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ABSTRACT: Dissolved inorganic carbon (DIC) is a key component of the Coz-|MAGE’_‘ DIC-IMAGE -
global carbon cycle and plays a critical role in ocean acidification and = — B
proliferation of phototrophs. Its quantification at a high spatial resolution is %‘D «co, — }\
essential for understanding various biogeochemical processes. We present an E] E '21
analytical method for 2D chemical imaging of DIC by combining a 121 ff | hg.
conventional CO, optode with localized electrochemical acidification from a HCo, % | HCo; =
polyaniline (PANT)-coated stainless-steel mesh electrode. Initially, the optode & — —
response is governed by local concentrations of free CO, in the sample, = —

corresponding to the established carbonate equilibrium at the (unmodified)

sample pH. Upon applying a mild potential-based polarization to the PANI mesh, protons are released into the sample, shifting the
carbonate equilibrium toward CO, conversion (>99%), which corresponds to the sample DIC. It is herein demonstrated that the
CO, optode—PANI tandem enables the mapping of free CO, (before PANI activation) and DIC (after PANI activation) in complex
samples, providing high 2D spatial resolution (approx. 400 ym). The significance of this method was proven by inspecting the
carbonate chemistry of complex environmental systems, including the freshwater plant Vallisneria spiralis and lime-amended
waterlogged soil. This work is expected to pave the way for new analytical strategies that combine chemical imaging with
electrochemical actuators, aiming to enhance classical sensing approaches via in situ (and reagentless) sample treatment. Such tools
may provide a better understanding of environmentally relevant pH-dependent analytes related to the carbon, nitrogen, and sulfur
cycles.

KEYWORDS: optode, polyaniline, electrochemical acidification, plant respiration, soil, spatial resolution, carbonate chemistry,
carbonate alkalinity

D issolved inorganic carbon (DIC) is defined as the sum of found in complex samples (e.g, individual corals,” plants,"’ or
inorganic carbon species in water and plays a major role soils'"). As a result, other techniques have been introduced
in many biological and environmental systems. Measurement over the years to investigate the carbonate system at a higher
of DIC is important to gain a fundamental understanding of
the carbonate chemistry and to comprehend fluxes in the
global carbon cycle." In aquatic ecosystems, DIC acts as a
primary source of carbon for photosynthesis and has a function
in controlling the pH.2’3 Importantly, increasing anthropogenic
CO, gas emissions are leading to continuous ocean acid-

spatial resolution. In such a context, potentiometric probes
have been used to characterize the water column (meter
resolution),'” while amperometric microsensors were utilized
to measure at a small scale, close to seagrass leaves (<mm)."”
In both cases, the calculation of DIC relied on the

ification, which can pose a significant threat to marine life, simultaneous measurement of pH and one carbonate species
including calcifying organisms like corals, mollusks, and some (CO, or CO;*). However, these calculations are often not
phytoplankton species.”” Accordingly, the accurate assessment accurate enough, as they require precise determination/
of DIC in water is essential to preserve the integrity of aquatic knowledge of all the equilibrium constants in the carbonate
ecosystems and marine ecology, in particular. system,14 and the intrinsic errors of each sensor (e.g, noise,

Conventional methods to measure DIC in water are based drift, etc.) may also influence the final result in an accumulative

on multiple-step, laboratory-based techniques involving the
conversion of inorganic carbonates to CO, by acid treatment,
followed by coulometric titration or infrared spectroscopy
analysis.”” While these methods allow for high-precision
measurements,” careful water sampling to avoid exchange
with atmospheric CO, and the addition of several reagents to
the sample are required. Additionally, spatial resolution is
limited in these sampling-based approaches, making them
unsuitable to investigate chemical microenvironments often

way.
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Figure 1. Top part: experimental setups for CO, and DIC measurements in real samples. (a) Freshwater leaf. (b) Soil. Bottom part: mechanism
underlying the PANI—optode tandem measurements. (c) CO, measurements before PANI-based acidification. CO, diffuses from the bulk sample
through the PANI mesh toward the CO, optode, where it is quantified. (b) DIC measurements after PANI-based acidification. DIC diffuses from
the bulk sample into the tiny sample space, where it is converted to measurable CO,. In the electrochemical cell PANT acts as the WE, the RE is an

Ag/AgCl wire, and the CE is a Pt rod.

