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a b s t r a c t

In this work, a new cell configuration that enables the in situ integration of sample preparation and
electrochemical detection prior analysis at trace-level is described. To perform the microextraction, a
green chemistry extractor solvent, so called deep eutectic solvent (DES) was used, which allowed the
pre-concentration of ciprofloxacin (CIPRO) from water samples. The particular characteristics of the
featured device include: reduction of the number of steps involved in conventional liquid-liquid
microextraction, processing the pre-concentration of target analyte in a small drop that can be
directly decanted onto the electrode surface and further electroanalysis at a single time in order to
achieve the required trace-level quantity. After the optimization of parameters inherent to the system,
with the aid of chemometric approach, the proposed device enabled fast electroanalysis of CIPRO at
concentration levels down to 5.00 nmol L�1 with suitable accuracy, since the recovery values were
ranged between 71 and 93%.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Dispersive Liquid-liquid microextraction (DLLME) has received
considerable attention as a type of miniaturised extraction tech-
nique that offers simplicity, ease of handling, low sample con-
sumption, high speed, reduced processing costs and time, the
requirement for negligible volumes of extractor solvent, and
reduced residue generation [1e3]. Progress has also been made in
terms of its ability to pre-concentrate target analytes from very
dilute aqueous samples without using a large volume of toxic
organic solvents, which makes the process environmentally
friendly. DLLMEwas initially proposed by Assadi and coworkers [4],
as e Tecnologia, Universidade
hum, km 12, Dourados, MS,
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and the procedure was based on the dispersion of the extractor
solvent into the aqueous sample, usually assisted by a disperser
agent. Although the original technique involved toxic high-density
extractor solvents such as chlorobenzene, chloroform or carbon
tetrachloride, LLME has enabled the use of less toxic solvents in
developing new applications for enhanced-solvent extractions
[5e7]. Since the introduction of the so-called type III deep eutectic
solvents (DESs) in 2004 [8], a large field of application has been
opened up in analytical chemistry. These solvents are of particular
interest due to their highly biodegradable properties [9], which are
relevant in association with studies employing alternative and se-
lective green chemistry solvents within the framework of DLLME
[10,11].

Regarding electrochemical techniques, the main advantage is
associated with low-cost instrumentation and a variety of vol-
tammetric techniques being available, thus allowing the minia-
turization of electrochemical device (for analysis in small volumes)
without loses the sensitivity [12,13]. Despite the advantages, a
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Fig. 1. Schematic representation of the new electrochemical cell configuration. (a)
Jacketed electrochemical cell (capacity of 30mL of sample or electrolyte reservoir), (b)
Ag/AgCl(KClsat.) as the reference electrode, (c) platinumwire as the auxiliary electrode
and (d) working electrode: a disc of glassy carbon (2mm of geometric area), (e) printer
engine, (f) inlet and (g) outlet for cooling water.
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potential drawback in residual analyte determination is related to
the intense background and/or interference from matrix concom-
itants that can strongly affect the accuracy of measurements of the
electrochemical signal [13,14],. In such scenarios, sample prepara-
tion should be considered, prior to the actual analysis, for at least
two reasons. Firstly, the sample should be processed to eliminate
any potential matrix effect that could compromise the accurate
measurement of the electrochemical signal, and secondly, adjust-
ments of sample volume should be carried out to pre-concentrate
the target analyte in order to achieve the desired quantitation
limit [15,16]. In addition to this, without the pre-concentration step,
the most sensitive electroanalytical techniques, square-wave vol-
tammetry (SWV) and differential pulse voltammetry (DPV), can
only detect organic compounds in the range of 10�7e10�6mol L�1

[12e14]. Moreover, conventional electroanalysis usually involves
classical cell configurations, whichmay further dilute the analyte in
the electrochemical cell [17].

Generally, to ensure that the electroanalytical techniques oper-
ate with sufficient sensitivity and meet the quantitation limit
required for trace analyses, a pre-concentration step of the analytes
onto the working electrode surface, followed by stripping voltam-
metric analysis, is performed [12,18]. However, the electrochemical
pre-concentration step has a disadvantage during the analysis of
polar organic compounds, as the generated products can foul the
electrode surface, thus hindering the electron transfer process
[19e21]. In such cases, the removal of surface fouling between each
measurement is difficult, which, in turn, hinders the ability to
reestablish the electrode-surface-activity [20].

