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ABSTRACT: A novel design is demonstrated for a solid state,
reagent-less sensor capable of rapid and simultaneous measurement of pH and Total Alkalinity (AT) using ion sensitive ﬁeld
eﬀect transistor (ISFET) technology to provide a simpliﬁed
means of characterization of the aqueous carbon dioxide system
through measurement of two “master variables”: pH and AT.
ISFET-based pH sensors that achieve 0.001 precision are widely
used in various oceanographic applications. A modiﬁed ISFET is
demonstrated to perform a nanoliter-scale acid−base titration of
AT in under 40 s. This method of measuring AT, a Coulometric Diﬀusion Titration, involves electrolytic generation of titrant, H+,
through the electrolysis of water on the surface of the chip via a microfabricated electrode eliminating the requirement of external
reagents. Characterization has been performed in seawater as well as titrating individual components (i.e., OH−, HCO3−, CO32−,
B(OH)4−, PO43−) of seawater AT. The seawater measurements are consistent with the design in reaching the benchmark goal of
0.5% precision in AT over the range of seawater AT of ∼2200−2500 μmol kg−1 which demonstrates great potential for
autonomous sensing.
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controlled by simple physical processes (e.g., precipitation,
evaporation) and can often be estimated accurately from
measurements of temperature and salinity.9−11 However, such
empirical relationships for AT are not as well-developed beneath
the surface and become invalid in many dynamic environments
at depth and at the ocean surface where processes such as
freshwater input and calcium carbonate formation lead to
nonconservative behavior in AT.10,12,13 Coccolithophore
blooms, sediment porewaters, coral reefs, river mouths, and
coastal shelves are general examples where nonconservative
behavior is known; however, these regions play a signiﬁcant
role in biogeochemical processes and conservative relationships
cannot be applied.
The standard procedure for measuring seawater AT uses a
potentiometric titration monitored by a glass electrode.14 AT is
calculated from titrant volume and electromotive force (emf)
data using either modiﬁed Gran functions or a nonlinear leastsquares approach. Other approaches have been developed using
chronopotentiometry15 as well as spectrophotometry for singlepoint16 and tracer monitored titrations;17,18 however, many of
these techniques are limited to benchtop measurements due to
instrument complexity, inability to miniaturize, power consumption, and excess reagents. Furthermore, few alternative

hip-based platforms have traditionally been used for openocean monitoring of the carbon cycle resulting in large gaps
of observations in space and time. Discrete sampling is often
insuﬃcient for resolving many important features of marine
biogeochemical cycles and subsequent feedback that occur at
much shorter time scales.1,2 Direct, in situ measurements of
ocean inorganic carbon chemistry including pH, total dissolved
inorganic carbon (CT), partial pressure of CO2 (pCO2), and
total alkalinity (AT) are desirable, but current chemical sensor
technology does not fulﬁll the low power, robust design,
accuracy, and stability requirements for use on autonomous
platforms.3−5 Combinations of either pH or pCO2 with AT or
CT are preferred for constraining carbonate speciation based on
propagation of error of the best available analytical
techniques.6,7 However, AT and CT analytical techniques are
the most diﬃcult to measure in situ, and no carbon variable can
be calculated more accurately than the combined parameters
can be measured.7 Commercially available autonomous sensors
for pH and pCO2 are not capable of simultaneous measurements, and these variables are the least desirable carbon pair for
diﬀerentiating some key biogeochemical processes such as
production and calciﬁcation.6 Therefore, there is a great need to
develop new methods compatible with in situ technologies for
measuring AT and CT autonomously with accuracy and
precision comparable to the best analytical methods.
Globally, seawater AT spans a relatively narrow range
∼2200−2500.8 In the open surface ocean, AT is dominantly
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Figure 1. Schematic of operating principle of ISFET. Protons in solution control the degree of protonation and charge distribution at the insulatorsolution interface. The resultant potential controls the ﬂow of current between the source and drain of the ISFET and the pH is proportional to the
source to reference potential, VRS. A coulometric actuator device comprising an anode−cathode pair and constant current source, Ititr, can be
integrated with an ISFET to perform a titration on the chip.

