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Paper-based microfluidics combined with potentiometric measurement has emerged as an attractive
approach for detecting various chemical ionic moieties. Detection of heavy metal ions, using paper sub-
strates as solution sampling and delivery systems remains challenging despite efforts to introduce several
physico-chemical paper substrate modifications to stop adsorption of ions onto the paper substrates. This
study quantitatively investigates the adsorption of heavy metal ions on the paper substrates during paper-
based potentiometric measurements and explains the super-Nernstian response of potentiometric
sensors through local depletion of heavy metal ions from the solution. Consequently, based on the inves-
tigated ion adsorption, a corrective potential protocol was established for the electrodes coupled with
paper-based solution sampling by predicting interference free sensor response from paper-based
measurement. Furthermore, the ion adsorption was also recorded for mixed metal ion solutions to under-
stand competitive primary/interfering ions adsorption onto the paper substrates and establish corrective
measures to predict interference free sensor response. In this method, no modifications of the paper sub-
strates are necessary before actual potentiometric measurements. The proposed corrective protocol
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allows prediction of sensor response based on the paper-based solution sampling potentiometric
measurement, providing a simple methodological approach based on correction of potential readout of
the potentiometric sensor, thus completely resigning from the need of modifying paper substrate for

rsc.li/analyst measurements of heavy metal ions.

(cc)

1 Introduction

Heavy metal ions are considered common pollutants known
for having long retention time in the environment, high tox-
icity, and the ability to accumulate in living organisms
through the food chain.” Therefore, the reliable detection of
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heavy metal ions is crucial for preventing their detrimental
impact on the environment and human health.*”
Potentiometric sensors offer an attractive and cost-effective
approach for detecting heavy metal ions in aqueous samples
due to their low power consumption, relatively short analysis
time, and small sample volume requirement.®°

In recent years, the potentiometric sensors combined with
microfluidic technology have facilitated advanced sampling
arrangements through applying various methods related to
introduction of samples to the detection zone."' ™™ This has
led to new applications, including environmental monitoring,
management, and support of soil nutrients in agriculture, and
medical diagnostics.">'**® Paper-based microfluidics, utiliz-
ing paper substrates as the matrices for solution sampling,
offers unique advantages to the applicability and cost of the
potentiometric analytical devices, namely reducing sample
consumption and filtering solid impurities, thus prolonging
the life of the sensor and opening new possibilities for direct
measurements in samples containing high solid to liquid
ratios.”” !
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On the other hand, the introduction of a paper substrate
for solution sampling coupled with potentiometric sensors
can promote parasitic processes of adsorption of ions onto the
paper matrix, easily altering sample concentration, particularly
when the volume is minimal. This is especially valid in heavy
metal ions detection, as negatively charged sites, such as
hydroxy and carboxyl groups in the paper substrates, attract
positively charged heavy metal ions. The stronger the inter-
action between heavy metal ions with the paper substrates, the
higher the local depletion of heavy metal ions at the detection
zone. When paper-based microfluidic solution sampling is
coupled with potentiometric sensors, depletion of heavy
metals at the detection zone leads to super-Nernstian
responses of ion-selective electrodes (ISEs) during calibration
and ion detection. This phenomenon is mostly associated with
the detection of heavy metals and has been studied
extensively.”>** To overcome the super-Nernstian response of
ISEs when coupled with paper-based microfluidic solution
sampling, different strategies have been employed, including the
use of inorganic salt-modified,”* acidified,*® metal-modified,*"
and ion-selective membrane-modified*® paper substrates. These
approaches aimed to reduce or avoid the adsorption of heavy
metal ions during paper-based microfluidic solution sampling
and improve the accuracy of paper-based potentiometric ion-
selective electrodes (ISEs). Specifically, negatively charged sites in
the hydroxy and carboxyl groups of the paper substrate are
blocked by competitive ions or coatings, thereby suppressing the
super-Nernstian response of the ISEs coupled with paper-based
microfluidic solution sampling. Through the aforementioned
approaches, approximately linear calibration curves of ISEs were
obtained, enabling the detection of heavy metal ions within a
defined linear range. However, these methods necessitate special
treatment of the paper substrates, which may alter its inherent
properties, such as diminishing the capillary effect of the paper
or introducing complexity in paper substrate pre-treatment and
handling. Additionally, in certain cases, the introduction of
extraneous ions can increase interference and elevate the risk of
environmental contamination of the sample.

Although several paper substrate modifications were pro-
posed, the understanding of the Nernstian response of ISEs
during heavy metal ion detection with paper-based microflui-
dic solution sampling coupled with potentiometric sensors,
compared to direct solution-based methods, is still not fully
understood. The calibration curves obtained by ISEs coupled
with paper-based microfluidic solution sampling are dramati-
cally different from those obtained in solution measurements.
Although it is generally accepted that the adsorption of heavy
metal ions onto the negatively charged sites of the paper sub-
strate is the main contributing factor,>® a precise understand-
ing of the interactions of paper substrates with heavy metal
ions across the entire concentration range is still lacking.

This paper presents a quantitative protocol to systematically
investigate the effects of heavy metal ion adsorption onto the
paper substrates during potentiometric measurements. The
study focuses on understanding the influence of adsorption of
heavy metal ions by paper substrates on the Nernstian response

4352 | Analyst, 2024,149, 4351-4362

View Article Online

Analyst

of ISEs, establishing the relationship between the adsorption of
heavy metal ions and the Nernstian responses of potentiometric
ISEs. Furthermore, the obtained quantitative data allowed for the
high confidence prediction of the potential of potentiometric cell
coupled with paper-based microfluidic solution sampling, purely
based on measurements obtained from traditional solution-
based approach and ion-paper substrate adsorption earlier deter-
mined. This opens new possibilities in direct measurements of
heavy metal ion concentrations without applying modifications
to the paper substrates.