Trindade and coworkers have used some fluoroquinolones (FQs)
as electrochemical probes for simultaneous determination
[22e24], and showed that the electro-oxidation on carbon based
electrodes occurs at potential range between 0.75 and 1.14 V. The
overlapping peaks observed and the limited selectivity of electro-
analytical techniques did not allow simultaneous detection. In
addition, it was also showed that the quantification at trace-levels
is a shortcoming, since the voltammetric profile was almost
undistinguishable and/or the peak current could not be accurately
measured [22]. To overcome these drawbacks, it was used a pre-
concentration based on a combination of liquid-liquid micro-
extraction and mathematical processing (baseline-corrected
second-order derivative), in which this process contains several
steps. Herein, a new cell configuration for in situ extraction and pre-
concentration (based on liquid-liquid microextraction) and further
electroanalysis at the trace-level is proposed. To evaluate the per-
formance of proposed electrochemical device, ciprofloxacin
(CIPRO) a popular antibiotic member of fluoroquinolone class, was
used as a model analyte because of its constant appearance in the
list of contaminant [25e27] as emerging pollutants in water
samples.

2. Experimental section

2.1. Chemicals, solutions, and samples

The ciprofloxacin (CIPRO) was purchased from Sigma Aldrich
and used as received. The standard stock solutions were prepared
at the concentration of 10.0mmol L�1 by dissolving their powder in
0.5% of acetic acid (Sigma-Aldrich) and further diluting solutions
with ultrapure water. The working solutions, in the concentration
range from 5.00 to 10.0 nmol L�1, were prepared daily by diluting
the stock standard solutions. The supporting electrolyte (at a con-
centration of 40mmol L�1) was a buffer Britton-Robinson (B-R)
solution and was prepared by a mixture of acetic acid, phosphoric
acid, and boric acid (all purchased from Sigma-Aldrich®, S~ao Paulo,
Brazil), and further adjustment of the required pH by using
ammonium hydroxide (Sigma-Aldrich) at a concentration of
1.0mol L�1. All other reagents and solvents used in this study were
of analytical grade, purchased from Sigma-Aldrich and used as
received. The extractor solvents tested include two deep eutectic
solvent (DES): the choline chloride:malonic acid (ChCl:MA at 1:1,
molar ratio) and choline chloride:p-toluenesulfonic acid
(ChCl:TsOH, 1:1), both synthesised as shown in the experimental
section (Supplementary material).
2.2. Instrumentation and electrochemical device design

For electrochemical experiments, a potentiostat/galvanostat
PGSTAT 204 (Metrohm Autolab) was used, controlled by the soft-
ware Nova 1.11. The pH measurements were performed using
combined glass electrode (Hanna, model HI 1131 B, Texas, United
States) connected to a digital pH-meter (Hanna, model HI 3221).
The ultrapure water (R� 18.2MU cm) used for the preparation of
the working solutions was obtained in an OS 10 LTXE reverse
osmosis (Gehaka) and further water purification system (Thermo
Scientific, model Barnstead Smart2Pure). The electrochemical cell,
adapted to the extraction, is shown in Fig. 1. The electrochemical
system was composed by a jacketed electrochemical cell (a), with
the maximum capacity of 30mL of sample or electrolyte reservoir.
The conventional three-electrode arrangement was composed by a



Fig. 2. Voltammograms (with base-line correction) recorded in absence (a) DPV and
(b) SWV and in the presence (c) SWV and (d) DPV of CIPRO at 0.62 mmol L�1. Experi-
mental conditions: 40mmol L�1 Britton-Robinson (B-R) buffer at pH 3.0 as supporting
electrolyte. Parameters: DPV pulse amplitude (Esw)¼ 100mV; step potential
(DEs)¼ 6mV; Pulse time¼ 0.025 s; scan rate (y)¼ 20mV s�1. SWV conditions:
Esw¼ 25mV; DEs¼ 4mV and frequency (f)¼ 10 Hz.
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Ag/AgCl(KClsat.) as the reference electrode (b), a platinumwire as the
auxiliary electrode (c) and a disc of glassy carbon (GC, 2mm of
geometric area) as theworking electrode (d). The configuration also
contain a printer engine (as the stirring rodmechanical stirrer, e) on
top of the cell and connected to an adjustable (1.5e12 V) DC power
supply for control the stirring speed, an inlet for cooling water (f)
and outlet for cooling water (g). The complete schematic repre-
sentation of the new cell configuration can be seen in Fig. S-2
(Supplementary material).

