
Environmental Science
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/2
3/

20
25

 3
:2

0:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Scandia-doped z
aDepartment of Chemical Sciences, INSTM R

Andrea Doria 6, 95125, Catania, Italy
bINSTM UdR of Catania, Viale Andrea Doria
cDepartment of Engineering, University of M

† Electronic supplementary information (
behavior using CV in 0.01 M PBS at a s
sweep voltammetry (LSV) behavior of 100
a scan rate of 50 mV s−1. Fig. S3, cyclic
a solution containing 100 mM HQ, CC an
from 2 to 400 mV s−1. Fig. S4, CV of
solutions with increasing concentration
recorded in 0.01 M PBS of pH =

https://doi.org/10.1039/d4va00126e

Cite this: Environ. Sci.: Adv., 2024, 3,
1392

Received 20th April 2024
Accepted 27th July 2024

DOI: 10.1039/d4va00126e

rsc.li/esadvances

1392 | Environ. Sci.: Adv., 2024, 3, 13
irconia for the electrochemical
detection of hazardous dihydroxybenzene (DHB)
isomers in water†

Angelo Ferlazzo, *ab Antonino Gulinoab and Giovanni Neri *c

Modified yttria- and scandia-doped zirconium oxides were exploited for the development of an effective

electrochemical sensor for the simultaneous detection of dihydroxy benzene (DHB) isomers, i.e.

hydroquinone (HQ), catechol (CC) and resorcinol (RS). A morphological, microstructural and

electrochemical characterization, by scanning electron microscopy (SEM), infrared spectroscopy (FT-IR),

X-ray diffraction (XRD), electrical impedance spectroscopy (EIS), cyclic voltammetry (CV), and square

wave voltammetry (SWV), of pure zirconium oxide, zirconium oxide doped with 8% yttria and zirconium

oxide doped with 10% scandium (ZrO2, ZrO28Y, and ZrO210Sc, respectively), were carried out. Modified

electrochemical sensors were fabricated by using a screen-printed carbon electrode (SPCE).

Electrochemical analysis conducted in phosphate buffer solution (0.01 M PBS; pH = 7.4) showed the

great ability of the ZrO210Sc/SPCE sensor to detect simultaneously DHB isomers with high sensitivity.

SWV analysis performed with this sensor showed the lowest limits of detection (LODs) among all sensors

tested, with values of 0.92, 0.69, and 5.61 nM, for hydroquinone (HQ), catechol (CC), and resorcinol (RS),

respectively. In addition, the sensor shows good repeatability and simultaneous detection capability for

all DHB isomers. This sensor also showed excellent results for the detection of HQ, CC, and RS in tap

and mineral water samples, with good recoveries (90–116%).
Environmental signicance

Phenols and their derivatives cause serious health problems for all living organisms. In fact, they are highly toxic if ingested or inhaled, cause severe skin burns
and eye damage, and can cause genetic alterations and organ damage. Unfortunately, they are the waste products in the waters of many industries, such as those
producing paints, pharmaceuticals, oil and gas, etc. The legal limits are 0.5 mg L−1 (Legislative Decree 152/06). In this study, we developed an easy-to-use, fast
electrochemical sensor based on scandia-doped ZrO2 to monitor these hazardous pollutants in water with a detection limit of less than 0.5 mg L−1. Zirconium
oxide boasts low environmental impact, has an important role in advancing technologies aligned with eco-friendly principles and plays a crucial role in
promoting greener processes.
Introduction

There are many chemicals derived from manufacturing chem-
ical processes, pharmaceutical, pesticide, and petrochemical
industries and others that pollute our environment.1,2 In
esearch Unit, University of Catania, Viale

6, 95125 Catania, Italy

essina, Cda Di Dio, 98166, Messina, Italy

ESI) available: Fig. S1, electrochemical
can rate of 50 mV s−1; Fig. S2, linear
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d RS in PBS at pH = 7.4 at scan rates
(a) HQ, (c) CC and (e) RS standard
s from 0 to 2000 mM of analytes
7.4 using ZrO210Sc/SPCE. See DOI:

92–1399
particular, the US Environmental Protection Agency (EPA) and
the European Union (EU) have pointed out the high environ-
mental toxicity of some phenols used by these industries, such
as the three dihydroxybenzene (DHB) isomers: hydroquinone
(HQ), catechol (CC) and resorcinol (RC).3–5 DHBs are mainly
found as water pollutants and thus are a hazard to humans
because can generate serious diseases such as cancer, kidney
damage and death.6 The harm to human health is combined
with the high toxicity of these compounds to animals and plants
as well in addition to being compounds that have long degra-
dation times.7 Given the hazardous nature of DHBs, it is
essential to monitor these isomers by highly sensitive, fast, and
easy-to-use analytical techniques.

The detection and determination of biomolecules in the
biological eld,8 and of pollutants in soil, water and air, are
particularly important because they generate serious health and
environmental problems. Analytical and electroanalytical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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methods have long sought increasingly reliable, fast, accurate,
and inexpensive results. In fact, the determination of organic
pollutants in real samples is very complex because of the
matrices and low concentrations of compounds to detect.9 The
most widely used analytical techniques for environmental
determination are chromatographic techniques coupled with
detection systems.10,11 The use of these techniques, however,
has many disadvantages for example pretreatment of the
sample to be analyzed, very long times, and difficult and
expensive methods. Other analytical techniques oen investi-
gated for this purpose are optical techniques, such as uor-
ometry,11 that allow detection of very low concentrations but
oen lack selectivity and this is a major problem in the study of
real matrices of natural samples where signicant interferents
are present. Other analytical techniques used are gas chroma-
tography with mass spectrometry detection12 and spectropho-
tometry,13 all of which have the same limitations as listed above.

Hence, the need for newmethods that can be used directly at
polluted sites is demanding.14–16 Many studies for monitoring
pollutants report the use of metal oxides for both the develop-
ment of gas sensors17 and electrochemical sensors.18 The
development of fast, accurate, and inexpensive electrochemical
sensors is therefore an excellent alternative to these analytical
techniques. However, carbon or gold electrodes have a poor
electrochemical response in addition to not being able to detect
the three isomers simultaneously.19 Numerous sensors modi-
ed with carbon nanomaterials for the detection of hydroqui-
none (HQ), catechol (CC) and resorcinol (RC) are reported in the
literature. For example, graphite,17 graphene oxide (GO),20 and
carbon nanotubes (CNTs),21 were reported, but also a variety of
metal oxides were used for modifying bare electrodes such as
zinc oxide (ZnO),22 titanium dioxide (TiO2),23,24 and tungsten
oxide (WO3).25

ZrO2 has been little studied as a sensitive material for elec-
trode development due to a high forbidden band above 5 eV,
which classies it as an insulator.26 Even though pure ZrO2 has
promising electrochemical properties, it has a low conductivity.
Because of this characteristic, it is oen doped with rare earth
elements such as Yb, Eu, Y, Sc, etc. that improve the conduc-
tivity improving also electrochemical performances.27 The
conductivity increases with the doping level; however, too high
doping levels can decrease the conductivity of ZrO2.28 The
optimal doping loading depends on the doping rare earth
elements.29–32 High conductivity zirconia has been used as
a sensing layer in various chemical sensors, for example
monitoring ammonia with capacitive sensors,33 for developing
oxygen and NOx electrochemical sensors or combined with
graphene oxide for electrochemical detection of pollutants in
water.34,35 In a previous paper, the excellent performance of
zirconia doped with yttria for monitoring hydrogen in air,36 and
for the electrochemical determination of tyrosine,37 was inves-
tigated. In this paper, we extended the investigation to the use
of rare earth-doped zirconia for the development of electro-
chemical sensors for pollutants in water. Furthermore, the
study provides a valuable proposal for the development of
simple and low-cost sensors, as they use a sensing material that
© 2024 The Author(s). Published by the Royal Society of Chemistry
does not need to be synthesised by complicated laboratory
processes.

