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ABSTRACT: Here, we provide the first experimental evidence
of proton release from polyaniline (PANI) films subjected to
anodic potentials at environmental pHs. We conducted an
extensive characterization of unpolarized/polarized PANI
films—synthesized by traditional sequential voltammetric
scanning—by using spectroelectrochemistry, synchrotron radi-
ation-X-ray photoelectron spectroscopy, near edge X-ray
absorption fine structure, and potentiometric pH sensing in
the vicinity of the PANI layer. This new insight enables the
utilization of PANI as a proton pump, which is actively tuned
through an electrochemical pulse, so as to controllably acidify
well-confined thin layer samples. Furthermore, we demonstrate
the analytical significance of this system by measuring the
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alkalinity of artificial and natural water samples by using two faced planar PANI electrodes, one working as a proton source and
the other one as pH electrode. Finally, the impact of this approach is 2-fold: (i) all-solid-state electrode materials may be used
with devisible consequences in miniaturized and implementable submersible probes, and (ii) rapid determination of alkalinity as
compared to traditional approaches together with a versatility in pH adjustment in any kind of sample, among other
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applications.

B INTRODUCTION

Polyaniline (PANI) is univocally one of the most relevant
electronic/conducting polymers. The possibility of tuning its
physicochemical properties by diverse external stimulus (i.e.,
light, current, chemical doping) makes it very attractive for
many applications, which rank from rechargeable batteries to
biomedical sensors.' ~* PANI’s great versatility is mostly due to
its remarkable flexibility in the modulation of key properties.
These include conductivity, oxidation/reduction, electrochro-
ism and porosity, oxidation state, thickness and morphology—
as the rest of electrically conducting polymers—but also the
degree of protonation of the PANI film.”~” Indeed, PANT is to
be very pH sensitive, and it converts to its nonconductive form
at pH ca. 3,%” which is a drawback for its use as a regular
electrode in low pH media but an advantage as a pH sensor."’

It is well-accepted today that there are three chemical
structures of PANI with different oxidation states named as
leucoemeraldine (LE, fully reduced), emeraldine (E, partially
oxidized), and pernigraniline (PN, fully oxidized), and every
oxidation state has a pair of base (-B) and salt (-S) forms
according to the acid—based chemistry of PANI (see
Supporting Information (SI) Figure S1). Electrochemical
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techniques such as cyclic voltammetry (CV) have been used
to adjust the redox potential, therefore controlling the PANI
state and achieving different types of films accordingly (i.e.,
level of conductivity and even nonconducting PANI films at
convenience).11 Furthermore, voltammetric experiments have
contributed to a deep understanding of the complex
mechanism of PANT’s formation.'”"’

Early experiments by MacDiarmid et al. showed CV of
PANI with two reversible redox waves in HCI solution: """ the
first peak was attributed to oxidation of LE to E and the second
one from E to PN structures, which was accompanied by loss
of protons. This latter process was subsequently confirmed by
other complementary techniques such as X-ray photoelectron
spectroscopy (XPS),'* probe beam deflection techniques,"*'°
electrochemical quartz crystal microbalance,'” infrared spec-
troscopy,'"” field-effect transistor-based ion-selective sen-
sor,20 online mass spectrometry,21 potentiometry,22 and
UV—vis spectroscopy.” Then, the implication of protons
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was also linked to these LE-E-PN redox transitions through the
involvement of the different acid/base forms dependin% on the
pH of the PANI film/medium (see SI Figure S1). P Tt s
surprising that, as far as we know, this phenomenon has not yet
been applied as a possible proton reservoir in analytical
applications.

Very recently, there have been reports on electrochemically
controlled acid—base titrations where the sample is confined in
a thin layer gap.”**® The electrochemical configuration
consisted of two perm-selective membranes placed opposite,
each to define the sample confinement: one membrane was
used as the electrochemically controlled hydrogen ion pump
and the other one as the potentiometric readout. A linear
relationship between the duration of the applied pulse and the
released charge enabled a titration of the sample mimicking a
volumetric process. Significantly, this concegt was applied for
total alkalinity detection in river samples.””** Notably, the
term alkalinity refers to all titratable components down to pH
4.0 and provides valuable information on the amount of
carbonate, bicarbonate, and hydroxide ions in the sample.