2 Experimental

2.1 Chemicals, materials, and electrodes

Lead nitrate (Pb(NO;),), cadmium nitrate (Cd(NO3),), 70%
nitric acid (HNOj;), poly(sodium-p-styrenesulfonate) (NaPSS),
3,4-ethylenedioxythiophene (EDOT), lead ionophore 1V,
cadmium ionophore I, potassium tetrakis(4-chlorophenyl)
borate (KTCIPB), 2-nitrophenyl octylether (o-NPOE), poly(vinyl
chloride) (PVC), and tetrahydrofuran (THF) were procured
from Sigma-Aldrich (Germany) with a purity of >99%.
Sartorius filter paper (no. 389, particle retention 8-12 pm) was
used, and the InLab® Surface Pro ISM pH electrode (flat glass
membrane electrode) was coupled with the Seven Compact
pH/ion S220 meter from Mettler-Toledo (Switzerland). The
reference electrode was a single junction silver/silver chloride
(in 3 M KCl) electrode from Thermo Fisher (USA), and the
glassy carbon (GC) disk electrodes (3 mm) were purchased
from X2 Lab Pte. Ltd (Singapore). Ultra-pure water (18 MQ cm)
from the Milli-Q Integral Water Purification System (USA) was
used to prepare all aqueous solutions.

Initially, GC electrodes were polished using 0.3 pm alumina
(Al,03) slurry on a soft pad, and subsequently rinsed with
ultra-pure water. The electropolymerization of PEDOT:PSS on
GC electrodes was performed using a three-electrode cell con-
sisting of a working electrode (GC electrode), a counter elec-
trode (Pt mesh electrode), and a reference electrode (Ag/AgCl
electrode). A constant current of 0.014 mA (0.2 mA cm™?) was
applied for 714 s in a prepared electropolymerization solution
comprising 0.1 mol L™ NaPSS and 0.01 mol L™ EDOT,* fol-
lowed by rinsing with ultra-pure water and drying in the open
air at room temperature (23 + 2 °C) for 12 hours. To prepare
the Pb®>" selective membrane, a membrane cocktail (100 mg
solutes containing 1 wt% lead ionophore (IV), 0.5 wt%
KTCIPB, 33.3 wt% PVC, and 65.2 wt% o-NPOE dissolved in
2 mL THF) was dropped onto the electrode for three times
with a volume of 20 pL for each droplet and with an interval of
one hour between droplets. The electrodes were then dried in
open air at room temperature (23 + 2 °C) for 12 hours. Before
testing, the electrodes were conditioned in 107 mol L™' Pb
(NOj3), for 12 hours. Similar procedures were followed to
prepare the Cd**-ISEs. The Cd**-ISEs were prepared in the
same way but using a membrane cocktail of 100 mg solutes
containing 1 wt% cadmium ionophore, 1.02 wt% NaTFPB,
32.66 wt% PVC, and 65.32 wt% o-NPOE.
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2.2 Potential measurements with Pb*>*- and Cd**-ISEs in con-
ventional beaker-based and with paper-based microfluidic
solution sampling

Before commencing potentiometric measurements, the Pb*'-
and Cd*"-ISEs were conditioned for 12 h in 10~ mol L™" Pb
(NO3), and Cd(NOs3), solutions, respectively. To perform poten-
tiometric measurements utilizing paper-based microfluidic
sampling in conjunction with Pb>*- and Cd>*-ISEs, filter paper
(no. 391, particle retention, 2-3 pm) was cut into small pieces
(15 mm x 15 mm). The cut paper pieces were meticulously
washed with ultra-pure water to ensure removal of any water-
soluble components from the paper. Subsequently, the washed
paper was oven-dried at 60 °C for one hour and allowed to dry
at room temperature.

The potentiometric measurements were conducted with an
EMF 16 potentiometer (Lawson Labs). The potentiometric
response of each measurement was recorded for 60 s at room
temperature (23 + 2 °C). Standard Pb(NO3), and Cd(NOj3), solu-
tions from 1077 to 107" mol L™" were used in the sequence of
increasing ion concentrations. Standard deviation was deter-
mined by conducting three consecutive measurements of the
same sample type (n = 3).

In this study, the potentiometric measurements were initially
conducted directly in a beaker using the prepared Pb**- and
Cd**-ISEs. Subsequently, the calibrated ISEs with known
Nernstian responses in beaker-based measurements were
employed to perform potentiometric measurements with the
assistance of paper-based microfluidic sampling. For each test,
90 uL of the sample was pipetted onto the prepared paper sub-
strate first. The ISE and a single-junction Ag/AgCl (3 M KCl) refer-
ence electrode were then fixed side by side and erected on the
paper substrate sheet. Continuous potential data of the potentio-
metric cell was recorded for 60 s, and the paper substrate was
changed to a new one for each subsequent measurement.

2.3 Protocol for determining adsorption of heavy metal ions
onto the paper substrates

Before the use, all paper substrates were thoroughly washed
with ultra-pure water and subsequently dried in an oven at
60 °C for 1 hour and dried at room temperature. Based on the
liquid wicking capacity of the no. 389 filter paper,*® a 90 L
aqueous sample was required for a single detection using a
15 mm x 15 mm paper substrate (Fig. 1(a)). However, the
amount of sample remaining after adsorption on the paper
substrate was insufficient for ICP-OES analysis. To overcome
this issue, the sample amount was increased by 20-fold, as
illustrated in Fig. 1(b), by immersing 20 pieces of paper with a
size of 15 mm x 15 mm in 1.8 mL of the samples (solutions
with single or mixed ions) for 1 minute. Subsequently, 0.5 mL
of the remaining solutions were pipetted and subjected to
ICP-OES analysis to determine the concentration of the heavy
metal ions remaining in the solution indicating the adsorption
of heavy metals from respective solutions.