Experimental
Chemicals

Hydroquinone (HQ), catechol (CC), and resorcinol (RS) were
supplied by Sigma-Aldrich all with a purity greater than $99%.
ZrO2 has a particle size < 100 nm and a surface area$ 25m2 g−1,
ZrO28Y (8 mol% yttrium) shows a crystallite size of 5–10 nm and
surface area $ 100 m2 g−1, ZrO210Sc (10 mol% scandium) has
a surface area of 8–12 (m2 g−1) with a particle size of 0.5 to 0.7
mm. All compounds were purchased from Sigma-Aldrich. The
sample codes are as follows: ZrO20Y, for pure zirconium oxide,
ZrO28Y, for yttrium-doped zirconium oxide (8 mol% yttrium),
and ZrO210Sc, for scandium-doped zirconium oxide (10 mol%
scandium).

Characterization methods

The microstructure and morphology of all samples were
analyzed through different techniques. Scanning electron
microscopy (SEM) using Zeiss 1540XB FE SEM equipment
(Zeiss, Germany) operating at 10 kV was used. The elemental
composition of the samples was studied by energy dispersive X-
ray spectroscopy (EDX). IR spectroscopy analyses were per-
formed with a PerkinElmer Spectrum 100 spectrometer equip-
ped with a universal ATR sampling accessory using a range from
4000 to 400 cm−1 with a resolution of 4.0 cm−1 at room
temperature. X-ray diffraction (XRD) spectra were recorded
using a Bruker D8 Advance A 25 X-ray diffractometer operating
at 40 kV and in the range 10–80°(2-theta), with an increasing
rate of 0.01° s−1. The working electrodes used were purchased
from DropSens, Spain, selecting the screen-printed carbon
electrode (SPCE) type.

Fabrication of the modied electrodes

Sensors tested with ZrO20Y, ZrO28Y and ZrO210Sc were
prepared by the drop casting technique. Specically, 1 mg of
substance was dispersed in 1 mL of distilled water for 10 min.
Then 10 mL of suspension was deposited on a commercial
screen-printed carbon electrode (SPCE). The sensors (ZrO20Y/
SPCE, ZrO28Y/SPCE and ZrO210Sc/SPCE) were allowed to dry
at room temperature for 24 hours.

Electrochemical measurements

Electrochemical characterization was performed by electrical
impedance spectroscopy (EIS) using a galvanostatic potentiostat
from Metrohm Autolab. Cyclic voltammetry and square wave
voltammetry were used for electrochemical analysis using
a DropSens mStat 400 Potentiostat equipped with DropView
8400 soware for data acquisition. The sensors were charac-
terized by cyclic voltammetry (CV) and square wave voltammetry
(SWV) using a buffer solution with a concentration of 0.01 M at
pH 7.4 (PBS).

CV tests were performed at a scan rate of 50 mV s−1 in the
potential range of−0.4 to 1.4 V, varying the concentration of the
Environ. Sci.: Adv., 2024, 3, 1392–1399 | 1393
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analyte under test. SWV tests were conducted at a frequency of
3 Hz in the potential range between −0.3 and 1 V, using
a potential step (Estep) of 0.005 V, and a potential amplitude
(Eamp) of 0.05 V. The calibration curves were obtained by plot-
ting the faradaic current vs. analyte's concentration. Sensitivity
was calculated using the slope of the calibration curve obtained
from the SWV analysis (y = mx + b) divided by the area of the
electrode used (0.125 cm2).
Fig. 2 (a) FT-IR analysis of the investigated samples, ZrO20Y (black
line), ZrO28Y (red line), and ZrO210Sc (blue line). (b) XRD analysis of the
investigated samples ZrO20Y (black line), ZrO28Y (red line), and
ZrO210Sc (blue line).
Real sample analysis

