remains a paucity of reports de-
tailing QCM-based platform solutions specifically de-
signed for the rapid and efficient detection of aniline
in water.

Functionalized silica spheres are specific sensing
materials, endowed with different detection character-
istics through functionalization modification or adjust-
ment of pore structure [26–28]. This research focuses
on the development of a QCM sensor integrated with
carboxyl-functionalized silica spheres (SiO2−COOH
spheres) for aniline detection in aquatic systems, as
illustrated in Fig. 1. By adopting a post-synthesis mod-
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Fig. 1 Schematic diagram of the synthesis of SiO2−COOH
spheres and their modified QCM sensor manufacturing.

ification strategy, the SiO2−COOH spheres improve the
sensor’s sensitivity, enabling it to swiftly detect aniline
at concentrations as low as 10 ppb. This advanced
sensor distinguishes itself by its capacity for continu-
ous monitoring, exceptional selectivity, and robustness
against interference from various waterborne ions,
thus conferring substantial advantages over existing
methods.

MATERIALS AND METHODS

Chemicals

Ammonia (28%), ethanol (99%), KCl (99.5%), toluene
(99.8%), and tetraethyl orthosilicate (TEOS, 98%) was
obtained from Aladdin Reagent Company (Shanghai,
China). 3-cyanopropyltriethoxysilane (99%) was pur-
chased from Sigma-Aldrich (Shanghai, China).

Synthesis of SiO2 spheres

Monodisperse SiO2 microspheres were synthesized us-
ing a modified Stöber method in ethanol with ammonia
solution as the catalyst [29]. The reaction was carried
out at 35 °C in a 250 ml flask with mechanical stirring
at 300 rpm. Solution I, containing KCl (0.0015 g),
ethanol (38 ml), water (6 ml), and ammonia (3 ml),
was added into the flask first, and then solution II,
containing ethanol (58 ml) and TEOS (5.64 g), was
continuously added into the flask using a syringe pump
over 2 h. After further reaction for 15 h, the ob-
tained microspheres were purified by centrifugation
and washing with ethanol three times. Finally, the
microspheres were dried under vacuum at ambient
temperature.

Synthesis of carboxyl-functionalized SiO2 spheres

CN-modified SiO2 spheres was achieved by refluxing
the activated SiO2 with 3-cyanopropyltriethoxysilane
in dry toluene under nitrogen for 48 h. Then, the CN-
modified SiO2 spheres were hydrolyzed by heating in
50% (v/v) aqueous sulfuric acid at 150 °C for 3 h. After
cooling to room temperature, the solid was filtered off,
washed with an excess of deionized water, and dried
at 110 °C overnight. The dried particle is designated as
carboxyl-functionalized SiO2 (SiO2−COOH spheres).

Characterization of carboxyl-functionalized SiO2

The morphology of SiO2−COOH spheres was observed
by scanning electron microscope (SEM, ZEISS Sigma
300, Germany). Wide angle X-ray diffraction patterns
of the materials were obtained on a Bruker D2 Phaser
diffractometer (Germany) using Cu Kα radiation. FT-
IR spectra of the sample were measured on an FTIR-
8400s (Shimadzu, Japan) spectrometer in the trans-
mission mode. Standard KBr technique was applied.

Fabrication and testing methods of the QCM sensor

The fabrication and characterization processes for the
SiO2−COOH sphere-based QCM sensor conform to
methods reported earlier [30]. Utilizing the Sauerbrey
equation (∆F = −2.26 × 10−6 f 2∆m/A), the QCM
resonator’s (∆F) frequency shift correlates with the
mass increment on the silver electrode (∆m). The
QCM crystal underwent a specific processing method
to apply the newly synthesized substances to the silver
electrode’s surface. This involved dispersing the ma-
terials in water (1 mg/ml) after ultrasonic treatment
onto a purified QCM electrode, followed by drying the
sensor in an infrared container at 333 K for 4 h to
evaporate the solvent. As depicted in Fig. S1, prior
to detection, 200 µl of distilled water was introduced
into the test cell to serve as the detecting medium.
Following the stabilization of the frequency signal for
a few minutes, 1 µl of aniline solution (2 ppm) was
meticulously administered into the cell using a micro-
injector. After injection of the aforementioned solu-
tion, the aniline concentration in the test cell reached
10 ppb. After aniline injection, the sensor exhibited
a reduction in frequency, attributed to its confinement
within the sensing material on QCM’s surface.