In this study, adsorption is quantitatively defined as the
ability of paper substrates to absorb metal ions from a solu-
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Separated ion or
a mixture of Pb2*,
Cd?*, Na*

1 min
- |CP-OES
take out 0.5 mL
sample

paper

1.8 mL sample on 20
pieces of paper with a size
of 15 mm x 15mm

90 uL sample on a piece
of paper with a size of
15 mm x15mm

Fig.1 (a) Conventional paper-based microfluidic solution sampling
coupled with potentiometric cell; (b) protocol for determining the
adsorption of heavy metal ions onto the paper substrates.

tion. Specifically, it denotes the ratio of the amount of ions
absorbed by the paper substrates to the total amount of ions
present in the solution prior to any interaction between the
substrate and the solution. Additionally, the volume of the
solution assessed here is the capacity that the paper substrate
can accommodate. The adsorption of Pb*" and Cd** onto the
paper substrates was specifically measured within a concen-
tration range spanning from 107> to 10™' mol L™". Real
environmental samples often contain a mixture of various
heavy metal ions, making the analysis more complex. For
example, the presence of interfering ions can occupy the
binding sites on the paper substrate, leading to competition
with the primary ion, thus impacting the adsorption of the
primary ion. Consequently, the adsorption of heavy metal ions
under complex conditions (mixed solutions) on the paper sub-
strate was determined using the same method.

The above-mentioned measurements can provide infor-
mation about the adsorption of heavy metals only at selected
concentrations of Pb*" or Cd**, creating discrete data points
within the entire concentration range. In practical analyses,
the concentrations of heavy metal ions in real samples can
vary, and may not be aligned with these specific concen-
trations. If accurate information about the amount of heavy
metal ion(s) of real samples adsorbed by the paper substrate is
needed, it is necessary to know the adsorption of heavy metal
ions onto the paper substrates at any concentration. To
address this issue, this study employed a polynomial fitting
method to approximate the adsorption of Pb*>" at any concen-
tration, and the accuracy of the fitted results was experi-
mentally verified.

2.4 Prediction of the potential of potentiometric cell coupled
with paper-based microfluidic solution sampling derived from
solution-based measurement

By knowing both the potential of the ISEs directly measured in
the conventional solution-based measurement (the potential
obtained by this method is further referred to as solution-
based potential) and the adsorption of specific ions onto the
paper substrates, the potential of the ISEs coupled with paper-
based microfluidic solution sampling (the potential obtained
by this method further referred to as paper-based potential)

Analyst, 2024,149, 4351-4362 | 4353
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can be predicted. The Nernst equation can be used to calculate
the predicted potential of the ISE as follows:

E = E° + S log(a) (1)

where E is the measured potential, E° is the standard potential,
S is the response slope, and a is the ion activity.

Initially, the Nernstian responses of the prepared ISEs were
recorded in standard solutions with concentrations spanning
from 1077 to 10™! mol L™, and their calibration curves were
obtained using the least-squares method. Within the linear
function describing the calibration curves, the values of E°
and S, which are inherently dependent on the properties of the
ISEs, were determined. Subsequently, these Nernstian
equations, equipped with known parameters, were employed
to estimate the potential of potentiometric cell coupled with
paper-based microfluidic solution sampling.

Supposing the adsorption of the heavy metal ions on the
paper substrates at the concentration of ¢ mol L™ is 7%, then
(100 — r)% of the total heavy metal ion remains in the solution
that was adsorbed onto the paper substrates. As such, the
potential values of the ISEs in the presence of the remaining
heavy metal ion can be calculated using the Nernst eqn (1) as:

E=E°+ S x10g[(100 — ) x 1072 x ¢ x 7] (2)

where, y represents the ion activity coefficient; ¢ represents the
concentration of ion in the sample before its contact with the
paper substrate; and r signifies the adsorption of the ion on
the paper substrate.

Once ISEs were directly tested in beaker-based measure-
ments with standard solutions, their Nernstian responses
coupled with paper-based microfluidic sampling were sub-
sequently evaluated through empirical means. The data
obtained from these experiments were utilized to evaluate the
accuracy of the predicted potential readout of the ISEs.

2.5 Interference free electrode potential prediction from the
measurement assisted with paper-based microfluidic solution
sampling

The Nernstian responses of ISEs in standard solutions can
also be predicted from the measurements of ISEs coupled with
paper-based microfluidic solution sampling, provided that the
adsorption of the heavy metal ions on paper substrates is pre-
viously understood. The prepared Pb**-ISEs coupled with
paper-based microfluidic sampling were tested with standard
Pb(NO;), solutions with concentrations from 10~ mol L™" to
107" mol L. The potentials of Pb>*-ISEs coupled with paper-
based microfluidic sampling were recorded. Assuming that the
potential of the Pb>*-ISEs directly tested in the Pb(NO;), solu-
tion with a concentration of 10~ mol L™! is E,~, according to
the Nernst equation is:

Es ' = E° 4 S logly; x 107] (3)

where, y; represents the ion activity coefficient when its con-
centration is 107",

4354 | Analyst, 2024, 149, 4351-4362

View Article Online

Analyst

The potential of the Pb** ISEs coupled with paper-based
microfluidic sampling in the Pb(NOj3), solution with a concen-
tration of 10~ mol L™' was measured, the value was Ep_i,
according to the Nernst equation is:

Ep ' =E°+ Slogly; x 107" x (100 — ;) x 107?] (4)

where, r; is the adsorption of Pb®" on the paper substrate when
its concentration is 10~ mol L™".