2.3. Sample preparation and electroanalysis

Tap water samples were collected from the water supply
network of the Laboratory of Analytical Chemistry at the Federal
University of Grande Dourados (Dourados, MS, Brazil) and spiked
with CIPRO at two-concentration levels (5.00 and 10.0 nmol L�1).
The target-spiked samples were prepared by adding the required
amount of the CIPRO working solution into the tap water samples
together with the supporting electrolyte solution (B-R buffer), fol-
lowed by manual or vortex shaking for 5min. The spiked tap water
samples were stored in glass bottles, conserved at 4.0 �C and ana-
lysed without any pre-treatment or filtration.

To carry out the extraction procedure, 25mL of spiked tap water
samples and an appropriate mass of target extractor (DES, ChCl:MA
at 1:1, molar ratio) were introduced into electrochemical cell
configuration. Afterwards, the sample was shaken using the me-
chanical flow (Fig. 1e) under previously varied times (between 3
and 15min), which first allowed dispersion and then separation
between the aqueous phase and the high-density solvent. After this
step, the aquarium pump (Fig. S-2k) was turned on, allowing the
recirculation of ice water into the jacketed electrochemical cell to
provide the decantation of enriched residues from the ChCl:MA
(1:1, molar ratio) phase in the GCE surface. The voltammetric
measurements were performed for a target-enriched solution
(with an appropriate electrolytic medium). Unless otherwise indi-
cated, all measurements were performed in triplicate and standard
deviations were also calculated. After each electrochemical mea-
surement, to reestablish the electrode-surface-activity the solution
was mechanically stirred (during 120 s), which allowed a turbulent
flow to be applied directly to the GCE surface.

2.4. Data treatment

After registering the original DP voltammograms, the signal
transformation based on the baseline-corrected second-order de-
rivative was performed using the procedure highlighted in a pre-
vious work [22]. The Originlab® (version 9.0) software was used, in
which the process includes the following steps: baseline-correction
followed by the insertion of the second-order derivative mathe-
matical function and finished with the baseline-correction again.
This sequence was a key factor to provide more accurate mea-
surement as well as the intensification of target CIPRO peak.

Data treatment using 23 factorial design was also performed to
evaluate the performance of the proposed device. The factorial
design was based on the spreadsheets for experimental design
calculations (software Excel®, Microsoft Office, 2003) proposed by
Te�ofilo and Ferreira [28]. The variables and levels used includes:
ChCl:MA (1:1, molar ratio) mass (40e160mg), stirring time
(5e10min) and cooling time (5e10min), taking into consideration
the low (�1) and high (1) level. To compare the magnitude and
statistical significance of each main effect and its interactions, the
data were available in the Pareto chart and normal probability plot.
For statistical treatment using the Doehlert matrix (with a central
point), at 95% confidence level, it was used the StatSoft Statistica®

10.0 software package (Statsoft, Tulsa, U.S.).
3. Results and discussion

3.1. Voltammetric study to optimise the experimental conditions

Before evaluation the parameters inherent to the performance
of the proposed device (e.g., in extract and pre-concentrate target
CIPRO), the new cell configuration was used to obtain some vol-
tammograms in a classical mode (i.e., absence of extractor solvent
and pre-concentration step). Fig. 2 show the voltammograms
recorded using differential pulse voltammetry (DPV) and square-
wave voltammetry (SWV), in which the working conditions were
chosen after studying the aqueous supporting electrolyte and its
performance, as shown in Fig. S-3 (Supplementary material). In
such cases, both techniques generate an intense electrochemical
signal, with peak potential at 1.12 V (DPV) and 1.16 V (SWV),
respectively. From an analytical viewpoint, the DPV was chosen for
further measurements, because its best performance allowed the
accurate measurement of the CIPRO (at 0.62 mmol L�1) oxidation
peak. However, as demonstrated in previous works [22,23], the
major challenge in electro-oxidation of the FQ piperazinyl group at
the 7-position is the difficulty in preventing the easy fouling of the
electrode surface. To re-establish the electrode-surface-activity and
improve voltammetric analysis, the use of surfactants and polishing
the electrode surface between measurements was necessary. The
procedure implies that, for the electroanalysis of CIPRO using the
classical electrochemical system, this may last for several minutes
or hours. Then, in addition to the evaluation of the parameters
inherent to the DPV technique (Table S-1, Supplementary material),
we also deal with the cleaning of the electrode surface to remove
adsorbed species and obtain an active electrode surface able to
generate reproducible results.