Gaussian calculations

Gaussian 09 software was used with a DFT method
employing the hybrid B3LYP functional and the 6-
311++G(d,p) basis set to optimize the geometries of
the molecules [31]. The optimized molecular struc-
tures were confirmed to be minima on the potential
energy surface by vibration frequency analysis. In
order to simulate the adsorption method between
the SiO2−COOH spheres and the aniline, the adsorp-
tion enthalpy (∆H) between aniline molecule and
SiO2−COOH spheres was calculated according to the
following Eq. (1).

∆HSiO2−COOH−aniline(
kJ

mol ) =∆HSiO2−COOH−aniline(
kJ

mol )

−∆Haniline−∆HSiO2−COOH(
kJ

mol ) (1)

RESULTS AND DISCUSSION

Material characterization

The microstructure of the samples was examined us-
ing scanning electron microscopy (SEM), with the
results presented in Fig. 2. As depicted in Fig. 2a, the

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


ScienceAsia 52 (1): 2026: ID 2026013 3

Fig. 2 SEM images of (a) SiO2 spheres and (b) SiO2−COOH spheres. (c)–(d) Scanning SEM image of SiO2−COOH spheres
with the corresponding elemental mapping of C, O, and Si.

SiO2 spheres exhibit a uniform spherical morphology
with a diameter of approximately 5 µm and a con-
sistent distribution. Following carboxyl modification,
the SiO2−COOH spheres retain their spherical shape
(Fig. 2b), exhibiting good particle dispersion and no
significant agglomeration. This suggests that the intro-
duction of −COOH functional groups did not alter the
surface morphology of the SiO2 spheres. Additionally,
elemental mapping was conducted on SiO2−COOH
microspheres with superior morphology, as shown in
Fig. 2c–g. Notably, besides the Si and O elements
inherent to SiO2, a uniformly distributed C element

was also detected, which can be attributed to the
−COOH functionalization.

The surface functional groups of SiO2−COOH
spheres were characterized via Fourier transform in-
frared (FTIR) spectroscopy. As shown in Fig. 3a, the
bands observed at 805 cm−1 and 471 cm−1 corre-
spond to the symmetric stretching of siloxane groups
(Si−O−Si). Additionally, the prominent band at 1106
cm−1 is attributed to the asymmetric stretching of
Si−O−Si [32]. Furthermore, the bands at 3432
cm−1, 2933 cm−1, and 1663 cm−1 are associated with
O−H stretching vibration, asymmetric CH2 vibration,
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Fig. 3 (a) FT-IR spectra and (b) XRD pattern of SiO2−COOH spheres.

and free COO− vibration, respectively [33]. These
characteristic peaks confirm the successful grafting of
−COOH groups onto the surface of the SiO2 spheres.
In Fig. 3b, the XRD pattern of SiO2−COOH spheres
exhibits similar characteristics of a broad amorphous
peak, with no other notable peaks present, indicating
their amorphous structure [34].

Aniline detection properties

An investigation was conducted to assess the sensitiv-
ity of SiO2 and SiO2−COOH spheres towards aniline
in aqueous environments. As illustrated in Fig. 4a,
SiO2−COOH spheres exhibit a significantly higher fre-
quency shift to various concentrations of aniline (rang-
ing from 10 ppb to 60 ppb) compared to SiO2 spheres.
Furthermore, SiO2−COOH spheres demonstrate over
four times the responsiveness to aniline in water com-
pared to SiO2 spheres. This enhanced performance
is attributed to the carboxyl groups present on the
SiO2−COOH spheres, which promote the adsorption
of aniline molecules through hydrogen bonding inter-
action. This underscores the potential of SiO2−COOH
spheres as a superior sensing material for detecting ani-
line in water. Consequently, we opted to further eval-
uate the aniline detection capabilities of SiO2−COOH
spheres in a more comprehensive manner.