Similarly, assuming the potential of the Pb**-ISEs directly
tested in the Pb(NO;), solution with a concentration of 10~ ¢*?
mol LY, is:

E;"U) = E° + S logly(is1) x 107 F)] (5)

where, 7, represents the ion activity coefficient of Pb>" at a
concentration of 10”9 mol L2,

In this study, these Pb*>"-ISEs coupling with paper-based
microfluidic solution sampling were tested in the Pb(NOj3),
solution with a concentrations of 10”9 mol L™

Ep,~ ) = Eo + S logly(is1) x 1077 x (100 — ) x 107%]. (6)

By combining and solving eqn (3)-(6), we can obtain the
value of E, % and E, "¢,

Therefore, with this method, the potential values of Pb**
tested in solutions can be predicted from those tested on the
paper substrates.

2.6 Quantitative analysis of heavy metal ions in complex
samples done by potentiometric cell coupled with paper-based
microfluidic solution sampling

To address the possibility of influence of interfering ions on
the potential formation of the potentiometric cell, six typical
interfering ion pairs (cases) were identified (ESI, Table S17).
For Pb*>" determination, as indicated elsewhere,* it is impor-
tant to note coupling Pb**-ISEs with paper-based solution
sampling can be particularly challenging due to electrode
super-Nernstian response as a result of the strong affiliation of
Pb”>* to the paper matrix. This presents additional difficulties
in achieving accurate measurements compared to other heavy
metal ions such as Cd*'. For this reason, we selected Pb*" as
the primary ion for these complex measurement cases and
chose different interfering ions based on the selectivity
reported for lead ionophore Iv.>>’

In order to realize the analysis of Pb*>" in complex samples,
two aspects of electrode response should be addressed,
namely (i) selectivity of Pb>*-ISEs, and (2) adsorption of Pb>*
on paper substrates in complex samples. To assess the selecti-
vity of the Pb**-ISEs, it is necessary to investigate their
responses to complex samples that may contain multiple types
of ions (refer to Table S17). Before conducting the selectivity
tests, the Pb*>*-ISEs were conditioned in a solution of lead(u)
nitrate with a concentration of 10> mol L™" for a duration of
12 hours. For each case, three sets of tests were carried out
using the following solutions: (i) solutions with the interfering
ions (concentration ranging from 10~7 mol L™ to 10" mol
L"), (ii) solutions with the primary ions (concentration

This journal is © The Royal Society of Chemistry 2024
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ranging from 10~” mol L™ to 10" mol L"), and (iii) solutions
with mixed ions (concentration of the primary ions ranging
from 10~" mol L™ to 10™* mol L™, while the concentration of
interfering ions varied according to Table S1t). Each set of
tests was performed at an interval of 1 hour to allow for the
reconditioning of the Pb**-ISEs, thus eliminating the effect of
previous measurements in solutions of different concen-
trations on subsequent measurements.

The presence of interfering ions in complex samples
(Table S11) may affect the adsorption of the primary ions on
the paper substrates, and consequently influence the potential
formation of the primary ions obtained by the ISEs. To assess
this effect, the adsorption of Pb*>" on paper substrates in
complex samples was investigated using the testing method
described in Section 2.3. Additionally, the adsorption of the
interfering ions on paper substrates was also investigated.
Similar to the corrective procedure employed in case 1, in
which no other interfering ions were present, a polynomial
fitting method was used to approximate the adsorption of lead
ions at any given concentration under the multiple scenarios,
as listed in Table S1.} The accuracy of the fitting method was
verified through experimental validation. Different from the
detection of samples containing a single type of ions, the
detection of complex samples requires consideration of selecti-
vity of the ISE and the influence of interfering ions on the
adsorption of the primary ion. For the selectivity, the well-con-
ditioned Pb**-ISEs exhibiting excellent ion-selective perform-
ance were used. In most cases, the presence of interfering ions
had only a minor influence on the potential response of the
primary ions, as described in section 3.4. Therefore, when the
adsorption of the primary ion (Pb>*) on the paper substrates in
complex samples was known, the solution-based potential
could be calculated from the paper-based potential in complex
samples using the method described in section 2.5.

2.7 Determination of Pb>* in samples containing real back-
ground matrices

Lake water was collected from a rain collecting point (drain)
linked to a lake in the Nanyang Technological University (NTU)
campus, and primarily consisted of rainwater. Laboratory re-
cycling water was obtained from tap water treated by the waste-
water purification system, while laboratory wastewater was col-
lected directly from an environmental laboratory at NTU. The
composition of these background matrix solutions was deter-
mined using ICP-OES. To prepare lead-containing samples
with real background electrolyte, a solution of Pb** with a con-
centration of 1 mol L™ was prepared and a random volume
between 0 and 1 mL was added to each of these background
matrix solutions with a total volume of 5 mL.

Using the method described above, the approximate com-
position of interfering ions in the test solution could be deter-
mined in advance. This allowed for identification of specific
case to which the sample belonged, as shown in Table S1.f In
practical applications, the classification of a sample could be
determined based on historical data or a small number of test
samples. Once the sample is assigned to a specific case, the
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potential recovery method described in section 2.6 would be
used to establish the calibration curve of the sensor. This cali-
bration process could be carried out in advance and remain
effective for a certain period of time.