The knowledge of alkalinity trends plays an important role
from the environmental point of view in understanding the
nonnatural proliferation of microorganisms, acidification of
water bodies, and the quality of water for human
consumption.” Traditionally, these measurements have been
performed ex situ in a centralized laboratory, or in the best
cases, close-to-shore, using classical automated methods such
as colorimetric and potentiometric acid—base titration after
sampling.”"*> However, this approach is fraught with
uncertainties since it is likely that there are alterations in the
samples as a result of variations in the carbon dioxide partial
pressure during transportation to the laboratory, handling, and
analysis.”” Here, an in situ tool for alkalinity assessment would
be beneficial.

Building on previous works,”*** a solid-contact material like
PANI with better mechanical and chemical robustness
compared to perm-selective membranes implemented in
inner filling type ion-selective electrodes, is herein proposed
as a superior technology for controlled proton release. Thus,
we provide the first experimental evidence for proton release
from PANI films subjected to anodic potentials at environ-
mental pHs, that is, not the highly acidified conditions of
previous above-mentioned studies.'*”** Using extensive
characterization of the polarization of the PANI film—
synthesized with traditional sequential voltammetric scan-
ning—by spectroelectrochemistry, synchrotron radiation-X-ray
photoelectron spectroscopy (SR-XPS), near edge X-ray
absorption fine structure (NEXAFS), and in situ potentio-
metric pH determinations in the very vicinity of the PANI
layer upon polarization, we illustrate that PANI may be used as
an all-solid-state proton source for rapid sample acidification
and alkalinity detection. This latter is achieved using a new in
situ autotitration method, as opposed to conventional ex situ
and centralized laboratory titrimetric techniques.

4,25

B EXPERIMENTAL SECTION

The setup to accomplish spectroelectrochemistry is depicted in
Scheme la. The PANI-based ITO glass electrode (working
electrode, WE) is placed at the bottom of the Teflon
compartment, in which the solution under study is added,
with the counter (CE) and reference electrode (RE) placed
inside the solution. The light source and detector are aligned
to the center of the WE. Scheme 1b illustrates the thin layer
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Scheme 1. (a) Illustration of the Cell for PANI
Electropolymerization and Spectroelectrochemical
Measurements, (b) Thin Layer Cell for Sample
Acidification”
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“WE: Working electrode (transparent ITO glass), RE: reference
electrode (Ag/AgCl wire), CE: counter electrode (Pt rod), 1:
electrode holder with flow inlet and outlet, 2: PANI-based electrode
as proton source, 3: channel for the thin layer sample, 4: PANI-based
electrode as pH senor, S: electrode holder.

microfluidic cell for sample acidification, which was fabricated
to locate two screen-printed electrodes (labeled as 2 and 4 and
shown in Scheme 1b) in a confronted way using the 3-D
printer Ultimaker 3 and the PLA substrate. One of the screen-
printed electrodes is the PANI-based pH sensor'® (see SI
Figure S2 for the regular calibration graph) and the other one
comprised a PANI film as a source of protons (labeled as 2 and
4). The electrodes are placed between the two marked holders
(labeled as 1 and S) and, in the gap, there is a spacer made by
PLA filament (diameter of 8 mm and 200—400 yxm thickness
depending on the thickness of the PANI film) to confine the
sample in a gap of close to ca. 100 ym in thickness (labeled as
3). The cell additionally contains one inlet and outlet thus
allowing for the sample flow in the thin layer gap. The cell and
spacer had a diameter of 24 mm, with an effective internal
volume of ca. 35 L. For a detailed description of the electrode
fabrication, the reader is referred to the SI.

B RESULTS AND DISCUSSION

Characterization of the Formation of the PANI Film
on ITO Glass by Spectroelectrochemistry. Figure 1la
shows the voltammograms recorded during the electro-
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Figure 1. CVs observed during PANI electropolymerization on ITO

glass substrate. Scan rate = 100 mV sl
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polymerization of PANI on ITO glass substrate during 20 CV
scans (from —0.5 to 1.2 V) in aniline/H,SO, solution.”***" A
detailed description of the peaks’ evolution is illustrated in SI
Figure S3 with individual voltammograms. The first scan
displayed a peak at 1.1 V that does not appear for consecutive
scans as a result of the initial oxidation of aniline.** Therefore,
the potential window selected for the PANI electropolimeriza-
tion up to 1.2 V is in principle adequate. Certainly, all the
observed peaks in subsequent CV scans may be attributed to
different mechanisms occurring along the PANI elecropolyme-
rization. The first (=20 mV) and last (700 mV) peaks
displayed in the second scan are assigned to transitions
involving LE-E and E-PN structures, respectively.”’ The other
two peaks (at 230 and 430 mV) are associated with certain
degradation processes in the PANI film, mainly including
hydrolysis reactions.”***