measured on a single ISFET chip. Microfabrication enables the
actuator to be placed within microns of the gate thereby
reducing the sample volume to nanoliters and decreasing the
response time to 40 s. The sensor is optimized for and
evaluated over a narrow range of AT, ∼2200−2500 μmol kg−1,
representative of open ocean seawater. This dual pH−AT
sensor provides a means of continuous, direct measurement
of aqueous carbon dioxide chemistry.

techniques capable of autonomous measurements have reached
the certainty and level of long-term accuracy and precision of
the standard benchtop titration. The chronopotentiometric
method, utilizing ion sensitive membranes,19,20 and tracer
monitored titration approach17,18 show promise for autonomous application and have recently been demonstrated to work
in natural waters.
Ion sensitive ﬁeld eﬀect transistor (ISFET) technology is
becoming increasingly popular in pH sensing devices.21 For
instance, Honeywell has commercialized the DuraFET which is
a pH sensing ISFET-based combination electrode currently
used in industrial as well as oceanographic applications.22−25 As
solid state pH sensors, ISFETs oﬀer advantages relative to glass
electrodes including reduced drift as well as the ruggedness
required for in situ, autonomous use. Notably, glass electrodes
suﬀer from notoriously high impedance (up to giga ohms)
whereas ISFET-based pH sensors are inherently low impedance
(tens to hundreds of ohms) leading to signiﬁcantly improved
stability over time.
An ISFET is analogous to the better known metal oxide
semiconductor ﬁeld eﬀect transistor (MOSFET) with the metal
oxide gate replaced by a conventional reference electrode. As
described by Johnson et al.,25 the Honeywell Durafet ISFET
consists of an N doped silicon substrate which includes two P
doped regions which are referred to as the source and drain as
shown in Figure 1. Between these two regions is a conduction
region referred to as the channel. On top of this channel is an
insulator (from here on referred to as the gate) which might be
a deposited metal oxide or a nonoxide insulator such as silicon
nitride.21 This channel insulator will exchange hydrogen ion
and develop a potential at the insulator solution interface. The
resultant interfacial potential controls the shape of the
conductance channel of the FET and thus the ﬂow of current
between the source and drain. Outside this channel region is a
deposited ﬁeld insulator (identiﬁed in Figure 1 as “Insulator”).
This ﬁeld insulator may or may not employ the same material
as the channel insulator.
Here ISFET technology is modiﬁed to design and test a solid
state, reagentless sensor capable of rapid and simultaneous
measurement of AT and pH. By integrating a coulometric
actuator device with an ISFET (Ititr in Figure 1), a nanoliterscale acid−base titration can be simultaneously executed and

■

METHODS

Theory. A MOSFET employs a metal oxide channel insulator on
top of which a metal is deposited. This metal is referred to as the gate.
ISFETs remove this gate electrode and expose the underlying channel
insulator to the sample solution.26,27 This now removed gate, or
substitute metal conductor, remains in solution and is referred to as
the counter electrode. This counter electrode can be thought of a
wetted gate electrode. The function of this counter is the same as the
analogous counter electrode employed in analytical voltammetry or
amperometry. The counter is a low impedance electrode, which is used
for ISFET control. It controls drain voltage and drain current and its
EMF is neither deﬁned nor important for proper function of the
ISFET. Because the counter electrode EMF is a suitable metal such as
the removed gate electrode, it is of low impedance, and allows a
pathway for parasitic leakage currents.
In typical ISFET operation, a constant drain to source voltage (VDS)
is applied, and a feedback circuit is used to maintain a constant drain
to source current (IDS) (see Figure 1). The resultant source to
reference electrode voltage (VRS) is proportional to pH as described by
the Nernst eq (eq 1) where R is the universal gas constant (8.3146 J
K−1 mol−1), T is temperature in Kelvin, F is the Faraday constant
(96,485 Coulomb mol−1), and aH and aCl are the activities of hydrogen
and chloride ions.21,28
VRS ∝

RT ln(10)
log(aHaCl)
F

(1)

By integrating a coulometric actuator device with an ISFET, a
nanoliter-scale acid−base titration can be simultaneously executed and
measured on a single ISFET chip.29−32 Titrant, H+, is generated
through the electrolysis of water by applying an anodic current pulse
(IA) to an actuator electrode with respect to a counter electrode in an
analyte solution:
Anode: 2H 2O → 4H+ + 4e− + O2