E = E° + S log(a) (7)

In eqn (8), E represents the measured potential, while E°
denotes the standard potential value; S denotes the response
slope; and a denotes the ion activity. The calibration curve
equation involves the known values of E° and S, and allows for
the determination of a by measuring E. The relationship
between ion activity, @ and concentration, c¢ is described by the
following expression:

a=yc(100 —r) x 1072, (8)

In eqn (9), y represents the ion activity coefficient; ¢ rep-
resents the concentration of ion in the sample before it was in
contact with the paper substrate; and r represents the adsorp-
tion of the ion on the filter paper, and can be represented by
the fitting equation (Fig. S1-S6, ESIt).

The ion activity coefficient y is dependent on the concen-
tration of the solution, and can be calculated using the follow-
ing two formulas®®—°:

T
y = —AZ VI (9)
1+ BsvI
1
I= EZ ciz2. (10)

In eqn (9) and (10), I is ionic strength; A = 1.82 x 10%(eT) >
(where ¢ is dielectric constant); B = 50.3(eT)*'%; z is the charge
of ion; s is an adjustable parameter (angstroms) corresponding
to the size of the ion.** Finally, using eqn (7)-(10) described
above, the concentration of ion in the sample can be calcu-
lated based on the measured potential value.

3 Results and discussion

3.1 Adsorption of Pb*>* and Cd** by paper substrates during
paper-based microfluidic solution sampling

The adsorption of Pb** and Cd>* by paper substrates was sys-
tematically investigated in pure samples containing a single
ion concentration, and the results are shown in Fig. 2.
Generally, with the increase of the concentrations of the heavy
metal ions (Pb>* and Cd*>"), their adsorption on paper sub-
strate decreased. Compared with Cd**, the adsorption of Pb**
was significantly higher when the concentrations ranged from
107 to 10~ mol L™". Paper substrates possess abundant func-
tional groups, such as carboxyl and hydroxyl, which can form
coordination bonds with heavy metal ions. Compared to Cd*",
Pb** exhibits a stronger polarizing ability, allowing them to
form more stable coordination bonds with these functional
groups. The larger ionic radius of Pb** enables it to bind with
multiple coordination sites on the paper substrate, thereby
enhancing its adsorption capacity through multi-site coordi-
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Fig. 2 Adsorption of Pb2* and Cd?* onto the paper substrates during
paper-based potentiometric measurements in pure samples containing
a single ion concentration.

nation. Consequently, these factors contribute to a higher
adsorption capacity of Pb®>" on the paper substrate compared
to Cd>". This conclusion is consistent with findings from pre-
vious studies.*** However, when the concentrations range
from 1072 to 10" mol L™, the adsorption of the two ions
became similar. Specifically, at the concentration of 10~> mol
L™, the adsorption of Pb*>" reached 97.7%, indicating that the
concentration of remaining Pb>" after adsorption was 2.3 x
1077 mol L™". When the concentrations of the two heavy metal
ions ranged from 107> mol L™ to 10~ mol L™, their adsorp-
tion reached the lowest value and varied negligibly. Thus, to
summarize, the adsorption of the heavy metals onto the paper
substrate is in a non-linear function with the concentration of
the heavy metal ions in the solution. Paper substrates have
limited capacity to accommodate heavy metal ions and thus
the effect is most visible at low analyte concentrations, where
nearly all ions are being taken up by the paper substrate. This
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poses practical challenges in terms of predicting the potential
of ISEs when in contact with different ion concentrations.

3.2 Estimation of the potential of potentiometric cell
coupled with paper-based microfluidic solution sampling
derived from solution-based measurement

Using corrective methodology for the potential of ISEs
described in section 2.4, the paper-based potential for the
potentiometric measurements of Pb>"-ISEs was predicted from
the solution-based potential with the concentration-based
adsorption of Pb®>" onto paper substrates (Fig. 3(a)). The pre-
dicted potential closely matched the measured potential
obtained from paper-based potentiometric measurements
with Pb**-ISEs, demonstrating the remarkable accuracy and
effectiveness of the proposed prediction method. In the high
concentration range (from 107> to 10™" mol L"), the paper-
based potential closely aligned with the solution-based poten-
tial. A previous study had shown that the adsorption amount
of heavy metal ions on the paper substrate increases with their
concentrations.”> However, the adsorption percentage of heavy
metal ions on paper substrate decreases with increasing con-
centrations of heavy metal ions, reaching a low level (less than
5%). As a result, the paper-based potential and the solution-
based potential are closely matched. In the low concentration
range (from 107 to 107> mol L"), the paper-based potential
of Pb**-ISEs is nearly unresponsive (non-Nernstian), similar to
what was observed elsewhere.?>** For the concentrations 10~’
to 107® mol L%, both the solution-based and paper-based
potential showed minimal variations, due to the concen-
trations being below or close to the detection limit of the
sensors. However, a difference was observed at a concentration
of 107> mol L™, where the paper-based potential remained
non-Nernstian while the solution-based potential exhibited
close-to-Nernstian response. At this concentration, the adsorp-
tion of Pb** on the paper substrates exceeded 90%, resulting
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Fig. 3 Corrective protocol to predict interference free sensor response of ISE coupled with paper-based microfluidic solution sampling from solu-