As the number of CV scans increases, the four anodic peaks
initially observed in the second scan at —20, 230, 430, and 700
mV change as follows. The first and second peaks increased
and gradually shifted to more positive potentials, while the
third one increased up to the 10th scan, and the fourth one
(700 mV) decreased and overlapped with the third peak. From
the 10th scan, once both peaks merged, this new peak tended
to decrease, and was not visible anymore from the 13th scan.
Importantly, the increase of the third peak together with the
decrease in the fourth one point out a degradation of the PANI
film likely owing to overoxidation at high potentials. The
merging of these peaks in only one results in an increased
anodic—cathodic peak separation and therefore, an increase in
the resistance of the electrode. Considering the final
application of the developed PANI film as a proton source,
most probably, PANI performance could be further improved
by tuning the electropolymerization process in order to avoid
the described degradation, if necessary.

The formation of the PANI film was monitored by
spectrophotometry (using the cell shown in Scheme 1a). As
an example, the absorbance registered during the first and
second scans are shown in SI Figure S4a and b, respectively. In
addition, the absorbance recorded for increasing number of
scans at 420 and 700 nm is presented in SI Figure S4c. The
anodic wave at 1.1 V in the very first anodic scan (SI Figure
S3a) coincides with the initial increase in absorbance showing
a predominant band with a maximum at 420 nm, which
indicates the start of the formation of PANI related to the
presence of aniline radicals and dimers.”' During the cathodic
scan, this peak at 420 nm remained almost constant, whereas
there is one at 700 nm that increased up to an applied potential
of 200 mV and then gradually decreased displaying a maximum
in absorbance.

Essentially, the band observed at 420 nm is assigned to
polaron to 7*-bond transition and that at 700 nm is related to
a @ to polaron transition,> being both indicative of the
presence of partially oxidized PANI structures. Thus, these two
bands are in principle ascribed to the ES form (semiquinone
radical present at pH 0.7 in the H,SO,/KCl solution),”” with
the last peak appearing commonly at 750—800 nm rather than
700 nm.”** This shift in the peak position likely indicates that
the PANI film experiences a decrease in the conjugation length
due to its partial degradation during the synthesis, as above-
mentioned (overoxidation at high potentials). Over consec-
utive CV scans, the increase of the bands at 200 and 700 mV
indicqt;esthe continuous growth of the PANI film (see SI Figure
S4c).”

Study of the PANI Film by Spectroelectrochemistry
and Synchrotron-Based Measurements. Figure 2a
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Figure 2. (a) Spectra of the PANI film in 0.5 M H,50,/0.1 M KCl
solution after polarization at different potentials. (b) Spectra of the
PANI film in 0.1 M KCI solution after polarization at different
potentials. Polarization time = 300 s.

presents the spectra of the PANI film polarized at different
potentials during 300 s in acidic medium (pH 0.7) while that
for the nonpolarized film as prepared and after overnight
conditioning is shown in SI Figure SSa. Note that the PANI
film was prepared with S CV, in principle not presenting
degradation due to overoxidation. The nonpolarized PANI film
displayed a main band at 420 nm, which is associated with the
presence of ES. After overnight conditioning, this band
decreased likely due to a higher presence of LE structure
(nonconducting PANI form) in the film. Indeed, LE is the
predominant form at a polarization potential of —0.5V, as seen
in Figure 2a (spectrum with no bands).

A band at 460 nm (associated with ES) was evident with a
polarization at 0 V, together with a broad band at higher
wavenumbers. Then, at increasing applied potentials, both
bands shifted to smaller wavenumbers, with the first band
decreasing and the second one being slightly higher and
narrower. This behavior is typical of the increasing presence of
imine groups in the PANI film (mainly PN structures).”*
Accordingly, LE-E—PN redox conversion is evidently
occurring through increasing polarization potentials, but the
spectra trends change with the solution pH.