Fig. 4b presents a comparative analysis of the re-
sponse frequency shifts observed between a pristine
QCM sensor and a sensor coated with SiO2−COOH
spheres. The pristine QCM sensor, upon exposure to
10 ppb of aniline in water, exhibited a modest response
frequency shift of approximately 8 Hz. Conversely,
the SiO2−COOH sphere-based sensor demonstrated
a remarkable increase in response frequency shift,
reaching 182 Hz under identical conditions. This
striking disparity underscores the exceptional capacity
of the SiO2−COOH spheres to adsorb a significantly
larger number of aniline molecules from the aqueous
solution, thereby enhancing the sensitivity and overall

performance of the sensor.
Fig. 5a meticulously portrays the shift in response

frequency exhibited by the SiO2−COOH sphere-based
QCM sensor upon exposure to a range of aniline con-
centrations in water, spanning from 10 to 60 ppb,
achieved through a series of injections of various
aniline concentrations. As evident from Fig. 5a, the
detection process for aniline was swiftly accomplished
within 80 s for each 10 ppb concentration increment.
The sensor sequentially encountered the aniline sam-
ples, with each incremental exposure lasting 220 s,
prompting a consistent linear decline in the sensor’s
frequency signal. To further elucidate this correlation,
Fig. 5b offers a dot-line plot derived from Fig. 5a,
which underscores a clear and distinct linear relation-
ship within the aniline concentration range of 10 to
60 ppb. The linear fitting equation derived is y =
−17.05x+2.067, where y signifies the frequency shift
value and x represents the concentration of aniline in
water. Notably, the coefficient of determination (R2)
is 0.9956, a value close to 1, thus confirming the high
reliability of this fitting equation. To calculate the limit
of detection (LOD) of this sensor, the formula LOD
= 3σ/S should be followed [35], where S represents
sensitivity and σ represents the standard deviation of
the calculated blank measurement. According to the
linear fitting equation, the absolute value of the slope
represents the sensitivity, which is S = 17.05 Hz/ppb.
We tested 8 sets of blank samples, with measured
values of −3.6, −4.1, −3.2, −3.8, −3.3, −4.0, −3.2,
and −3.8 Hz, respectively. The calculated standard
deviation σ was 0.3596. LOD = 3σ/S = 0.063 ppb.

To evaluate the selectivity of the SiO2−COOH
sphere-based QCM sensor, we conducted a compre-
hensive analysis of its response to various metal ions
in water, specifically Cu2+, Zn2+, Fe3+, K+, and Na+,
each present at a concentration of 10 ppb. Fig. 6a
illustrates the detection results, which indicate that
the SiO2−COOH sphere-based QCM sensor exhibits
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Fig. 4 (a) The frequency shift of SiO2 and SiO2−COOH spheres in response to aniline in water at different concentrations.
(b) Response frequency shifts of the pristine QCM sensor and the SiO2−COOH sphere-based sensor measured upon exposure
to 10 ppb of aniline in water.
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Fig. 5 (a) SiO2−COOH sphere-based QCM sensor exhibiting a response frequency shift when exposed to varying concentra-
tions of aniline in water, ranging from 10 to 60 ppb. (b) A pronounced linear relationship observed between the response
frequency shift of the SiO2−COOH sphere-based QCM sensor and the concentration of aniline dissolved in water. Specifically,
in this context, the variable y is utilized to represent the frequency shift value, whereas x stands for the concentration of
aniline present in the water.