tion-based measurement of (a) Pb?*- and (b) Cd?*-ISEs.
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in the remaining Pb>" concentration in the solution being less
than 10% of 10> mol L™ (107® mol L™"). Consequently, the
paper-based potential at the concentration of 107> mol L™" for
Pb*" is close to that at a concentration of 10~ mol L™". In the
middle concentration range (from 10~ to 10™° mol L), the
solution-based potential continues to show a Nernstian
response (approx. 29.2 mV dec”' in Fig. 3(a)), whereas the
paper-based potential suffers from super-Nernstian response
(approx. 50.5 mV dec ™" in Fig. 3(a)). In both concentrations of
10 and 10 mol L™", the potential of Pb*>"-ISEs obtained on
the paper substrates are lower than those obtained in the stan-
dard solutions due to the adsorption of heavy metal ions on
the paper substrates. Furthermore, for paper-based measure-
ments, the adsorption of Pb>* on the paper substrates at the
concentration of 10~ mol L™" is much higher than that at the
concentration of 10~ mol L™, resulting in a greater decrease
in the potential (compared with the solution-based potential)
at the concentration of 10”* mol L™ than that at the concen-
tration of 107 mol L. Consequently, the results obtained
using the paper-based potentiometric method exhibit super-
Nernstian response in this concentration range.

Similar results were observed in the measurement with
Cd**-ISEs using the paper-based potentiometric method
(Fig. 3(b)).

The remarkable recovery of the potential of the electrode
based solely on adsorption, suggests that the mechanism
driving the super-Nernstian response of ISEs is mostly depen-
dent on the adsorption related phenomena between the ions
and the paper substrate. This, however, does not answer what
is the type of interactions within the adsorption (physical,
chemical, or both). Also, the paper-based potentiometric
measurement with Pb>*-ISEs exhibits a more pronounced
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super-Nernstian response compared to that of Cd**-ISEs. This
indicates that the detection of Pb*>" is more challenging using
paper-based potentiometric methods than Cd**. Therefore, the
subsequent studies focus solely on the measurements of Pb>".

3.3 Corrective electrode potential prediction in a
conventional solution-based potential readout from the
measurement assisted with paper-based microfluidic solution
sampling

It was investigated that the conventional solution-based poten-
tial of the electrode can also be recovered from the measure-
ment assisted with paper-based microfluidic solution
sampling using the method described in section 2.5. In this
instance, however, there is a limitation on the concentration
range of the recovered potential readout. For example, for the
concentration of 107° mol L™" the concentration of remaining
Pb>" after adsorption onto the paper substrates is below the
detection limit of the fabricated Pb**-ISEs (10~ mol L™%).
Consequently, the valid calculation range for the paper-based
potential of Pb** ISEs is from 10™°> mol L™ to 107 mol L. As
shown in Fig. 4(a), the conventional solution-based potential
(ranging from 10™> mol L™" to 10> mol L") of Pb>*-ISE was
successfully recovered from the measurement assisted with
paper-based microfluidic solution sampling accounting for the
adsorption of Pb®" onto the paper substrates at different con-
centrations. It was found that the conventional solution-based
and corrected protocol-based measurements have very good
agreement in terms of the potential readouts and slopes
(Fig. 4(b)), demonstrating the effectiveness of the proposed
corrective protocol method. This indicates, that by recovering
the conventional solution-based potential of the electrode
from the measurement assisted with paper-based microfluidic

(b)
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<
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Fig. 4 Prediction of the solution-based potential readout from the measurement assisted with paper-based microfluidic solution sampling: (a) four
curves are presented, namely: the adsorption of Pb?* on the paper substrates; the Pb?*-ISE calibration curve when electrode is utilizing paper-based
solution sampling; the Pb2*-ISE calibration curve in conventional solution-based measurement; and the predicted Pb2*-ISE calibration curve in solu-
tion measurement obtained from measurement assisted with paper-based microfluidic solution sampling; (b) a comparison of the same Pb?*-ISE
between the experimental data (solution-based measurement) and the corrected potential readout from measurement assisted with paper-based

microfluidic solution sampling.
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solution sampling, it becomes possible to avoid calibration of
the ISEs in conventional solution-based settings. Additionally,
the potential readout in the measurement assisted with paper-
based microfluidic solution sampling can be corrected to the
Nernstian linear calibration curve, effectively addressing the
issue of super-Nernstian response of ISEs coupled with paper-
based solution sampling.

3.4 Corrective protocol to predict the Pb*>*-ISEs based poten-
tial readout in complex samples

The corrective protocol to predict the ISE’s paper-based poten-
tial readout was initially established using pure solutions,
where only a single salt was present (Pb(NO;),). However, in
practical analytical scenarios, the samples to be tested are
often complex in ionic composition, containing multiple types
of ions at different concentrations. Therefore, multiple cases
were defined in this work to simulate complex testing analyti-
cal scenarios, as described in Table S1.}

In complex samples, the issue of sensor selectivity is
crucial, as the introduction of interfering ions might affect the
Nernstian response of the ISEs. As shown in Fig. S7, S8, S9,
$10 and S11 (ESI),T the fabricated Pb>*-ISEs exhibited excellent
selectivity performance. This collaborates with previous
reports for Pb>"-ISEs with lead(n) ionophore IV.**” The
addition of interfering ions did not obviously affect the
Nernstian response of the primary ions in most cases (Fig. S7,
S8, S9 and S107t) for the recovering potentials in the range
from 10~° to 10™> mol L™'. However, it should be noted that
the addition of Cd** with a high concentration (10™" mol L™")
affected the Nernstian response of the primary ions for the
recovering potential in the low concentration range from 10~°
to 107" mol L™ (Fig. S117). This suggests that in most cases,
Pb**-ISEs should independently be responsible for potential
readout formation, unless high background electrolyte of inter-
fering ions is present (especially important in diluted primary
ion samples). The high selectivity-driven electrode response is
only valid, assuming that the interfering ion has equal or
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higher ion adsorption affinity to the paper substrates than the
primary ion. In case, the primary ion adsorption affinity to the
paper substrate is much greater, the selectivity of ISEs may fail
to sustain interference-free electrode response as the concen-
tration difference between primary over interfering ions may
be decreased due to competitive adsorption of the primary ion
on the paper substrates. For that reason, it is important to
understand the competitive adsorption of primary and inter-
fering ions onto the paper substrates conducted in mixed ion
solutions.