Figure 2b depicts the spectra displayed by the PANI film
subjected to different potentials in 0.1 M KClI solution (pH
5.7). The band at 460 nm again appeared for the PANI as
prepared and after overnight conditioning in KCl (SI Figure
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SSb). The presence of LE structure was evident at —0.5 and
—0.2 V. Then, the band at 460 nm appeared again at applied
potentials of 0 and 0.2 V, while the broad band at 600—900 nm
was clearly present only for 0.2 and 0.4 V. This latter band
further shifted to a sole peak at 570 nm and remained constant
for increasing applied potentials (up to 1.2 V). This peak was
not displayed in acidic medium, and therefore pointed out a
difference in the path for structural changes in the PANI at pH
5.7 than that in acidic medium. Importantly, the peak at 550
nm has been previously ascribed to the presence of quinoid
structures in the PANI film (such as EB, PNB, and PNS),36’37
and additionally, this band is known to change with dopant
concentration and nature, being linked to polaron- #*
transitions in doped PANL®® So that, this peak can be
associated with the presence of either PNS and/or PNB.

Finally, all the described trends in both media were found to
be rather the same for conditioned PANI films compared to
nonconditioned ones (SI Figure SSc and d). While it is clear
that the PANI experiences different structural changes
depending on the pH medium, more insights may arise from
the subsequent interpretation of synchrotron-based measure-
ments.

The N 1s edge NEXAFS spectra for electropolymerized
PANI on glassy carbon (GC) substrate subjected to different
potentials in KCl solution are presented in Figure 3a. There is
a —C=N N 1s-7* resonance at 397 eV, —NH" N 1s-z*
resonance at 398 eV, and —NH N 1s-06* resonance at 402 eV,
together with a —C==N N 1s-delocalized 7* resonance at 400
eV.>” All of the samples possess a background level of —C=N
species, which may have arisen from the oxidation/degradation
of the PANI samples during its preparation, handling and/or
measurements. For applied potentials higher than 0 V, the —
NH* N Is-z* peak intensity is relatively constant until it
diminishes significantly at 1.0 V, with the —C=N N 1s-7*
peak increasing gradually. Note that the —NH" peak could be
also ascribed to the radical N 1s, as previously demonstrated in
the literature.”” At 1.0 V, the main peak is related to the
presence of the —C=N species, which is reflected by the —
C=N N I1s-7* peak passing through an intermediate oxidation
state at 0 and 0.6 V. Indeed, a small peak ascribable to the —
C=N N 1s-delocalized #* or semiquinone resonance only
assumed prominence at 1.0 V.

The SR-XPS N 1s spectra shown in Figure 3b and ¢ mainly
revealed —C=N binding at ca. 398 eV, —NH at ca. 400 eV
along with protonated —C—NH and —C=N groups at
about 401 and 402 eV, respectively."' By rigorously fitting
these components to all of the N 1s SR-XPS spectra, we have
determined the —C=N/—C—NH (imine/amine) mol
ratios in all the samples (SI Figure S6). The results suggested
that all the PANI forms are present at all the applied potentials,
being the major ones LE and/or E structures at —0.5 and 0 V
(0.3:1.0 imine/amine), E/PN structures at 0.6 V (0.8:1.0
imine/amine) and PN structures at 1.0 V (1.7 imine:1 amine).
The results observed in the density of states (DOS) near to
Fermi edge in the valence band spectra (VBS) confirmed that
the protonated forms of PANI are less prevalent at higher
applied potentials (see SI Figure S7). The rest of the analysis
of the SR-XPS data is in agreement with the preparation of the
PANI samples (SI Table S1).*

According to all the described observations up to now and
considering the acid—based equilibrium of each PANI redox
structure (i.e, LE, E, and PN), we may hypothesize the
structural changes occurring at increasing applied potentials in
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Figure 3. (a) NEXAFS N 1s spectra of PANI films polarized at
different potentials. (b) SR-XPS N 1s core level spectra of the PANI
film. (c) SR-XPS N 1s core level spectra of a PANI film. Polarization
time = 300 s.