Real samples were analyzed using mineral water and tap water
in which 300 mM of each isomer was added and SWV
measurements were made to quantify the concentration in real
samples.
Results and discussion
Morphological and microstructural characteristics

The samples were rst investigated by SEM-EDX analysis to
verify their morphology and composition (see Fig. 1a–e). All
samples show spherical nanoparticles with diameters between
15 and 32 nm. EDX elemental analysis of pure ZrO20Y sample
shows only the presence of Zr and O elements. In the doped
samples, Y or Sc are also noticed as major components and C as
a contaminant. Calculations from the EDX analyses showed a Y
content of 8.85% for the sample ZrO28Y and 10.76% of Sc in the
sample ZrO210Sc, which agree, within the experimental error,
with the theoretical content.

Fig. 2a shows the FT-IR analyses of the three samples. The
scan was performed in the range of 4000–400 cm−1. The pure
ZrO2 sample shows a broad absorption band in the range 3400–
3000 cm−1 generated by O–H stretching, and a narrower peak at
1632 cm−1 due to O–H–O scissor bending of the water mole-
cules adsorbing on the surface of the material. Signicantly, the
peak present at 2360 cm−1 is attributed to the stretching
vibration of the zirconium–hydroxyl bond (Zr–OH).38 It is also
possible to highlight that the pure ZrO2 is in its monoclinic
phase thanks to the peaks present at 755, 577, and 485 cm−1.39

The sample doped with 8 mol% yttria shows two absorption
peaks, at 1506 cm−1 and 1373 cm−1, not present in the pure
sample. These signals were attributed to the presence of CO2 on
the surface coming from the atmosphere, thus suggesting the
presence of active sites for this gas, not present in the pure ZrO2.
Fig. 1 SEM image and EDX of (a) and (b) ZrO20Y sample; (c) and (d)
ZrO28Y sample; (e) and (f) ZrO210Sc sample.

1394 | Environ. Sci.: Adv., 2024, 3, 1392–1399
In the ZrO210Sc sample, on the other hand, the peaks related to
the OH of water at 3380 and 1630 cm−1 present a lower inten-
sity, indicative of a lower ability to adsorb water on its surface.
We can still see the absorption attributed to the presence of CO2

on the surface, although with much less intensity with respect
to the sample doped with yttria, suggesting that the active sites
for CO2 are in minor concentration and/or with a lower capacity
of adsorption. Fig. 2b shows the XRD analysis of all samples;
ZrO20Y displays diffraction peaks at 2q angles of 28.2°, 31.5°,
38.5°, 50.1°, and 59.8° corresponding to the [−111], [111], [120],
[022] and [131] planes of ZrO2 in the monoclinic state.40 The
ZrO28Y sample shows peaks at 30°, 35°, 50°, 60° and 74° cor-
responding to the [101], [002], [112], [103] and [004] planes of
the cubic phase, as expected for this yttria-doped zirconia.41 The
ZrO210Sc sample displays a XRD spectrum in which are well
visible the diffraction peaks of both the cubic phase and the
rhombohedral one.39
Electrochemical characteristics

Electrochemical characteristics of the fabricated electrodes have
been investigated by EIS and CV in ferrocyanide. First, CV analysis
of all samples was performed to acquire information on their
behavior in a 0.01 M buffer solution (PBS) at pH 7.4, in the
potential range from −0.4 to 1.2 V (Fig. S1†). No evident faradaic
peak was observed with all sensors. Notably, ZrO210Sc/SPCE shows
a wider CV cycle, which can be indicative of a high surface area.