3.2. In situ cleaning of the electrode surface

The cleaning of the electrode surface was performed by, in situ,
mechanically stirring the supporting electrolyte solution, between
each measurement, to direct a turbulent flow up to the electrode
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surface (Fig. 3). The voltammetric performance shown in Fig. 3
(voltammograms b and c) reveals a lowering of the peak current
after successive measurements in the absence of mechanical stir-
ring. This is a consequence of the formation of passive films via
electrochemically generated products on the GCE surface, which in
turn, blocks the electrode activity. However, after 60 s of in situ
mechanical stirring (Fig. 3, voltammogramd), the partial removal of
electrogenerated products can be seen, because the peak current
was only 11% lower than that obtained with the polished electrode
surface (Fig. 3, voltammogram a). Indeed, our approach based on a
homemade stirring rod (Fig. 1e) worked properly and can be used
to avoid electrode fouling by removing the deposited product layer
from its surface. This can be proven by studying the stirring time
effects (Fig. S-4, Supplementary material), where it was shown that
120 s (Fig. S-4, voltammogram d) of stirring of the electrolyte
supporting solution was enough to re-establish the electrode-
surface-activity. It is also worth noting that the loss in the peak
current intensity was only 2.07% and 3.45% for 120 and 180 s (Fig. S-
4) voltammograms c and d, respectively. In such conditions, the
performance under prolonged operative time, of up to 30 consec-
utive measurements, also did not show any significant peak current
fluctuations. Thus, 120 s was shown to be useful for the stirring step
and was used for further measurements, where the total time be-
tween the electrode surface regeneration and the acquisition of the
new voltammograms was no longer than 180 s.
3.3. Analytical curve obtained in absence of pre-concentration

Under the optimised experimental and instrumental conditions
(Figs. S-3 and S-4 as well as Table S-1, Supplementary material), the
signals derived from the detection of CIPRO after increasing the
concentration range between 0.15 and 1.50 mmol L�1 were evalu-
ated. From the typical calibration curve (Fig. S-5, Supplementary
material), it can be seen that the proposed approach is useful for
quantitative analysis in a linear range of 0.15e1.50 mmol L�1, with a
Fig. 3. DP voltammograms (with base-line correction) for electro-oxidation of CIPRO
(1.25 mmol L�1) on the GCE and the using B-R buffer at 40mmol L�1 (pH 3.0) as sup-
porting electrolyte solution. (a) Measurement on the clean GCE surface, (b) and (c)
successive measurements without electrode surface clean between each experiments
(absence of mechanical stirring), (d) measurement after 60 s of in situ mechanically
stirring of the supporting electrolyte solution. Optimised conditions are shown in
Table S-1 (Supplementary material).
coefficient of determination (R2) greater than 0.99 (n¼ 7). The
quantitative parameter is outlined in Table S-2 (Supplementary
material), showing poor detectability when the newly developed
approach is used as a classical electrochemical application (i.e., in
absence of in situ pre-concentration). The statistical treatment
3� Sd/m and 10� Sd/mwas used to calculate the limit of detection
(LoD). In this, the Sd corresponds to the standard deviation for peak
current values (at the same Ep for CIPRO oxidation) measured from
the register of ten voltammograms of the blank and m is the slope
of the analytical curve. Even though the estimated value for LD was
0.12 mmol L�1 (Table S-2, Supplementary material), it still does not
meet the requirements of the trace-level analysis, such as raised in
previous works [22,29]. Thus, the following section deals with the
in situ pre-concentration step and the optimization of parameters
affecting its performance in order to improve de quantitative
analysis of target analyte.