As shown in Fig. 5(a), unlike the selectivity of the ISEs, the
adsorption of the Pb*>" was obviously affected by the addition
of the interfering ions in most cases (2, 4, 5, and 6). However,
it is worth noting that the addition of Na* (case 3) had almost
no effect on the adsorption of Pb*>" on the paper substrate. For
the Cd®>" with the same concentration of Pb**, a slight
reduction in adsorption of Pb>* on the paper substrate is
observed at low concentrations (10> to 10> mol L") (case 2).
When the Pb>" solutions ranging from 10> to 10~ mol L™*
are mixed with a constant concentration of Cd** ions (cases 4,
5 and 6), it can be observed that the adsorption of Pb>*
decreases as the concentration of the interfering ion Cd**
increased. This observation indicates that higher concen-
trations of interfering ions significantly alter the adsorption of
the primary ion on the paper substrate.

To obtain the adsorption of heavy metal ions onto the
paper substrates at any concentration, a multiple-segment
fitting curve was employed. This curve captured the relation-
ship between the concentration of heavy metal ions and their
adsorption onto the paper substrates. The fitting process uti-
lized multiple measured data points for each case, as listed in
Table S1.7 The fitting curve consisted of three sub-segments.
The middle sub-segment showed a significant change in slope
(concentration ranging from 10~ to 107> mol L") and was
fitted using a polynomial function. The two end sub-segments
(concentration ranging from 10> mol L™ to 107 mol L™ and
from 107> mol " to 10~ mol L") displayed smaller changes
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Fig. 5 Adsorption of (a) the primary ions and (b) the interfering ions on paper substrate during the potentiometric measurement with ISEs. The
primary ion in cases 1-6 is Pb?*; the interfering ions are Cd?* or Na* with various concentrations (Table $17).
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in slope and were fitted using the least-squares method. The
fitting of the adsorption of Pb** on the paper-based substrate
in different cases can be found in Fig. S1-S6 (ESI).} For each
fitting curve, two data points (non-integer concentration
values) were experimentally selected and measured, indicated
by red boxes. The errors between the fitted curves and the
experimental results were below 2%, affirming the accuracy
and validity of the fitting curves.

3.5 Corrective protocol to predict interference free sensor
response for paper-based solution sampling in complex
samples

In practical analytical scenarios, the sample solutions often
contain multiple interfering ions, which can impact the poten-
tial response of ISEs and the adsorption of heavy metal ions
on the paper substrates. These interferences affect the concen-
tration of the target ions in the test solution and subsequently
influence the potential readout related to the investigated
heavy metal. This study categorized the potential background
solutions of various analytical scenarios into six categories, as
shown in Table S1.7 The first category comprised single-ion
solutions (pure solutions, interference-free solutions), while
the remaining five categories represented complex situations
where the test solution contained interfering ions. As shown
in Fig. 6, based on the results in section 3.4 (Fig. 5), the
method described in section 2.6 was used to predict inter-
ference-free sensor response for paper-based solution
sampling. These results were then compared with the
measured results in the standard solutions. The calculated
calibration curves for the solution potential exhibited good
agreement with the measured results (Fig. 6(a)). Furthermore,
the slopes of the two calibration curves are nearly identical,
differing by only 1.1% (Fig. 6(b)). The same method was
employed for cases 3-6. The results, as shown in Fig. S12, 13,
S14 and S15 (ESI),T indicated that the method described in
section 2.6 can effectively recover the calibration curves

-+— Potential (solution) (a)

Potential (paper substrate)

—+— Recovered potential (solution)

Potential (mV)
AW 0€

-8 -6 -4 2 0
Log (app2+)

View Article Online

Paper

obtained by paper-based solution sampling measurements to
the calibration curves obtained by conventional solution-based
measurements, with the calculated recovered -calibration
curves aligning well with the experimental results. It is worth
noting that in case 6, the interfering ion, Cd*" was added at a
high concentration (10™* mol L"), which not only significantly
affected the adsorption of Pb*>* on the paper substrates (Fig. 5)
but also interfered with the selectivity the Pb**-ISE for detect-
ing low concentrations (lower than 107> mol L™ Pb*"), as
shown in Fig. S11.1 The adsorption of Cd*>" and Pb*" on paper
substrates involves a competitive relationship.®® Although Pb**
typically exhibits a stronger affinity for negative binding sites
on the paper substrate compared to Cd**, the presence of high
concentrations of Cd*>" ions leads to extensive occupation of
these sites. This extensive occupation significantly disrupts the
adsorption of Pb*>" on the paper substrate. This interference
becomes particularly pronounced in low concentration Pb**
solutions. Consequently, the solution-based potential predic-
tion method described in section 2.6 was found unsuitable for
detecting heavy metal ions with high concentrations of inter-
fering ions and low concentrations of primary ion (case 6).
However, when the concentration of the primary ion is high
enough to overcome selectivity over interfering ion, the
method was applicable for detecting heavy metal ions within
the concentrations range of 10”* mol L™ to 107> mol L™" (case
6). The experimental findings in measurements done in
complex samples demonstrated that the method proposed is
applicable to the detection of heavy metal ions in complex
cases in the presence of interfering ions. The current defi-
nition of the six cases is insufficient and does not encompass
all solution samples with varying matrices, particularly those
containing organic compounds. Future research will focus on
investigating the impact of more complex compounds on
analytical results, with the objective of developing a more
precise corrective model. This model will enable more accurate
categorization of diverse targeted samples.
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Fig. 6 Corrective protocol to predict interference free sensor response from the paper-based potential in case 2: (a) calibration curves of the fabri-
cated Pb?* ISEs on paper substrate, on standard mixed solution and recovered solution-based calibration curve from paper-based calibration curve;
(b) slopes and linearities of the experimental solution-based calibration curve and the recovered solution-based calibration curve.
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3.6 Determination of Pb>* in complex samples