the PANI film in KCl medium (pH 5.7). First of all,
nonpolarized films and films polarized at mild potentials
mainly contain ES (the band at 460 nm in the regular spectrum
and molar ratio of imine < amine in synchrotron experiments).
At high polarization potentials (from 0.6 V), there is only one
band at 5SSO0 nm (associated with quinoid structures and
polaron-z* transitions in doped PANI) in the regular
spectrum. Then, there is imine =~ amine at 0.6 V, which
would be in principle compatible with the presence of EB or
ES/PNS mixtures, and imine > amine at higher potentials due
to the higher level of PN structures.
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The presence of salt/base forms in the different PANI
structures depends on the pH medium and pK, of each
individual equilibrium. Notably, these pK, values vary
dramatically according to the method used for the PANI
preparation, especially for the ES—EB equilibrium, but general
trends could be established here in order to try to interpret our
experimental observations. Accordingly, for the base forms,
LEB is expected to appear at pH ca.3, EB at pH ca. 4—7, and
PNB at pH ca. 6=7.7%"*>" Considering these values, the
more stable forms at pH 5.7 would be LEB, ES/EB, and PNS.
Thus, at polarization potentials from 0 to 1.0 V in KCl, ES—
PNS transition is likely occurring, with the associated proton
release. This agrees with the initial content in ES and the final
obtention of a quinoid-base doped structure that is stable at
pH 5.7.

At pH values higher than 7 in the sample solution (i.e., some
environmental water samples), the presence of both EB and
PNB in the PANI film is more probable and therefore, the
working mechanism will expectably occur through ES—EB—
PNB or even EB—PNB directly. Conversely, the most widely
accepted mechanism in highly acidic medium is LEB—ES—
PNB (see SI Figure S1).>%

It is here anticipated that, according to our experiments in
which we monitored the pH in thin layer samples comprising
the immediate vicinity of the PANI film (see next section),
PANI films polarized at either 0.2 and 0.6 V during 300 s
presented rather similar final pH and therefore, the proton
release occurs similarly at these two potentials. This somehow
confirms the sole ES—PNS transition involving proton release
at 0.2—0.6 V.

Evaluation of the pH Change in Thin Layer Samples
Generated by Polarized PANI Films. We designed a flow
cell to host two screen-printed PANI electrodes (i.e., one
acting as a proton source and the other as a pH sensor)
comprising a thin layer gap (thickness of ca. 100 ym) where
the sample is renewed by a peristaltic pump (Scheme 1b), so as
to explore the acidification ability in thin layer samples by
using polarized PANI films.

PANI films prepared with 15 and 50 CVs were subjected to
polarization at 0.6 V during 30 s in 10 mM KClI sample (initial
pH of 5.7), noting that previous work on PANI films revealed
an amelioration in the gradual degradation of PANI when
using potentials higher than 0.7S V during time-based
polarization.”” The pH sensor was first calibrated to allow
the conversion of the recorded potential into dynamic pH in
the thin layer sample.

Figure 4a shows the change in the EMF of the pH sensor
before, during and after the application of 0.6 V for 30 s using a
PANI film made of 1S scans. First, the EMF is constant (53
mV), reflecting the initial pH of the sample (10 mM KCl, pH
5.7). Subsequently, the applied potential (0.6 V for 30 s)
imposes a concentration gradient of protons from the PANI
surface that extends into the entire thin layer sample by mass
transport until equilibration. This process is fast according to
the theory established for mass transport in samples of
thickness of less than 100 xm.***® When the protons reach
the surface of the pH sensor, the EMF increased and then
stabilized at 190 mV (pH of 3.0). Afterward, the EMF slightly
decreases with time as a result of lateral diffusion of protons
inside the fluidic system. Finally, the KCI sample is renewed in
the thin layer sample until the EMF decreases to a value
corresponding to the pH of the KCl solution.
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Figure 4. (a) EMF of the pH sensor in the thin layer electrolyte
exposed to the PANI proton releasing film (made of 15 CVs)
polarized at 0.6 V for 30 s. (b) EMF of the pH sensor in the thin layer
electrolyte exposed to the PANI film (made of SO CVs) polarized at
0.6 V for 300 s. Gray squares indicate the application of the pulse.

A similar trend was presented for the PANI film prepared
with 50 CVs, with the final pH of 3.0 (Figure 4b). Importantly,
during the application of the pulse, the associated current
profile was registered with both PANI films (SI Figure S8 blue
curve for the PANI made of SO CVs). At the end of the
polarization pulse the current was distant from zero, pointing
out that the process occurring in the PANI film did not involve
exhaustive depletion of the available charge.””** Consequently,
the time for application of the pulse was extended to 300 s with
the corresponding current decay displayed at a final value of 6
uA (SI Figure S8, black line). A pH of 2.8 was reached in this
case (Figure 4b).