3.4. Evaluation of the device for in situ microextraction

To make the newly developed electrochemical device useful for
trace-level analysis, we conducted a set of experiments in which
pre-concentration using in situmicroextractionwas compared with
the results acquired using direct electrochemical pre-concentration
(Fig. 4). First, Fig. 4A shows the original DP voltammograms ob-
tained under the previously optimised conditions by measure-
ments of CIPRO at 10.0 nmol L�1 in spiked tap water samples and
the absence of any mathematical process. At the same time, Fig. 4B
shows the DP voltammograms after signal transformation using the
baseline-corrected second-order derivative approach (as experi-
mental section 2.4). The voltammograms registered for the blank
(Fig. 4, voltammogram a) and the direct detection of CIPRO (at
10.0 nmol L�1) in spiked tap water samples in the absence of pre-
concentration (Fig. 4, voltammogram b) are characterised for the
absence of any Faradaic process at the scanned potential range.
Likewise, the detection using typical electrochemical pre-
concentration (at 0.4 V for 200 s, Fig. 4, voltammogram c) of the
sample (as listed in curve b) did not show any Faradaic process.
Meanwhile, the voltammogram illustrated in Fig. 4 (curve e)
showed that applying the pre-concentration step (with 120mg of
ChCl:MA at 1:1, molar ratio) as extractor solvent) by using a target
proposed device, enabled the extraction of CIPRO (at 10.0 nmol L�1)
from the spiked tap water sample; the electroanalysis generates
two partially distinguishable peaks at a potential of 1.13 and 1.39 V
vs. Ag/AgCl (KClSat.). Fig. 4 (voltammogram d) reveals the reliability
of these results, where there is no detectable peak in the DP vol-
tammogram registered after performing the same pre-
concentration process as for the blank sample.

It is worth mentioning here that, because of the very low con-
centration of CIPRO, the voltammetric profile generated broad
peaks where the maximumwas almost indistinguishable, which in
turn, does not allow its accurately measurement. Accordingly, to
overcome this shortcoming, it was used the mathematical pro-
cessing via baseline-corrected second-order derivatives. The
approach successful help to detect a well-defined peak current that
can be translated into quantitative information, even at the trace-
level. Hence, the results proved that the featured device com-
bined with mathematical processing works properly and can be
useful for further practical trace-level applications in electroanal-
ysis and this issue was studied in the next section.

3.5. Analytical figures of merit and sample analysis

Using the optimised condition in Tables S-1 and S-5 and Fig. S4
(Supplementary material), the effect of the ChCl:MA (1:1, molar
ratio) mass as an extractor solvent was also evaluated to determine



Fig. 4. (A) Original DP voltammograms and (B) baseline-corrected second-order de-
rivative voltammograms registered for CIPRO at 10.0 nmol L�1. (a) Blank: B-R buffer
solution prepared in tap water sample, (b) direct detection of CIPRO at 10.0 nmol L�1 in
spiked tap water sample, (c) detection after electrochemical pre-concentration (at
0.4 V for 200 s) of the sample as listed in curve b, (d) blank solution as in curve a after
pre-concentration using 120mg of ChCl:MA (1:1, molar ratio) and a proposed device;
finally, (e) pre-concentration via the proposed device using 120mg of ChCl:MA (1:1,
molar ratio) as an extractor solvent to extract CIPRO (at 10.0 nmol L�1) from spiked tap
water samples. Experimental and instrumental conditions were optimised in
Tables S1eS4 and Fig. S-4 (Supplementary material). Extractor: ChCl:MA (1:1, molar
ratio).

Fig. 5. Recovery test performed to assess the accuracy of the proposed method during
determination of CIPRO in spiked tap water samples at two level of concentration.
Extractor: ChCl:MA (1:1, molar ratio).
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CIPRO at concentration level of 5.00 and 10.0 nmol L�1, spiked into
tap water samples (Fig. 5). The decantation of the extractor:
ChCl:MA (a high density solvent) after pre-concentrationwas a key
step and their influence was obtained by means of the recovery
values. In that case, the high density ChCl:MA (1:1, molar ratio)
phase was subjected to mechanical stirring followed by the ice
water circulation process in the new configuration of electro-
chemical cell (Fig. 1). Here, after stopping the process, the enriched
phase containing the analyte was decanted on the electrode surface
(located at the bottom of the cell, Fig. 1d) to be electrochemically
analysed. In addition to this effect, the contact between the
extractor solvent and aqueous phase was improved by mechanical
stirring during 5.0min at 700 rpm (Table S-5, Supplementary
material), which was enough to transfer the CIPRO into the
ChCl:MA (1:1, molar ratio) phase. To estimate the percentage of
relative recovery (%RR) of CIPRO shown in Fig. 5, it was used the
following equation:

%RR ¼ ITW
IUW

� 100 (1)

Here, the term ITW is the measured peak current intensity
(duplicate measurements) for the spiked tap water sample, and
IUW is the measured peak current intensity (replicate measure-
ments) for the spiked ultra-pure water sample at the same con-
centration level. The obtained RR values summarised in Fig. 5
indicate that the highest extraction efficiency could be achieved
with the ChCl:MA (1:1, molar ratio) mass ranged between 80 and
160mg (RR¼ 90± 4.0; 104± 3.0 and 102 ± 2.5) for the spiked level
at 10.0 nmol L�1. It is worth to note that these results are in
agreement with those obtained in Fig. S-8 (Supplementary
material), in which the efficiency of extraction process (to assess
the main variable effects in Doehlert matrix, Table S-4 and Fig. S-8,
(Supplementary material) measured by RR (spiked level tap water
at 10.0 nmol L�1) also have maximum values ranged between 80
and 120mg of ChCl:MA (1:1, molar ratio) mass. Whereas, when the
spiked level was lowered to 5.00 nmol L�1, the RR values were
decreased to 67± 2.3, 66± 1.1 and 56± 7.1% for the ChCl:MA (1:1,
molar ratio) mass of 20, 40 and 80mg, respectively. These low RR
values, at concentration level 5.00 nmol L�1, may not be related to
matrix effect, since there is no interference peak (from target tap
water sample) that overlapped with the CIPRO peak as showed in
Fig. 4 (voltammogram d).

Fig. 5 also shows that the %RR values tend to decrease for both
spiked level of concentration (more pronounced at the
5.00 nmol L�1) when the ChCl:MA (1:1, molar ratio) mass increase
above 120mg. To understand this phenomenon, it may be neces-
sary to bring out two concepts behind the DES and its effect as
extractor solvent; their viscosity and its interaction with the ana-
lytes. The high viscosity of pure DES has been addressed as one of
the most recognized disadvantage, leading to a slow mass transfer
during the extraction process [30,31]. To overcome this problem,
the processes include the dilution with methanol, acetonitrile or a
small amount of water to reduce their viscosity and improve the
mass transfer into the DES phase. Regarding the general mecha-
nisms involved in the interaction between DES and the analytes,
the insights that take places may be more complex because of the
importance of geometric and energy parameters [30e34]. In some
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cases, it should be considered the functional groups and/or the
steric hindrances around the structures involved in this process. For
example, it was previously reported that the DES having carboxyl
groups enable more strong interaction with polyphenols groups
than such having only hydroxyl groups [30,31]. Also, literature
survey shows that many claimed mechanisms involved into the
DES, used either as solvent in organic reactions as in catalysis
process, occurs through hydrogen bonds [32,33].

Taking in account the aforesaid studies, thus, we understand
that the general mechanism for the interaction ChCl:MA and CIPRO
involve the stronger interactions (e.g., OdH����� N,
NdH����� O and OdH����� O), due to the greater
availability of the electron pairs of these donor atoms, as shown in
some scientific reports [30e34]. In this case, we ignore weaker
interactions, such as interactions with the fluorine atom as well as
the interactions that apparently would be very far. The proposed
mechanism in Fig. 6 (representation in two-and three-dimensional
array), shows that CIPRO was designed favoring intramolecular
hydrogen bonding between carboxylic acid and ketone functions.
The piperazinyl substituent was also designed in chair conforma-
tion because of its great stability. In the propose mechanism,
malonic acid species (from ChCl:MA) interact with CIPRO by either
as donors as acceptors of hydrogen bonds. In this pathway, one
function carboxylic acid (from malonic acid) acts as a hydrogen
bonding donor (O-H) by interaction with the nitrogen atom from
piperazinyl group and as acceptor by interaction between the ox-
ygen atom (from carbonyl group) with the N-H from piperazinyl
(donor). The second function carboxylic acid (from malonic acid)
acts as a donor (O-H) by interacting with the oxygen atom from
quinolinone (CIPRO acting as acceptor). From Fig. 6, it can see that
the CIPRO also acts as a donor (O-H from carboxylic acid group) and
malonic acid as an acceptor (oxygen atom from carbonyl group).
Finally, we believe that the hydrogen bonding network may have
directly influenced in the process of CIPRO-extraction from tap
water samples. However, when the mass of ChCl:MA (1:1, molar
ratio) become greater than 160mg, its high viscosity may not allow
Fig. 6. Proposed mechanism for the interaction between ChCl:MA (1:1, molar ratio) and CIPR
the transfer of CIPRO (from aqueous phase) to the DES phase. This
issue, in turn, give rise to a dense DES layer deposited on the
working electrode surface that can partially blocks its activity and
hinder the electron transfer. Thus, it can be understood that the
interaction occurs in amount of ChCl:MA (1:1, molar ratio) enough
tomeet with the proposedmechanism (Fig. 6) and, any excess must
be avoided to ensure the best efficiency of target proposed
procedure.