A recent work proposed the implementation of an outer
acidic conversion chamber with an amperometric CO,
microsensor.'” Passive diffusion-based acidification generated
the in situ conversion of inorganic carbonates to measurable
CO,. Additionally, various electrochemically driven acid-
ification procedures have been proposed in combination with
sensors to measure certain parameters of the carbonate system.
For example, electrochemical water splitting'® and perm-
selective membranes'” permit the modification of pH close to
optical and potentiometric pH sensors to measure alkalinity.
Polyaniline (PANI) has been shown to release a significant
number of protons upon its oxidation to acidify environmental
samples.'® This phenomenon was specifically used for the
detection of alkalinity'” and dissolved inorganic phosphorus.*
Moreover, in a recent letter, the combination of a PANI mesh
electrode with a planar pH optode has allowed for the 2D
visualization of PANI-mediated electrochemical acidification in
diverse samples. The concept was also used to map buffer
capacity gradients in heterogeneous samples.”' Effectively, a
PANI mesh can homogeneously shift the pH below 4.5 in
samples at environmental buffer concentrations (<10 mM
bicarbonate equivalents), which corresponds to 99.9%
conversion of all the dissolved inorganic carbonate species to
Cco,.””

In this work, we demonstrate the use of a PANI mesh
electrode to locally acidify a sample in contact with a planar
CO, optode—PANI architecture, which allows DIC to be
characterized with high spatial resolution. First, a thorough
characterization of the PANI—optode tandem was accom-
plished in artificial samples, providing evidence that the system
operates under diffusion-limited control. Then, the PANI—
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optode tandem was used to analyze various environmental
samples, obtaining unique information about their carbonate
chemistry. This includes the DIC mapping during a dark
respiration event of a freshwater leaf (Vallisneria spiralis)
covered with an epiphytic biofilm and the characterization of
waterlogged soil samples.

B EXPERIMENTAL SECTION

Experiments with the PANI—optode tandem were performed in a
small glass aquarium (350 mL, see Figure Slab), which was filled
with the respective solution/sample and where the reference (RE)
and counter electrodes (CE) were positioned. The CO, optode was
taped inside the aquarium using isolation tape (Scotch Super 33 +
vinyl electrical tape) before pressing the PANI mesh onto the optode.
The PANI mesh synthesis was based on a previously published
protocol (see Figure $2)."”*' For sample acidification, the PANI
mesh was activated by applying a constant potential of 0.4 V with
respect to the open circuit potential (OCP) for 600 s. This process
was previously demonstrated to decrease the sample pH to levels of
<4.5.*" For more information about the PANI synthesis, experimental
setup, equipment, chemicals, and calibration protocol, the reader is
referred to the Supporting Information.

For the real sample analysis, a leaf of the freshwater plant Vallisneria
spiralis covered with an epiphytic biofilm was cut, pressed onto the
PANI—-optode tandem, and submerged into the aquarium, as
illustrated in Figure la (see Figure Slc for real images). Stirring
and illumination were activated for 30 min to ensure fully oxic
conditions. Then, the stirring was stopped, and the sample was
incubated in dark conditions for 1 h. Afterward, the PANI-based
acidification was performed, and pictures were acquired in 30 s
intervals over a period of 15 min.

Sandy loam soil was collected from 0 to 20 cm depth in Foulum,
Denmark (56.4983, 9.5657), sieved (4 mm mesh diameter), and
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stored at 4 °C prior to the experiment. The soil had a relatively low
initial pH of 5.6. The soil 2packing procedure was adopted from Zhu et
al”® and Nguyen et al.”* The the measurement chamber in the
aquarium was packed with 120 g of soil (final thickness of 4 cm),
resulting in a bulk density of 1.3 g/cm® The PANI-optode tandem
was then pressed firmly against the soil before closing the chamber, as
illustrated in Figure 1b (see Figure S1d for real pictures). The top part
of the soil was amended with 4 g/kg calcium carbonate,25 and a rain
event was simulated by the addition of 31 mL of water over a period
of 180 min (corresponding to a 17 mm h™" rain event), resulting in
fully waterlogged soil. After that, the PANI-based acidification was
carried out, and pictures were acquired in 30 s intervals over a period
of 15 min.