Comparing the integrated charges from PANI films prepared
using 15 and 50 CVs and polarized at 30 and 300 s, the shorter
pulse comprised ca. 40—50% of the charge integrated from the
longer one (for example 6.04 versus 15.11 mC for 30- and 300-
s polarization of PANI made of 50 scans). This change in the
released charge from the same PANI film at a longer time is
linked to a change in the final pH of 0.2 units, which is not a
big change in terms of acidification, manifesting that the
highest pH change (i.e., proton release) mainly occurs over the
initial time in which the potential is applied.

In reproducibility studies, whether consecutive pulses were
applied using the same PANI film to acidify different plugs of
the same sample (10 mM KCl), the final pH gradually changed
never reaching the larger pH change of a freshly prepared
PANI. For example, with a PANI (50 CVs) polarized at 0.6 V
for 30 s, the final pH changed from 2.7 in the first pulse, to 2.8,
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2.9, 3.2, and 3.7 in the second, third, fourth, and fifth pulses
(see SI Figure S9a).

The incorporation of a regeneration step between pulses
(application of 0 V for 60 s in 0.01 M H,SO,) did not allow
attainment of the same pH change as in the initial pulse. In
addition, the decay in current revealed a decrease in the
integrated charge during consecutive pulsing. Accordingly,
there were side reactions at 0.6 V that dynamically degrade the
PANI film performance. Furthermore, we detected that the pH
sensor was also somehow affected by the application of 0.6 V
pulses, drastically changing its limit of detection and linear
range of response after each pulse (from 1077 M to 10~* M for
the limit of detection, from (6—2) to (4.2—2), SI Figure S9b
and ¢, respectively).

It is herein suggested for the first time that thin layer
samples may be easily acidified to pH values lower than those
required in the determination of alkalinity (pH 4.0) by using
an all-solid-state PANI film polarized at 0.6 V. While the
proton release from the PANI film is an efficient process at an
applied potential of 0.6 V, this is accompanied by side
reactions that gradually degrade the PANTI, so that the original
proton release is not achieved in consecutive pulses, even
though a regenerative pulse is applied. In addition, the tested
conditions seem to affect the pH sensor bringing into question
the pH measurements close to its changeable limit of
detection.

Optimization of the Electrochemical Protocol toward
a Reliable Acidification of Environmental Water
Samples. To avoid the aforementioned degradation of the
PANI at 0.6 V, we also completed experiments at 0.2 V, a
potential that is sufficiently positive to allow proton release via
the conversion of ES to EB forms while avoiding side reactions.
Figure Sa presents the final pH observed in 10 mM KCI
solution after acidification with a PANI film (prepared with 50
scans) polarized at 0.2 V over increasing time. It is evident that
longer times are needed to reach the same acidification
efficiency as with the application of 0.6 V (i.e., for a final pH
close to 3, it is needed a time of 30 and 480 s using 0.6 and 0.2
V respectively). However, a time between 120 and 480 s will
allow, in principle, the detection of alkalinity in samples at pH
4.0.

To check whether the efficiency for the proton release is
enough to break the natural buffer in environmental water
samples, thereby leading to sample acidification, we completed
a series of experiments using tap water. The application of 0.2
V for 300 s in tap water led to a final pH of 3.1 + 0.1 (SI
Figure S10), as the average of four consecutive pulse
experiments. Notably, the regeneration pulse (0 V for 450 s
in 1 mM H,SO,) applied after each proton release step is now
sufficient to drive the PANI film back to its initial state where
the ES/EB forms are predominant. After the 0.2 V polarization,
it is possible to reversely convert the PNS into ES, while it was
not possible at 0.6 V because of side reactions that degrade the
PANI film.

The optimized protocol for sample acidification (i.e., 0.2 V
for 300 s and regeneration at 0 V for 450 s) was applied to
artificial samples containing different carbonate concentrations.
In principle, the released number of protons (or charge) is
always the same at a fixed potential and time. Thus, for
different carbonate concentrations, it is expected to have a
distinct final pH according to the following approach (see SI
Figure S11): the initial concentration of carbonate (or, in
general terms, any base present in the thin layer sample) will
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Figure S. (a) Final pH observed in 0.1 M KCl solution after
acidification using a PANI film (made of SO CVs) polarized at 0.2 V
for different time periods. (b) EMF of the pH sensor corresponding
to acidification of synthetic carbonate-based samples. The disconti-
nuity lines show the place in which the regeneration step was
accomplished (Eapp =0V for 450 s). The pH values in the plots are
indicative of the final pH reached in each sample. Gray squares
indicate the application of the pulse.

be gradually reduced with the release of protons to the sample
as a result of acid—base neutralization. Once the total moles of
carbonate (or any base) are consumed, the rest of released
protons will provoke acidification of the sample (ie., the
amount of “free protons” will be dependent on the carbonate
concentration in the solution).