Taking in account the data from Fig. 5, on which the ChCl:MA
(1:1, molar ratio) at amount higher than 160mg tend to trouble the
electrochemical response, an analytical curve was obtained after
performing one extraction for each concentration level (with
replicate of measurement). Fig. 7 shows the baseline-corrected
second-order derivatives voltammograms recorded for CIPRO at
concentration range between 5.00 and 30.0 nmol L�1 (for only the
linear range) into the spiked tap water sample. In the target con-
dition, Fig. 7 (inset) shows the analytical curve (at all studied
concentration level 5.00 and 40.0 nmol L�1) obtained under the
optimised extraction conditions in order to obtain more realistic
figures of merit. It could be seen that there is no significant matrix
effect that compromises the accurate peak current measurement
and the quantitative detection of CIPRO can be appropriately per-
formed. The new calibration curve was linear only at the range of
5.00 and 30.0 nmol L�1 with the coefficient of determination (R2)
higher than 0.97 (n¼ 4). The linear range has the follow equation:
(D2I/DE2)/10�3 ¼ 0.046þ 0.010*CCIPRO(nM). To validate the proposed
approach, the used parameters were: linear range (LR), limit of
detection (LoD) and preconcentration factor (PF) as presented in
Table 1 as well as the recovery values further presented in Table 2.
To estimate the LoD (Table 1), a low concentration of the spiked tap
water sample that produces a signal (after extraction) at least
three-times great than de noise (sample in absence of analyte) was
selected as the lowest concentration of detection. From Table 1, the
LoD was estimated as 2.50 nmol L�1 (0.83 mg L�1). The preconcen-
tration factor (PF) showed in Table 1 was 35± 1.5 and was achieved
using the following equation:
O during extraction process. Representation in (I) two-and (II) three-dimensional array.



Fig. 7. (I) Baseline-corrected second-order derivative DP voltammograms registered
for: (a) Blank: B-R buffer solution prepared in a tap water sample and pre-
concentration using 120mg of ChCl:MA, (b) pre-concentration of CIPRO (at
5.00 nmol L�1) from spiked tap water sample using 40mg of ChCl:MA, (c) pre-
concentration of CIPRO (at 10.0 nmol L�1) from spiked tap water sample using
120mg of ChCl:MA, (d) pre-concentration of CIPRO (at 20.0 nmol L�1) from spiked tap
water sample using 120mg of ChCl:MA and (d) pre-concentration of CIPRO (at
30.0 nmol L�1) from spiked tap water sample using 120mg of ChCl:MA. (II) Analytical
calibration curve for the dependence of the peak current and concentration of CIPRO.
Other conditions as in Tables S-1 and S-4 as well as Fig. S-4.

Table 1
Analytical figures of merit to assess the validation of the proposed method, comparing i

Technique/Detector Extractor Linear range (mg L�1) L

DLLME-HPLC-DAD H2O/ACN 20e1000 5

Fluorescence detection Ad/Tb CPNPs 20e4640 2

Porous-Nafion-MWCNT/BDD MWCNTs 16.6e3313 1
Poly-b-cyclodextrin and l-arginine/CPE e 16.6e33134 3
This work DES 1.66e9.94 0

DLLME: Dispersive liquideliquid microextraction. HPLC DAD: high performance liquid ch
CPNPs: coordination polymer nanoparticles having adenine as bridging ligand and Tb3þ a
arginine/CPE: polymerization of b-cyclodextrin and l-arginine modified carbon paste ele

a Mineral water as sample.
b Tablets diluted in ultrapure water
c Wastewater effluent; RSD: relative standard deviation; PF: preconcentration factor.