B RESULTS AND DISCUSSION

We present an actuator-sensor principle for the chemical
imaging of pH-dependent species, using an electrochemical
actuator (i.e., PANI) for pH modulation to values lower than
pH 4.5 that is placed in proximity to a planar optode. Notably,
the optode is selective for only one of the species involved in
the pH-dependent equilibrium. In this paper, we have selected
the carbonate system (CO, optode) as the proof-of-concept. It
is expected that the speciation of the analyte changes according
to an induced pH shift in the sample (i.e., conversion of
CO,*/HCO;™ to CO,), which will ultimately result in a
change of the optode signal. As illustrated in Figure 1, we have
developed an analytical concept to obtain chemical images of
both CO, before the PANI activation (Figure 1c) and DIC
after the acidification of the sample (Figure 1d).

To obtain an actuator capable of modulating a decrease in
pH in 2D, PANI was electrodeposited on a rigid stainless-steel
mesh (36% of open area and 150 ym thickness after the PANI
deposition). For the proton release, the PANI mesh acts as the
working electrode (WE) in a three-electrode cell, together with
the reference electrode (RE) and counter electrode (CE)
located in the sample bulk. The CO, optode was taped onto
one of the walls of the glass aquarium, and the PANI mesh was
put close to the optode by clamping it with a plastic frame
(Figure Slab). A tiny layer space is created between the
optode and the mesh (thickness of ~178 um, equal to the
thickness of the tape). The final area achieved for measure-
ments was approximately 2 X S cm. In principle, larger areas
could be reached by using a larger PANI mesh and a larger
optode. This will require an additional spacer to maintain a
homogeneous thickness in the tiny sample layer throughout
the whole area. Because of the open area of the mesh, the
sample will locally equilibrate between the tiny layer space and
the bulk sample. Therefore, the imaging will provide
information directly related to the sample.

Initially, the readout of the optode corresponds to the
concentration of free CO, dissolved in the solution, which is
dictated by the initial sample pH and the natural carbonate
equilibrium (Figure 1c). Then, a localized acidification down
to pH < 4.5 is activated by the electrochemical oxidation of
PANI (0.4 V versus the OCP for 600 s) from its
leucoemeraldine (reduced from) into emeraldine (partially
oxidized form) structures with a concomitant release of
protons.'® The established pH decrease shifts the carbonate
equilibrium and generates dissolved CO,, which is detected by
the optode (Figure 1d). Importantly, if the pH is decreased
down to 4.5 or lower, the final optical readout will correspond
to approximately 99% of the total concentration of all dissolved
inorganic carbonate species (see Figure S3 in the Supporting
Information), thus representing the DIC of the sample.”
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Overall, we expect the PANI—optode tandem to be able to
quantify free CO, (before PANI activation) and DIC (after
PANI activation) in a sample with adequate 2D resolution. To
achieve this concept, the following operational aspects are to
be considered. The PANI—optode tandem needs to be
calibrated only once for each optode batch (i.e, at the
beginning of its utilization). The PANI film is activated once
per sample imaging, and then, it is regenerated before being
used for the next sample (10 mM H,SO, at 0 V versus the Ag/
AgCl RE,”' Supporting Information). With this regeneration
procedure, the PANI mesh can be re-used for more than 70
activations over a minimum of two weeks.'”*" Because of the
regeneration step, the principle is not suitable for continuous
but for discrete dynamic and/or long-term measurements of
DIC along the lifetime of the PANI—optode system.

The actuator-sensor principle will primarily work on the
basis of kinetic control (conversion of bicarbonate to CO,
through carbonic acid)*® and diffusion in the aqueous phase.
Also, diffusion will dominate in the optode element (i.e., in the
outer gas-permeable layer). Particularly, for the aqueous phase,
(i) concentration gradients of protons and bicarbonate
(opposite directions) across the tiny layer space, (ii)
conversion of bicarbonate/carbonate to CO,, and (iii)
diffusion of CO, across the tiny layer space to the optode
will occur. The total time expected for all these diffusion events
was estimated to be ca. 100 s (Supporting Information, Section
2, and Table S1). Considering now the optode, (iv) diffusion
across the gas permeable ion-exclusion outer membrane and
(v) acid—base equilibria of the fluorescent indicator in the
optical sensing layer are to be considered.