Fig. 6 (a) SiO2−COOH sphere-based QCM sensor displaying distinct patterns of response frequency shifts when exposed to
various metal ions at a concentration of 10 ppb. (b) Patterns of the response frequency shift for SiO2−COOH sphere-based
QCM sensor to a mixed solution containing aniline (10 ppb) in the presence of various metal ions (10 ppb).
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Fig. 7 Optimized geometries and interactions between the aniline molecule and the carboxyl group of SiO2−COOH, as well
as SiO2.

a remarkable specificity for aniline in water, demon-
strated by a substantial response frequency shift of
182 Hz. In stark contrast, the other ions tested only
elicited negligible changes in the sensor’s response.
This result highlights the unique and high selectivity
of the SiO2−COOH sphere-based QCM sensor for ani-
line. The affinity of SiO2−COOH spheres for aniline
should originate from two weak adsorption interac-
tions: hydrogen bonding adsorption between carbonyl
oxygen atom and hydrogen atom of aniline, as well
as adsorption between carbonyl hydrogen atom and
nitrogen atom of aniline [36, 37]. To delve deeper into
the influence of coexisting ions on aniline detection,
we extended our investigation to a mixture solution
containing Cu2+, Zn2+, Fe3+, K+, and Na+ ions, each
maintained at a concentration of 10 ppb. As depicted
in Fig. 6b, the SiO2−COOH sphere-based QCM sensor
demonstrated a consistent response frequency shift
of approximately 180 Hz. This robust performance
signifies that aniline is preferentially adsorbed onto
the SiO2−COOH spheres, thereby enabling the sensor
to accurately detect aniline in water with minimal
interference from other ions present in the aqueous
environment.

Sensing mechanism

The detection mechanism of the QCM platform relies
on the adsorptive interaction between the sensing
material and the target analyte [38]. To delve into
the adsorption mode between SiO2−COOH spheres
and aniline, we employed Gaussian 09 software for
simulation purposes. Initially, it is conceivable that
hydrogen bonding may arise between the oxygen atom
of the carboxyl group and the hydrogen atom of ani-
line. Furthermore, the hydroxyl moiety of the carboxyl
group can engage in hydrogen bonding with the am-
monia atom of aniline [36]. Gaussian 09 software

was utilized to simulate the thermodynamic parame-
ters associated with these two adsorption processes.
Fig. 7 illustrates the enthalpy changes (∆H) for these
interactions, which are recorded as−17.83 kJ/mol and
−39.96 kJ/mol, respectively. According to established
adsorption theories, reversible physical adsorption is
characterized by ∆H values ranging from −40 to
0 kJ/mol. Conversely, strong chemical reactions are
indicative of ∆H values less than −80 kJ/mol. Weak
chemical adsorption falls within the ∆H range of −80
to −40 kJ/mol [39]. Based on our simulation results,
upon contact with the SiO2−COOH sphere surface,
aniline molecules interact with the carboxyl groups.
Notably, this interaction with the carboxyl group is
categorized as physical adsorption. Besides, the simu-
lated ∆H for the adsorption of aniline onto SiO2 (usu-
ally containing hydroxyl groups) was −15.58 kJ/mol
(Fig. 7). This value is less negative than those for
SiO2−COOH, confirming the necessity of carboxyla-
tion for effective aniline adsorption.

CONCLUSION

In this study, we introduce a novel sensing material,
carboxyl-functionalized SiO2 spheres (SiO2−COOH
spheres), designed for the detection of aniline in aque-
ous environments using a QCM system. This sensor op-
erates at low temperature and exhibits high sensitivity,
with a detection limit as low as 10 ppb. Compared
to pristine SiO2 spheres, carboxyl functionalization
significantly enhances the aniline-sensing performance
of the SiO2−COOH spheres. The superior sensing
performance of the proposed sensor is attributed to
the formation of hydrogen bonds between the carboxyl
groups on the sphere surface and aniline molecules.
This novel SiO2−COOH material shows great applica-
tion potential for aniline detection in aqueous systems.
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The chemical raw materials and synthesis method
of SiO2−COOH spheres; characterization of carboxyl-
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Appendix A. Supplementary data

Fig. S1 Schematic diagram of the sensing evaluation system.
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