Table 2
Recovery assay to assess the accuracy of the proposed method during the determination

Sample Added (nmol L�1) Foun

Tap water 5.00 4.00b

4.25c

10.0 7.80b

8.35c

Ultrapure water 5.00 4.35b

4.65c

10.0 7.10b

8.75c

a Average of triplicate measurements.
b Based on the external calibration curve (Fig. S-5, Supplementary material).
c Based on the external calibration curve (Fig. 7); RSD: relative standard deviation.
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PF ¼ CDES phase

CSample pahse
(2)

Here, the CDES phase is the preconcentrated concentration of the
CIPRO in the ChCl:MA (at 1:1, molar ratio) phase and CSample pahse is
the initial concentration of the CIPRO in the spiked tap water
samples. Table 1 also shows a characteristics of previously reported
methods (electrochemical, chromatographic and fluorescence
techniques) used here for comparative purposes. From displayed
data in Table 1, it can be seen that the proposed method is simpler,
enabling fast trace-level determination of CIPRO without compli-
cated sample pretreatment steps.

To demonstrate the applicability, Table 2 summarise the re-
covery values obtained to assess the accuracy of the proposed
method during extraction and determination of CIPRO in two
spikedwater samples. Fixing the ChCl:MA (1:1, molar ratio) mass at
40mg (for the concentration level of 5.00 nmol L�1) and 120mg
(for the concentration level of 10.0 nmol L�1), a comparative study
was performed analysing the tap water and ultrapure water sam-
ples spiked at these two level of concentration. The quantification
of CIPRO was based on the analytical figures of merit obtained with
both external calibration curves: Fig. S-5 (Supplementary material)
and Fig. 7. After triplicate measurements, the average recovery
values reveal an acceptable accuracy of proposed device to quantify
target CIPRO in reported samples. Taking into consideration the
evaluated performance of the proposed device, these previous
studies are highly promising and are in agreement with our goal of
narrowing the interface between electroanalysis and sample
preparation in order to pre-concentrate organic analytes and reach
the quantitation at trace-level. In addition, the proposed
ts performance with previous reported methods.

oD (mg L�1) Spiking (mg L�1) Recovery (%) ± RSD PF Ref.

.61 53a 89± 19 e [35]
400a 108± 7.0

0.0 994b 103± 0.1 e [36]
1998b 99± 0.8

.66c e e e [37]

.31 6626b 103± 2.4 e [38]

.83 1.66 90± 4.3 35± 1.5 This work
5.75 80± 10

romatography with diode-array detection; DES: ChCl:MA (at 1:1, molar ratio); Ad/Tb
s metal node; MWCNTs: multiwalled carbon nanotubes; Poly-b-cyclodextrin and l-
ctrode.

of CIPRO in two spiked water samples.

d a (nmol L�1) Recovery (%) RSD (%)

80.0 4.50
85.0 3.60
78.0 3.50
83.5 2.50
87.0 6.15
93.0 4.50
71.0 6.60
87.5 4.25
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electrochemical device allowed the traditional vortex/ultra-
sonication and/or centrifugation steps to be replaced by one simple
and in situmechanical stirring step. Likewise, we have replaced the
traditional ice bath and/or further heating process with an adapted
jacketed electrochemical cell where the ice water circulates,
reducing the process that takes up to three steps in traditional
methods, into just one step.

4. Conclusion

In this study, it was showed that the new electrochemical cell
configuration allowed combining the extraction and pre-
concentration of CIPRO from very dilute tap water samples prior
to electroanalysis at trace-level as a small drop that was directly
decanted onto the GCE surface. In addition, the efficiency of
ChCl:MA (1:1, molar ratio) and its environmentally friendly char-
acteristics make this DES a promising solvent for use in electro-
analysis. The new analytical approach is promising and is expected
to deepen the knowledge on the interface between the sample
preparation and electroanalysis as well as open new possibilities
for further electroanalytical trace-level applications in more envi-
ronmental interest samples.
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