The PANI—optode tandem was first tested in a 3 mM
bicarbonate solution (0.1 M NaCl background). Figure 2

0Omin 1min_ 2min 3min 4min 5min 6 min 9 min 12 min 0.8

o 0.6
0.4 %

0.2

0

Figure 2. False color images provided by the CO, optode before,
during, and after the PANI-based acidification was performed in a 3
mM bicarbonate solution. The activation of the PANI mesh was
carried out at an applied potential of 0.4 V with respect to the OCP
for 600 s.

shows the false color images (i.e., the ratio between the red and
green channels of the camera, R/G) observed at selected times
before, during, and after the PANI-based acidification. During
the first minute, no change in the ratiometric readout was
observed. After 2 min, once >90% of the total amount of
protons had been delivered to the solution”' (and thus, most
of the bicarbonate in the sample layer is expected to have been
converted into CO,), the optode started to respond. A gradual
increase in the ratio was observed until 9 min elapsed. After
that, a homogeneous image, coinciding with the finalization of
the acidification process (10 min), was reached. A steady state
was found to be maintained even 2 min after the acidification
was stopped (12 min image). Overall, it took 9 min for the
system to provide a homogeneous image of the CO, in the
sample.

Attempting to understand the response time of the PANI—
optode system, we carried out a control experiment without
the PANI mesh, minimizing the effect of any diffusion event
(except that in the outer layer of the optode) under vigorous
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stirring conditions. To empirically estimate the response time
intrinsic to the optode, we performed manual acidification and
alkalinization of a bicarbonate solution while dynamically
monitoring the response of the optode (Figure S4 in the
Supporting Information). The observed response time was
significantly shorter than that in the PANI—optode system: ty
=147 + 21 s (n = 3) compared to the 9 min observed in
Figure 2. This indicated that the majority (70%) of the time
needed to reach a homogeneous image is due to kinetic and
diffusion events in the aqueous phase, as described above.
The response of the PANI—optode system was further
investigated at increasing bicarbonate concentrations, from 1
to S mM. The dynamic responses of the CO, optode before,
during, and after the corresponding PANI-based acidification
are presented in Figure 3. Notably, a circular ROI with a

—1mM

0.91 —2mM
|01 3mM
—4 mM
0.8{ & My
o 0.71 12 3 4 5
4 [DIC]/ mM
0.61
0.51
0.41

0 100 200 300 400 500 600 700 800 900

t/s
Figure 3. Dynamic response of the CO, optode during the PANI-
based acidification (0.4 V versus the OCP for 600 s, gray area)
observed for increasing bicarbonate concentrations in a 0.1 M NaCl
background. The dashed line represents the time for the readout used
to generate the calibration graph (60 s after the polarization potential
for 600 s). Inset: calibration graph averaged from three measure-
ments.

diameter of ca. 2 cm placed in the center of the optode was
considered to average the R/G ratio. The response from
triplicate measurements is presented in Figure SS.

For concentrations in the 1-3 mM range, the optode
reached a steady signal after 450 s from the activation of the
applied potential. The response time slightly increased for 4
and 5 mM concentrations (~650 s for S mM). This is likely
because longer times are required to protonate increasing
bicarbonate concentrations,'’ delaying the subsequent mass
transport to the CO, optode. For the highest concentration (5
mM), the signal was found to slowly decrease from 700 s,
probably due to the diffusion of bicarbonate from the bulk
solution to the tiny space through the PANI-mesh, resulting in
a neutralization of pH in the tiny layer space. For the rest of
the concentrations, the signals were stable for at least 4 min
from the time that the PANI activation was stopped. As a
general trend, the optode signal was quite reproducible in the
steady-state region, while larger variations were observed
before the PANI activation and in the initial minutes of this
process (Figure SS). This can be attributed to slight variations
in the placement of the PANI—optode architecture in the
system after removing/inserting the PANI mesh from/into the
aquarium for its regeneration between the experiments.
Advantageously, this is not expected to affect the calibration
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graph, which is obtained from the steady readouts, as explained
below.

To establish a calibration curve for DIC (i.e., after sample
acidification), the R/G value observed for each bicarbonate
concentration at 60 s after the end of the electrochemical pulse
was selected from the dynamic curves (dashed line in Figure
3). This timepoint represents a compromise between the time
at which all inorganic carbonate species were successfully
converted to CO, and avoiding the downward drift after the
end of the pulse at the higher concentration of bicarbonate.
The bicarbonate concentration in each standard solution is
assumed to be equal to the DIC, which is only detected to its
full extent by the CO, optode once the pH is reduced to pH
4.5 or lower. Importantly, the obtained calibration curve (inset
in Figure 3) presented good linearity within the tested range
(sensitivity = 0.078 mM ™" in the DIC range of 1—5 mM, R*> =
0.993) and covered the expected DIC in most environmental
samples.” The standard deviation was higher for the 5 mM
concentration, coinciding with the lower fluorescence emission
of the sensing layer.