EIS analyses were performed in the presence of a solution of
10 mM [Fe(CN)6]

3−/4− and 0.1 M KCl with a frequency range
from 0.1 Hz to 105 Hz (amplitude 5 mV) with an applied
potential of 0.25 V. Nyquist diagrams for studying the electro-
chemical properties of SPCE, ZrO20Y/SPCE, ZrO28Y/SPCE and
ZrO210Sc/SPCE sensors are shown in Fig. 3. It is well known that
the semicircle observed at higher frequencies is attributed to
the resistance in charge transfer while the linear part at low
frequencies is associated with the diffusion process on the
sensor.42 The ZrO210Sc/SPCE sensor shows a depressed semi-
circle compared to the other sensors, indicating a better elec-
tron transfer capability.

The electrochemical behavior of the SPCE, ZrO20Y/SPCE,
ZrO28Y/SPCE and ZrO210Sc/SPCE sensors was also studied by
CV in K3[Fe(CN)6] 10 mM solution at a scan rate of 50 mV s−1

(Fig. 3b).43 In all tested sensors, the CV curve showed a pair of
well-dened redox peaks due to the normal one-electron
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) EIS of the bare SPCE (black line), ZrO20Y/SPCE (red line), ZrO28Y/SPCE (blue line) and ZrO210Sc/SPCE (green line) in a solution
containing 10mM [Fe(CN)6]

3−/4− and 0.1 M KCl in the frequency range from 0.1 Hz to 105 Hz; amplitude 5mV, applied potential 0.25 V. (b) Cyclic
voltammogram of the bare SPCE (black line), ZrO20Y/SPCE (red line), ZrO28Y/SPCE (blue line) and ZrO210Sc/SPCE (green line) in the presence of
10 mM K3[Fe(CN)6] in 0.01 M PBS at a scan rate 50 mV s−1; (c) cyclic voltammogram of ZrO210Sc/SPCE in the presence of 10 mM K3[Fe(CN)6] at
different scan rates from 25 to 400mV s−1 in 0.01 M PBS (pH 7.4). (d) Plot of Ip vs. n

1/2; (e) schematic diagramof the redox probemechanism of the
ZrO210Sc/SPCE.
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reversible redox behavior of the [Fe(CN)6]
3−/4− system, with the

ZrO210Sc/SPCE sensor showing a lower peak current than all
the other sensors tested. The electrochemical active area of the
bare electrode (SPCE) and the modied electrode (ZrO210Sc/
SPCE) was calculated using the Randles–Ševčik equation ([A]
= voltammetric current, n = number of electrons transferred in
the electrochemical reaction (n = 1), F = Faraday constant (F =

96 485.3365 C mol−1), A = electrode area [cm2], and C =

concentration of the redox probe), in the presence of ferro/
ferricyanide as a redox probe.44

Ip ¼ �0:4463nFAC

ffiffiffiffiffiffiffiffiffiffiffiffi
nFvD

RT

r

A decrease of the active area, from 219.8 to 164.9 cm2, was
found for the ZrO210Sc/SPCE sensor.45 On the other hand,
a peak potential difference of only 122 mV was registered for the
ZrO210Sc/SPCE sensor compared with the observed peak
potential differences of 300, 218, and 195 mV for the SPCE,
ZrO20Y/SPCE, and ZrO28Y/SPCE sensors, respectively. This
nding is a further conrmation of the enhanced ability of the
modied ZrO210Sc/SPCE sensor to promote electron transfer by
promoting the redox reaction. The behavior of the modied
ZrO210Sc/SPCE sensor, varying the scan rate from 25 to 400 mV
s−1, was investigated by CV with a 10 mM K3[Fe(CN)6] solution.
The results reported in Fig. 3c show an increase in the oxidation
peak as the scan rate increases. The study of the relationship
between peak current and scan rate showed a linear trend with
the square root of scan rate (Fig. 3d), suggesting that the elec-
trochemical process is diffusion controlled.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Electroanalytical properties vs.HQ, CC, and RS determination

One of the most important concerns in the determination of the
DHB isomers by electrochemical techniques is their simulta-
neous determination. Therefore, as a preliminary step, some
tests were carried out using LSV and SWV as voltammetric
techniques in the simultaneous presence of all isomers of DHB.
LSV and SWV analyses were conducted with the bare SPCE and
the newly developed ZrO20Y/SPCE, ZrO28Y/SPCE and ZrO210Sc/
SPCE sensors, in a solution containing 100 mM of each of the
three DHB isomers in 0.01 M PBS (pH 7.4).