As expected, at higher carbonate concentrations, the final
pH is not diminished as much under the same acidification
conditions (Figure Sb). In addition, with samples at carbonate
concentrations in excess of 5 mM, longer pulses would be
necessary to reach pH 4.0 to allow the detection of alkalinity.
Conversely, 300 s is sufficient for a carbonate concentration in
the range of 0.5—5 mM. In principle, this range is compatible
with the majority of environmental waters according to EPA
levels, noting that the alkalinity in ground and lake water
ranges from 30 to 500 mg CO;*” L™ (ca. 0.5—-8 mM CO;*")
in river from 10 to 300 mg (ca. 0.1—5 mM) and in seawater
from 120 to 150 (ca. 2.3—2.6)."”°° However, water from
contaminated sources, may present higher alkalinity values,”'
and most probably, different PANI films—with higher
acidification efficiency—would be necessary. Furthermore,
the longer time required for acidification of samples with
higher base content (or higher alkalinity) is likely coming from
the need of a larger number of protons for the acid—based
local titration but also from a hindering of the electron transfer
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in the PANI film. Notably, at high pH values, the most
probable mechanism for the proton release is EB-PNB and
therefore, the conductivity of the PANI film will be lower than
in more acidic pH medium, in which the PANI film will be
mainly based on the ES form.

Advantageously, the possibility of sample acidification is not
restricted to alkalinity detection but is also suitable for other
applications. Indeed, acidification is a required pretreatment in
many analytical detections. For example, it has been recently
published that sample acidification is needed to lower the
hydroxyl ion content in environmental water prior to
macronutrient analysis (NO;~ and NO,") using potentio-
metric ion-selective electrodes.””” Acidification was accom-
plished using an in-line unit based on protonated-dialysis
membranes for passive proton exchange with the sample.>”
However, this approach requires a constant flow of sample
since the only way of modulating the acidification level is
through sample flow. This may be an inconvenience for the
subsequent detection technique. Apart from solving this
problem, our approach is suitable for other kinds of samples
beyond the realms of environmental waters.

Regarding the effect of specific chemicals present in real
water samples in the developed concept, dopant ions (i.e.,
anions) will participate in the LE-E-PN transitions (as depicted
in SI Figure Sl).s’“”54 However, because in our experiments
we are always monitoring the pH change in the thin layer
sample, even if different kinetics are associated with different
anions, this would not affect alkalinity detection. For sample
acidification, different compositions would need different times
to reach the same final pH, as a result not only of possible
changes in the PANI internal transformations (including
doping processes) but also the different composition in basic
species (responsible for the initial pH of the sample).

Fast Alkalinity Detection in Environmental Water
Samples. The developed device was herein applied to the
detection of alkalinity in real samples. Acid—base titrations
based on the discrete modification of pH values following the
incremental addition of acid titrant, or the injection of
increment of protons, are the only two approaches that have
been used in the on-site detection of alkalinity (i.e., at site
close-to-shore, but not in situ). With our new electrochemical
approach, it is possible to perform fast alkalinity measurements
(ca. 1S min per sample) with compatibility for in situ
measurements.

For this purpose, the following steps are required, just after
calibration of the pH sensor: (i) polarization of the PANI film
(Eapp = 0.2 V for 300 s) in contact with the thin layer sample
and continuous monitoring of the EMF by the pH sensor; (ii)
conversion of the dynamic EMF into dynamic pH in the
sample by means of the previous calibration graph; (iii)
conversion of the current decay observed during the
polarization of the PANI film into accumulative charge
released from the film (i.e., chrono-coulogram); (iv)
combination of the charge and pH readouts (pH-coulogram).
The latter curve constitutes a fast autotitration of the sample
by providing the dynamic pH values. The total amount of
protons released at pH 4.0 (as deduced from the associated
charge) is expressed as the carbonate concentration or the
alkalinity of the sample. The integrated area under the
current—time curve (in uC) until the exact moment at
which pH 4.0 is measured in the thin layer sample is
transformed first into the number of mols of released proton.
This is indeed equal to the numbers of moles of titrated base

that are finally expressed as carbonate concentration in the
sample. This last part of the calculations is the same as in
regular acid—base titrations