The possible influence of the PANI mesh on the optode
readout because of either electrochromism or an effect of the
applied potential on the sensing layer was investigated by
performing DIC calibrations using either the PANI’s reduced
(basal) or oxidized forms (Figure S6). Calibrations were
performed at pH 3.7 (0.1 M citrate buffer), which results in a
DIC to CO, conversion rate close to 100%.”” We found a
slight difference (i.e., a decrease) in the ratiometric signal when
the PANI was in the oxidized form compared to the reduced
one. The calibration using the reduced form of PANI (without
any applied potential) presented a sensitivity of 0.106 mM ™"
DIC (in the DIC range of 1—5 mM); in contrast, with the
oxidized form of PANI (i.e., applying a potential of 0.4 V vs the
OCP during the entire calibration), the sensitivity was slightly
lower (0.090 mM ™" DIC, in the DIC range of 1—5 mM DIC).
This could be explained by PANI presenting differences in
electrochromism depending on the (initial) pH of the
solution.'® Nevertheless, the found difference was not
substantial. However, the sensitivity when using the oxidized
PANI was found to be higher (ca. 15%) than that observed in
Figure 3. Additionally, there could be a slight influence of the
applied potential in the optode response. In any case, it is
advisable to perform the calibration as in Figure 3 (i.e., using
the entire system with all the elements present) to account for
the effects of the mesh, no matter their origin.

Next, the accuracy of the PANI—optode concept to quantify
DIC was investigated by analyzing two real samples (n = 3):
bottled mineral water (salinity = 0.12%0) and brackish
seawater (salinity = 18.4%o). The samples were additionally
characterized by means of conventional acid—base titrations
(see Section 3 in the Supporting Information for the
calculations). The samples were measured following the
same procedure as that for the calibration graph: PANI-
based acidification was conducted at a potential of 0.4 V versus
the OCP for 600 s, and the final DIC value was determined
from the response of the optode at 60 s after the acidification
pulse was finished. The results are presented in Table 1.
Notably, the acid—base titration of the seawater sample could
overestimate the DIC concentration, as buffering species other
than carbonates may be present in the sample (e.g., boric acid,
silicates, or phosphates).28 Nevertheless, the results obtained
by the two methods presented a rather good agreement, with
differences of <8%. Furthermore, the outcomes demonstrated
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Table 1. DIC Detection in Real Water Samples

difference
sample DIC (mM) (%)
PANI—optode titration references
mineral water  2.07 + 0.08 2.23 + 0.03 2.3¢ 7.2
seawater 1.68 + 0.09 182 +000 18-19" 7.7

“Manufacturer’s label.

the versatility of the PANI—optode concept to be used in both
freshwater and seawater samples.

The capability of the PANI—optode tandem for determining
DIC in a heterogeneous system was further studied. For this
purpose, an artificial chemical gradient was generated in a
bicarbonate sample. As illustrated in Figure 4a, a plastic tube

a) EXPERIMENTAL SETUP
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¢
.
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o
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1 mM HCO,
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b) OPTODE-BASED IMAGING
BEFORE _ END OF PULSE 20 min AFTER

WAVANE

w

N

[DIC] / mM

3

tube spot

2 2.5 35
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Figure 4. (a) Schematics of the experimental setup to create an
artificial DIC gradient in the sample. (b) False-color images of DIC
concentrations before and after the acidification pulse (just at the end
and 20 min later). The gray lines in the pictures represent the
analyzed line profile. The gray shaded areas in the graphs represent
values which are below the calibration range.

with an inner diameter of approximately 3 mm and filled with 5
mM bicarbonate solution (in 0.1 M NaCl background) was
placed close to the PANI—optode tandem, constantly
introducing a higher bicarbonate concentration to the 1 mM
bicarbonate (0.1 M NaCl) in the bulk solution placed in the
aquarium. A flow rate of 5 pL/min achieved with a syringe
pump was used to ensure a constant increased local
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bicarbonate concentration over time. The results of the DIC
analysis before the acidification, just at the end of the pulse and
20 min after the acidification are shown in Figure 4b. Before
applying the pulse, no response of the optode was observed.