Fig. S2† shows LSV of the SPCE and ZrO20Y/SPCE sensors in
a solution containing 100 mM of HQ, CC, and RS. On both
sensors (Fig. S2a and b†), two signals at about 0.19 and 0.59 V
are visible; the former is due to the oxidation of HQ and CC and
the latter due to the oxidation of RS. This result shows that the
SPCE and ZrO2/SPCE are unable to separate the signal related to
HQ and CC. With the ZrO28Y/SPCE sensor (Fig. S2c†), oxidation
peaks at 0.06, 0.148, and 0.574 V, due to HQ, CC, and RS
oxidation, respectively, were observed. The peak at 0.06 V
appears as a weak shoulder of the main peak at 0.148 V. Instead,
the ZrO210Sc/SPCE sensor exhibits an excellent ability to sepa-
rate the HQ and CC isomers (Fig. S2d†), showing two well
separated oxidation peaks, respectively at 0.03 and 0.148 V. In
addition, also the oxidation peak of RS at 0.578 is well sepa-
rated, demonstrating that this sensor can be used for the
simultaneous determination of the DHB isomers.

Fig. 4a reports the SWV analyses carried out under the same
conditions of the previous LSV tests. SWV measurements
reproduced the LSV results, so conrming the ZrO210Sc/SPCE
Environ. Sci.: Adv., 2024, 3, 1392–1399 | 1395
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Fig. 4 (a) Square-wave voltammograms using the bare SPCE (black
line), ZrO20Y/SPCE (red line), ZrO28Y/SPCE (blue line) and ZrO210Sc/
SPCE (green line) in a solution containing 100 mMHQ and CC in 0.01 M
PBS at pH = 7.4. (b) Comparison of the variation in the intensity of
anodic current peaks (Ipa) obtained for the DHBs (HQ = black, CC =

red, RS = blue) on the different sensors (SD # 0.75 for 3 times).
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sensor as the best-performing one in the separation of the three
DHB isomers. It is also noteworthy that this is also accompa-
nied by a very higher Ipa compared to all other sensors tested
(Fig. 4b). For these reasons, subsequent analyses will focus on
the study of sensing HQ, CC and RS using the ZrO210Sc/SPCE
sensor.

To study the effect of varying the scan rate and concentration
of the DHB isomers on the ZrO210Sc/SPCE sensor, CV analysis
was carried out and presented in detail in Fig. S3 and S4.†
Fig. S3† shows cyclic voltammograms of HQ, CC, and RS (100
mM) in PBS at pH 7.4 using ZrO210Sc/SPCE as a function of scan
rate (2–400 mV s−1). The Ipa of HQ, CC, and RS increased with
increasing scan rate. The peak oxidation current of HQ, CC, and
RS increased linearly with the scan rate, implying that the redox
process is affected by the surface adsorption of DHB isomers.

From the studies carried out at different concentration of the
DHB isomers, a remarkable increase of anodic peak current as
Fig. 5 SWV of (a) HQ, (c) CC and (e) RS standard solutions with increasin
PBS of pH= 7.4 using ZrO210Sc/SPCE. Calibration graphs for peak curren
(SD # 0.95 for 3 times), (d) CC (SD # 1.2 for 3 times), and (f) RS (SD # 1