Figure 6 shows the pH-coulogram for tap water and lake
water samples as well as the procedure to calculate alkalinity.
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Figure 6. Plot of the pH versus released charge of protons during

acidification of (a) tap water and (b) lake water. Notably, the initial

pH measured with the sensor does not correspond to the initial pH of

the sample because of the limit of detection of the sensor.

Each sample was analyzed in triplicate and the alkalinity was
determined in parallel by using a conventional acid—base
titration method. The observed alkalinity values are presented
in Table 1 together with those obtained on synthetic water

Table 1. Alkalinity Detection in Water Samples”

alkalinity/mM CO,*~

sample our method titration added
tap water 1.03 + 0.13 (62.8) 1.35 + 0.03
lake water 2.65 + 0.07 (160.6) 3.04 + 0.02
sample 1 0.49 (30.1) 0.50
sample 2 0.97 (55.2) 1.0

“Values expressed in mg of carbonate per liter are indicated in
brackets.

samples comprising known amounts of carbonate. There was a
good agreement between the alkalinity values of the
autotitration and the conventional titration method in tap
and lake water samples (about 10—20% relative difference).
While the conventional titration experiments were accom-
plished under constant stirring and the sample was in contact
with air, the autotitrated sample was isolated from the
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environment in the fluidic cell (i.e., the procedure of sampling
+ storage in a close bottle + introduction in the fluidic cell
provides a different equilibration of the sample with air). This
likely justify any difference found between both methods.
Indeed, the alkalinity measured in the synthetic samples with
known amounts of carbonate yielded close to expected values,
confirming the excellent accuracy of the developed method.

Comparing the tap water and lake water sample data, while a
polarization time of 300 s was sufficient to reach a pH of 4.0 in
both samples, in the case of the tap water (see Figure 6a), the
full titration curve yielded a final pH of 2.5. We are aware of
the limitation of the use of the PANI-based pH sensor to
analyze the initial pH of the samples but still, the linear range
of response (from ca. pH $ to 2.0) is more than sufficient to
enable detection of pH 4.0.

The issue of limited pH sensitivity of the PANI sensor could
be solved by using a handmade screen-printed electrode based
on a pH selective membrane in a next generation of the fluidic
cell. While this new design would be suitable for in situ
measurements in a wider range of aquatic resources, the scope
of this paper was to demonstrate the applicability of the fluidic
cell and commercially available screen-printed electrodes in the
detection of alkalinity. In the further design (second generation
for the prototype), it would be convenient to explore different
protocols for the PANI preparation (i.e., sequential scanning
within different potential windows and also potentiostatically
among others) in order to provide more conductive and
controlled PANI films, toward the desired supramolecular
structure and properties (including reduced need for
regeneration).

Overall, besides the employment of the developed concept
and fluidic device for the acidification of any water sample, the
excellent results observed in this work highlight the significant
potential of this method for in situ measurements of alkalinity
in environmental waters. To this end, it is possible to
implement a device of this nature into a submersible probe
probably comprising the mentioned second-generation proto-
type, and test it with a large range of water samples together
with a massive validation based on in situ measurements in
aquatic systems. Undoubtedly, the approach presented herein
constitutes a major step in the development of reliable
methodology for in situ measurements of alkalinity of
environmental waters.

B CONCLUSIONS

Evidence of electrochemically driven proton release from
PANI films are demonstrated using several characterization
techniques. Spectroelectrochemical and synchrotron-based
measurements provided information on the states of PANI
present at different polarization conditions. Proton release
from polarized PANI films was additionally quantified in water
samples confined into a thin layer configuration by using a pH
sensor: two faced planar PANI electrodes, one working as a
proton source and the other one as regular pH electrode, were
implemented in a newly designed microfluidic cell allowing not
only for effective sample acidification but also for the further
acid—base autotitration of the sample. The impact of this
approach will be related to the implementation of a second-
generation device for alkalinity detection and/or acidification
in submersible probes for in situ assessment of water
monitoring.
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