Later, the PANI-based acidification resulted in increased
CO, levels (i.e., corresponding to the total DIC) in the area
where the more concentrated bicarbonate solution was
introduced. Additionally, the injection angle (~30° down-
ward) resulted in a downward flow of bicarbonate that
generated a concentration gradient localized in a straight line
from the tip outlet to the bulk sample. Notably, the measured
DIC was not as high as the concentration of the introduced
bicarbonate solution because of the immediate dilution upon
contact with the sample in the aquarium. Finally, 20 min after
stopping the acidification process and keeping the bicarbonate
injection rate constant, it was observed how the local
acidification effect gradually disappeared, i.e., an apparently
lower DIC concentration was measured.

The outcomes in Figure 4b may provide an indication of the
spatial resolution of the PANI—optode system by considering
the spot of lower DIC in the images corresponding to the
plastic tube of 3 mm diameter, which is labeled as the “tube
spot” for clarification. In general, the imaging resolution of a
planar optode is limited by the camera resolution (um resolved
per pixel) and the thickness of the sensing layer (i.e., diffusivity
of the analyte within it), which governs how well a point
source or gradient can be resolved.  However, this is not the
limiting factor in the PANI—optode system, as the following
rationalizes.

The aqueous layer confined between the mesh and optode
could be assumed as a part of the sensing layer. Thus, a thicker
layer will contribute to a longer diffusion pathway, resulting in
an increase of diffusive smearing in the obtained picture.”’ The
total distance between the sample (i.e., at the sample—mesh
interface) and the point of readout (in the sensing layer) is
estimated to be 300—400 ym, summing up the individual parts
of the system (mesh, tiny sample space, and optode). The
camera provides a resolution of approximately 70 ym per pixel,
and hence, it is not expected to be the limiting factor for
imaging resolution. Examining now the tube spot in Figure 4b
more in detail, it displays a radius of ca. 1.9 mm, which is 0.4
mm larger than the tube size, thus confirming the expected
diftusional-related smearing and a sub-mm resolution of the
system.

With the confirmed ability to map DIC gradients in 2D,
more complex heterogeneous samples were investigated and
discussed in the following paragraphs. A leaf of the freshwater
plant V. spiralis was put in contact with the mesh part of the
PANI-optode tandem (Figure Sa), introduced in the
aquarium setup, and incubated in freshwater (0.42%o salinity)
in dark conditions for 1 h before the acidification experiment
was initiated (Figure 1a). Notably, the leaf was covered with a
thick epiphyte layer consisting of phototrophic and hetero-
trophic microorganisms. This epiphyte layer can lead to strong
basification, thereby reducing CO, and bicarbonate availability
for photosynthesis in light conditions and increasing CO,
concentrations and hypoxia at the leaf surface in dark
conditions."” Images obtained before PANI-based acidification
(Figure Sb) revealed how CO, levels evolved around the leaf
from respiration in the dark (up to 0.9 mM in the center of the
leaf), indicating increased levels of DIC. Increasing CO,
concentrations likely caused a localized drop in pH around
the leaf. Epiphytes were more abundant in the top part of the
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Figure 5. Imaging of an epiphyte-covered leaf of the freshwater plant V. spiralis during dark respiration. (a) Setup of the leaf on top of the PANI—
optode architecture. (b) Image of free CO, after 1 h of incubation in freshwater under dark conditions. (c) Image of DIC right after PANI-based
acidification. (d) Line profiles for CO, and DIC associated with the gray lines traced in (b,c) from the top to the bottom area. The gray area
represents values below the CO, optode calibration range. (e) Calculated images for carbonate alkalinity and pH.

leaf, which resulted in localized differences (i.e., increases) in
CO, in the surroundings above the leaf. In contrast, areas
below the leaf with reduced microbial activity showed CO,
concentrations below the limit of detection of the optode (0.5
mM).

Right after the PANI-based acidification (in dark con-
ditions), once all carbonate species were converted to CO,, the
DIC concentrations around the leaf were visualized (Figure
Sc). While higher levels were observed around the center of
the leaf (up to 3 mM), there were also elevated concentrations
of DIC present at short distances from the leaf. This becomes
even more evident when inspecting the line profiles presented
in Figure 5d, obtained from the gray lines highlighted in Figure
Sb,c. The area around the leaf presents both the highest CO,
and DIC concentrations (15—25 mm in the line profiles).
Interestingly, areas of high epiphyte abundance (5—15 mm
above the leaf) also showed increased DIC concentrations.