1396 | Environ. Sci.: Adv., 2024, 3, 1392–1399
the concentration of DHB isomers increased was noted (Fig. S4†).
The results show two linear trends, one at lower concentration (0
to 100 mM) and another, ranging from 150 to 1500 mM, for all HQ,
CC, and RS isomers. The sensitivity of the sensor for the DHB
analytes at low concentration between 0 and 100 mM was calcu-
lated to be 4.619, 4.852 and 0.651 mA mmol−1 cm−2 for HQ, CC
and RS, respectively. For higher concentrations between 150 and
1000 mM, the sensitivity is 0.736, 0.776 and 0.140 mA mmol−1

cm−2, respectively. The presence of two linear trends can be
explained as follows: at low concentrations the analyte reacts
more rapidly as there are many active sites present on the sensor
surface that promote the oxidation reaction. On increasing the
analyte concentration, these sites become saturated and thus
a decrease in the sensitivity is observed.

As reported above, SWV was found to be the best technique
for the electroanalytical determination of the DHB isomers.
From these tests (see Fig. 5), the ZrO210Sc/SPCE sensor behav-
iour vs. the DHB isomer concentration was conrmed. Two
linear calibration ranges, one at low concentrations (0–100 mM)
and another one at high concentrations (150–1000 mM), were
calculated, in agreement with the results of CV analyses.

Tests were also carried out for the simultaneous detection of
the DHB isomers with the ZrO210Sc/SPCE sensor. Fig. 6 shows
the detection of isomers HQ and CC at different concentrations
while keeping the concentration of the other constant. The
linear correlation in the range of low concentration is also
shown in Fig. 7, allowing us to calculate the limit of detection
(LOD) for HQ, CC, and RS. The obtained results show a LOD
value of 0.92, 0.69, and 5.61 nM respectively.

The LOD obtained shows that the ZrO210Sc/SPCE sensor can
detect quantities of phenols below the legal limits (Legislative
Decree 152/06), which denes the concentration of phenols
tolerated in water up to 0.5 mg L−1.
g concentrations from 0 to 2000 mM of analytes recorded in a 0.01 M
ts (baseline corrected) as a function of analyte concentrations of (b) HQ
.29 for 3 times).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Simultaneous measurement of HQ and CC in a solution containing (a) a fixed amount of CC and varying [HQ], (c) a fixed amount of HQ
and varying [CC], and (e) a fixed amount of HQ and CC and varying [RS]. Calibration graphs for peak currents (baseline corrected) as a function of
analyte concentrations of (b) HQ, (d) CC, and (f) RS (SD # 1.24 for 3 times).
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Fig. 7a shows the ability of the ZrO210Sc/SPCE sensor to
detect the change in the concentration of HQ from 0 to 1000
mMwhile keeping the concentration of the CC isomer constant
at 100 mM, and vice versa (see Fig. 7b). From these results, it
appears that the response to HQ and CC is not inuenced by
the simultaneous presence of the two phenol isomers. Fig. 7c
shows the sensor's ability to simultaneously detect the change
in concentration of all three DHB isomers at low
concentrations.
Fig. 7 (a) Simultaneous measurement of HQ (black curve), CC (red
curve) and RS (blue curve) in the range of 0 to 1000 mMDHB isomers in
solution; (b) calibration graphs for peak currents (baseline corrected)
as a function of analyte concentrations (SD# 1.18 for 3 times); (c) linear
range (0–100 mM) of the calibration curves of HQ (black curve), CC
(red curve) and RS (blue curve); (d) schematic diagram of the DHB
isomer mechanism at the ZrO210Sc/SPCE interface.

© 2024 The Author(s). Published by the Royal Society of Chemistry
From the morphological and electrochemical study of
doped zirconia, a mechanism of phenol detection can be
elaborated (Fig. 7d). In fact, the presence of active sites, also
highlighted by FTIR analysis, and the mechanism of phenol
oxidation due to surface absorption on the electrode (CV and
EIS analysis) suggest that phenols can interact with OH groups
on the surface of scandium-doped zirconia by creating
hydrogen bonds with the O groups present on the surface.17,32

This interaction produces an exchange of two hydrogens and
two protons which then generates a deprotonation of the OH
groups and subsequent oxidation of the hydroxyl groups of the
phenols.46–48