To validate the feasibility of the proposed method, three types
of samples spiked with lead(u), namely lake water, laboratory
recycled water, and laboratory wastewater, were tested accord-
ing to the method described in section 2.7. Initially, the com-
ponents of the three types of samples were analyzed using
ICP-OES, Table S2 in the ESI.} Based on the measured data, it
was observed that most of the interfering ions in the lake
water, such as Na" and K' ions, are considered weak interfer-
ences for Pb**-ISEs. Therefore, the lake water was classified as
case 3, applying the methodology of corrective prediction of
interference-free potential readout of case 3. The laboratory
recycled water contained low concentrations of interfering
ions, such as Cd>" ions, which moderately interfered with the
adsorption of Pb** on the paper substrate. As a result, the lab-
oratory recycled water was classified as case 5, applying the
methodology of corrective prediction of interference-free
potential readout of case 5. The laboratory wastewater, on the
other hand, contained high concentrations of interfering ions,
such as Cd*>" ions, which significantly interfered with the
adsorption of Pb** on the paper substrates. Therefore, the lab-
oratory wastewater was classified as case 6, applying the meth-
odology of corrective prediction of interference-free potential
readout of case 6. The three types of water samples are listed
in Table S3.f Each sample was measured three times for both
potentiometric and ICP-OES measurements and the test
results are shown in Fig. 7. The results indicated that the pro-
posed corrective protocol and the results obtained using the
ICP-OES are within 10% variation. The discrepancy between
potentiometric and ICP-OES measurements may be due to the
use of simplified aqueous samples (cases 1-6) to approximate
real samples, containing different types and concentrations of
ions. This can easily lead to calculation errors, resulting in the
corrective results slightly deviating from the actual. Another
potential reason for the minor differences between the two
methods is that the Pb>*-ISE measures ionized lead(u), while
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Fig. 7 Comparison of paper-based ISE and ICP-OES results in complex
samples.
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the ICP-OES measures total lead. It is important to note that in
this study, the potentiometric sensors measure the ion activity
of heavy metal ions, and the ion concentrations were derived
using empirical formulas. This approach inevitably introduced
some errors, although these errors remain within an accepta-
ble range. The direct potentiometric sensing method of the
ion concentration with a self-reference pulstrode, as proposed
by Xie et al.,*® provides a valuable solution that enables more
accurate ion concentration measurements. Overall, the pro-
posed potentiometric measurement corrective protocol for the
potential of Pb>*-ISEs coupled with paper-based microfluidic
sampling, which aims to predict interference-free sensor
response, is a feasible method for correcting super-Nernstian
response and determining lead ions in various environmental
samples.

4 Conclusions

This study addressed the nonlinear (non-Nernstian) behavior
of ISEs in potentiometric measurements assisted with paper-
based microfluidic solution sampling for the detection of
heavy metal ions. The investigation revealed that the adsorp-
tion of heavy metal ions onto the paper substrates is the main
factor contributing to the nonlinearity of the calibration curves
at low concentrations and the presence of super-Nernstian
responses at intermediate concentrations. To address this
issue, a corrective method to predict interference-free response
of ISEs when coupled with paper-based solution sampling was
developed. This was possible by quantification of the adsorp-
tion of primary ion (Pb>") or primary and interfering ion mixes
(Pb*>" and Cd**) onto paper substrates at different concen-
trations. By accounting for concentration dependent adsorp-
tion of ions onto the paper substrates correction of the poten-
tial readout from conventional solution-based to assisted
paper-based solution sampling (or vice versa) was possible.
This novel approach successfully quantified the underlying
cause of the nonlinear behavior (non-Nernstian) of calibration
curves in ISEs measurement assisted with paper-based solu-
tion sampling during the detection of heavy metal ions.

Furthermore, the ion selectivity of the ISEs was evaluated,
and the adsorption of heavy metal ions in a competitive
environment of primary and interfering ions was investigated.
The findings demonstrated that the accurate adsorption of
heavy metal ions onto paper substrates, in combination with
the proposed theoretical corrective prediction of interference-
free potential readout, is also applicable for detecting heavy
metal ions in complex analytical scenarios. It was further vali-
dated in lead(u) samples with real background, namely lake
water, laboratory recycled water, and laboratory wastewater.
The results obtained from corrective prediction of inter-
ference-free potential readout and ICP-OES exhibited good
agreement with less than 10% error.

In summary, the results advanced the understanding of the
cause of non-Nernstian behavior of ISEs when assisted with
paper-based solution sampling. This allowed the development
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of the method where the paper substrate does not have to be
modified to eliminate the non-Nernstian behavior of the
sensor, but instead through adsorption, the interference-free
response of the sensor can be obtained. This simplifies the
measuring set-up design and allows for more cost-effective
in situ detection of heavy metal ions with paper-based solution
sampling.
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