This trend was the same but less pronounced for free CO,
concentrations (Figure Sb). The region in the line profile from
S to 15 mm corresponded to zones with lower biological
activity than that of the leaf, where the diffusion of DIC toward
the solution became more pronounced. Notably, some
deviations may be obtained for the CO, and DIC spatial
distribution in the images because of the time elapsed between
the two images (11 min), resulting in mass transport of DIC
from the leaf (in the PANI—optode area) to the bulk solution.

The information on CO, and DIC collected with the camera
for each pixel allowed for further calculations attempting to
better describe the carbonate system in the leaf sample. In
principle, any combination of two of the parameters involved
in the overall carbonate system (i.e., DIC, CO,, alkalinity, or
pH) can be used to fully describe it.” Thus, the CO, and DIC
measured from the chemical imaging approach were used to
determine other parameters related to the carbonate system,
such as pH and carbonate alkalinity, using eqs 1—4
10P"[HCO,7]

=

[CO,] (1)
_1077M[CO,>]

' [HCO,T] @)

[DIC] = [CO,],, + [HCO;7] + [CO,™] 3)
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[Alkalinity] = [DIC] — [CO,],q (4)

where K; and K, are the equilibrium constants at a given
salinity and temperature for the carbonate equilibria HCO3 +
H' = H,0 + CO, and HCO3 = H' + COJ, respectively.
These constants were calculated according to Roy et al.'*
Then, in the PANI—optode system, all the concentrations
included in eqs 1—4 refer to the initial state prior to PANI-
based acidification except for [DIC], which is in turn the final
value read by the optode.

The estimation of alkalinity constitutes a straightforward
calculation: the difference between DIC and free CO,,
according to eq 4. Evidently, the accuracy of the outcomes
depends on that of the CO, and DIC measurements, and the
combined errors of the two readouts must be considered.*”
Moreover, the estimation of pH can be performed at known
salinity and temperature (herein 20 °C) using eqs 1—3. For
acidic-neutral samples (pH < 7) the contribution of carbonate
to DIC becomes negligible, simplifying eq 3 into eq 5

[DIC] = [CO,],q + [HCO; ] (5)

where [DIC] and [CO,],q have been experimentally acquired

in our experiments. Finally, by combining eqs S and 1, the pH
can be calculated. However, if samples with a higher pH are
investigated, the contribution of carbonate cannot be
neglected, and both equilibria (eqs 1 and 2) must be
considered.

The possibility of calculating the 2D distribution of alkalinity
and pH was first confirmed from CO, and DIC results
obtained in a 3 mM bicarbonate solution (0.1 M NaCl as
background electrolyte: 5.9%o salinity), with the pH adjusted

to 6.1 (pK, estimated at the experimental conditions'*).

Notably, by setting the pH equal to the pK,, approximately
50% of the DIC would be present in the sample as free CO,
and 50% as bicarbonate, hence potentiating the initial CO,
imaging (1.5 mM, ie, 50% of the initial bicarbonate
concentration). The experimental results before and after
PANI-based acidification, together with the images calculated
for alkalinity and pH, are shown in Figure S7 in the Supporting
Information. Considering that the measured concentrations of
free CO, and DIC presented the expected readouts (1.5 and 3
mM, respectively), we proceeded to calculate the alkalinity and
pH in 2D using eqs 1 and S (Figure S7b). Effectively, a pH of
6.1 and carbonate alkalinity of 1.5 mM were calculated from
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the measurements, which agreed with the experimentally
controlled conditions.

Next, we utilized the same approach to calculate the
distribution of carbonate alkalinity and pH around the
freshwater plant leaf (Figure Se). The calculated alkalinity
map resembled the distribution of DIC in the sample, with
higher concentrations around the leaf surface and gradually
decreasing levels going further away from the leaf (areas where
free CO, was below the limit of detection were excluded from
the calculations and are not presented in the figure). In
contrast, the pH showed a rather homogeneous distribution,
with only slightly lower values at the location of the leaf and
around the epiphytes. In this area, continuous CO, production
during respiration under dark conditions is expected.
Considering the overall low buffer capacities of many
freshwater bodies, this localized CO, production can result
in a slight decrease in pH. This effect is more pronounced in
the areas of the PANI—optode that are covered by the leaf
because this limits the mass transport of the bulk solution in
the aquarium. Moreover, a lower pH can be observed in the
top right corner of the pH map in Figure Se, which is rich in
epiphytes (see Figure Sa).