Table 1 compares the results obtained with those found
in the literature. The data show that the ZrO210Sc/SPCE
sensor exhibits similar or superior performances to other
sensors already published, highlighting that the proposed
one has good prospects for use in the determination of DHB
isomers.
Repeatability, reproducibility, and long-term stability

The repeatability and long-term stability of the ZrO210Sc/SPCE
sensor were studied in solutions containing 100 mM DHB
isomers. The repeatability of the sensor, assessed by calculating
the relative standard deviations of 7 measurements, was 1.47,
2.30, and 0.57% for HQ, CC, and RS, respectively. Long-term
stability studies were carried out by repeating the analyses
under the same working conditions on the same sensor for 60
days. The response of the sensor for the three isomers aer this
period was evaluated to be about 86% for HQ, 88% for CC and
94% for RS, of the initial response. These results demonstrated
that the ZrO210Sc/SPCE sensor shows good repeatability and
stability.
Environ. Sci.: Adv., 2024, 3, 1392–1399 | 1397
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Fig. 8 (a) Square wave voltammograms using ZrO210Sc/SPCE in
a solution containing 300 mMHQ, CC and RS in 0.01 M PBS at pH= 7.4
(black line), in tap water (red line) and in mineral water (blue line). (b)
Peak anodic currents (Ipa) are shown in the diagram (SD # 2.6 for 3
times).

Table 1 Comparison of different electrode materials for the determination of HQ, CC, and RS

Sensor Method Linear range (mM)

LOD (mM)

Real sample Ref.HQ CC RS

P–RGO/GCE DPV 5–120 0.08 0.18 0.62 Tap water 49
Gr/SPE PLS 1–50 2.6 4.1 2.3 Tap water 50
RGO–MWNTs–GCE DPV 5–540 2.6 1.8 1.6 River water 51
MWCNTs@RGONR/GCE DPV 15–1300 3.89 1.73 5.77 Tap and river water 52
PCFCuNP AMP 1.6–1300 1.1 0.53 3.3 Sea and tap water 53
pEDOT/DGNs/GCE CV 5–300 0.95 1.6 1.6 Cosmetic products 54
ZrO210Sc/SPCE SWV 0–100 0.92 0.69 5.61 Tap and mineral water This work
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Real sample analysis

The applicability of our sensor was tested in the analysis of real
samples by measuring DHB isomers in mineral and tap water
aer diluting them using PBS at pH = 7.4 (1 : 6). The standard
addition method (300 mM) was used to detect DHB isomers and
to quantify them (Fig. 8). The tap water analysis showed
recoveries between about 95 and 113%. On the other hand, for
mineral water, recoveries ranged from 90 to 116%.
Conclusion

In summary, in this work, the interesting electrochemical prop-
erties of the scandium (10%)-doped zirconia sample for the
simultaneous determination of DHB isomers, hydroquinone,
catechol and resorcinol have been presented. To investigate the
morphological andmicrostructural characteristics of thismaterial,
SEM-EDX, FTIR and XRD analyses were carried out. Electro-
chemical studies (CV, EIS, LSV, and SWV) were conducted
comparing the performance of two different zirconium oxide
samples doped with yttria (8%) and scandium (10%). The results
demonstrated the improved ability of the developed ZrO210Sc/
SPCE sensor to simultaneously detect DHB isomers. SWV anal-
ysis enabled good sensitivity towards DHBs and a low LOD value
for all three isomers. The ZrO210Sc/SPCE sensor also showed
excellent repeatability and long-term stability, as well as good
performances when tested for monitoring DHBs in real tap and
mineral water samples. Lastly, interestingly, the developed sensor
represents the rst electrochemical sensor using the scandium-
doped zirconia sensing material, which represents a great
1398 | Environ. Sci.: Adv., 2024, 3, 1392–1399
advantage in terms of easy availability andmaterial reproducibility
in terms of its physical and chemical properties.
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