Finally, we used the PANI—optode analytical technology to
investigate acidic soil samples. Importantly, soil acidity is a
major problem in crop production and affects about 30% of the
total ice-free area in the world.> Soil acidity can result in
inhibition of plant growth due to nutrient deficiencies, have a
negative impact on root hair length and growth® and lead to
increased solubility of toxic metal ions such as aluminum.*® To
counteract these adverse effects, highly alkaline substances
(e.g, gypsum or lime) are applied to the topsoil to miti(gate
some of these adverse effects by neutralizing the soil pH.*® To
mimic such an event, we packed acidic soil (pH 5.6, see Table
S2) into a polymethyl methacrylate (PMMA) chamber and
amended the topsoil with calcium carbonate (CaCOs;). After
simulating a rain event of 17 mm h™' by adding 31 mL of water
for 180 min, the soil was fully waterlogged, and both CO, and
DIC imaging measurements were conducted. Figure S8a in the
Supporting Information depicts images of the soil treatment
and the experimental setup. Notably, in the PANI—optode
setup, DIC can only be measured in samples with sufficient
water content, as the diffusion of ionic species into the tiny
space between the PANI and optode must occur for the
principle to work.

Figure 6a shows the resulting CO, and DIC concentration
maps before and after PANI-based acidification respectively.
While in some areas a minor increase in CO, (<0.8 mM) was
observed, these levels are rather low compared to the DIC
concentrations, which were found to be up to 2.2 mM. The
DIC image indicated that there was a drastic increase in the
soil pH because of the carbonate amendment (see Figure S8b
for measurements without the CaCO5 amendment). To assess
the effectivity of the soil amendment, the pH can be obtained
(according to eqs 1 and S) from the CO, and DIC
concentrations in the area where some initial CO, was
detected. An increase in soil pH of approximately one unit was
observed in the zone of 0—10 mm in the line profile (Figure
6b). However, the change was probably even higher in areas
where no free CO, could be initially detected, i.e., above 12
mm in the line profile. Unfortunately, the pH calculations
became inaccurate because the measured CO, was below the
limit of detection (light green part of the pH spatial profile).
Moreover, concentrations of free CO, and DIC were found to
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08 1.0

Figure 6. (a) False color images of free CO, and DIC concentrations
in a carbonate-amended waterlogged soil sample. (b) Line profiles of
CO,, DIC, and pH corresponding to the gray lines traced in (a). The
dashed lines represent the lower limit covered by the calibration of the
optode for the respective analytes. The light green part of the pH
profile represents calculated values where the measured CO, was
below the limit of detection, thus making these pH values less
accurate.

decrease close to the air—soil interface. We can find two
possible explanations for this. First, because the surface of the
soil was amended with CaCOj;, this could provide a local
concentration of bicarbonate that is too high for the PANI to
fully convert it to CO,. Second, the generated CO, can
equilibrate at the soil—air interface, providing an apparent
gradient found between 10 and 15 mm in the DIC line profile.

B CONCLUSIONS

An actuator-sensor PANI—optode tandem is demonstrated
here for imaging CO, and DIC in environmental samples,
including water, plants, and soils. 2D images and line profiles of
the predominant inorganic carbon species are accessible before
and after PANI-based acidification based on CO, optical
readout. The analytical principle assumes that, when the
sample is acidified to pH 4.5 or lower, all the carbonate species
are converted to CO,, thereby representing DIC. Before that,
the optode provides pure CO, measurements according to its
limit of detection. Importantly, in the case of solid samples
(i.e., plants and soils), the images represent surface
concentration profiles. To the best of our knowledge, this is
the first time that spatial gradients of DIC are accessible in 2D
with a resolution of <1 mm in environmental systems. The
analytical operation of the developed PANI—optode concept
was validated by comparing measurements of fresh and
seawater samples to those obtained with conventional acid—
base titrations. Moreover, the capability to provide CO, and
DIC profiles in complex biogeochemical samples was proven
with a leaf of the freshwater plant V. spiralis (dark respiration
conditions) and in a CaCOj5-amended acidic waterlogged soil.
The presented method is a powerful tool for the study of
carbonate chemistry heterogeneities in any environmental
system and may open new strategies for chemical imaging
techniques of other pH-dependent analytes, such as total
ammonia nitrogen or total dissolved sulfide, by simply
changing the used sensor.
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