Cathode: 2H 2O + 2e− → 2OH− + H 2
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Figure 2. Nonmodiﬁed ISFET (left) and conceptual schematic of diﬀusion of the “titrated zone” (orange) across the gate upon generation of titrant.
anodic current pulse is applied to the actuator electrode to generate
H+. At t1 (blue curve), the proton acceptors are depleted at the anode
such that CB = 0 at x = 0. This condition is expressed by the Sand
equation, tSand

By placing the actuator electrode on the surface of the ISFET near the
gate, the pH can be rapidly measured as the analyte solution is titrated
with the electrolytically generated H+ as shown in Figure 2.
This “coulometric sensor-actuator system”, as it was originally
referred to by its inventors,29,32,33 was later named a “Flash Titration”
when commercialized by Orion in the early 2000s.34 Later, Bakker’s
group adopted the term Flash Titration to refer to a diﬀerent method
utilizing ion selective membrane chronopotentiometry.35 Unfortunately, the commercialized product was not successful, due in part to
short lifetime and lack of universality demanded by industry.36
Following signiﬁcant advances made by Honeywell in ISFET
technology and encapsulation methods, ﬁeld testing by the oceanographic community, coupled with the narrow range of seawater AT, it
is expected that the coulometric sensor-actuator system method can be
successfully integrated with the Honeywell ISFET to produce a dual
pH−AT sensor ﬁne-tuned for seawater with increased longevity over
its predecessor. Because the Orion Flash Titration system is no longer
a product and in order to avoid confusion with the ﬁeld of ion selective
membrane chronopotentiometry, we have chosen to refer to the
technique used in the ISFET-based coulometric sensor-actuator
system as a coulometric diﬀusion titration (CDT).
CDT can be described by a one-dimensional diﬀusive mass
transport model.33 Referring to Figure 3, the topside of the ISFET
is viewed on the x-plane and the actuator electrode can be thought of
as a semi-inﬁnite plane positioned at x = 0 μm parallel to the gate at x
= xg μm. At time t0, the concentration of a basic analyte is deﬁned as
CB,bulk at both the actuator electrode and ISFET gate. At tstart, an

⎡C
⎤2
B,BulkF πDB
⎥
tSand = ⎢
⎢⎣
⎥⎦
2jc

(2)

where DB is the diﬀusion coeﬃcient of species B, F is the Faraday
constant, and jc is the current density at the actuator electrode. The
reaction horizon moves across the x-plane t2 (red curve) to t3 (green
curve). The equivalence point is reached at tend when CB(xg, t3) = 0
which is the sum of tSand and tdelay, the time it takes for the reaction
plane to reach the ISFET gate. Thus, CB (or AT) is linearly
proportional to (tend)1/2. A CDT can be completed within 1−60 s
depending on the bulk concentration, operating current, and distance
between the actuator electrode and gate, xg. The ISFET response time
is on the order of milliseconds and is suﬃcient to detect the end point
of the titration with high accuracy.
Sensor Design. The ISFET die, acquired from Honeywell, was
modiﬁed by adding an electrode to the topside of the chip proximal to
the gate using backend processing techniques. The ISFET chips were
assembled into a mechanical mask device as shown in Figure 4 and
precisely positioned to expose an area 100−150 μm from the gate of
the chip.

Figure 4. Mechanical mask used to pattern an actuator electrode on
the surface of the ISFET. The ISFET was placed in the holder and the
electrode was then deposited onto the exposed region of the ISFET
precisely aligned within 100−150 μm of the gate.

The exposed ISFET surface was cleaned using an O2 plasma
followed by deposition of a 2.5 μm electrically insulating layer of SiO2
by plasma enhanced chemical vapor deposition (PECVD) at 350 °C.
50 nm of Ti was deposited and exposed to atmosphere to form an
insulating layer of TiO2. 200 nm of Ti was deposited as an adhesion
layer followed by deposition of 500 nm of Pt by argon sputtering. The
modiﬁed ISFETs were removed from the mechanical mask and then
annealed at 350 °C for 3 min. The multistep insulator deposition was
performed with a single shadow mask so that all the materials are self-

Figure 3. CDT model for seawater showing the time evolution of the
concentration proﬁles of excess titrant (H+) and analyte (AT) and their
position relative to the anode and ISFET gate. The end point is
reached when the zero-point of the concentration proﬁle reaches the
ISFET gate (green curve).
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solution and seawater sample, respectively. Limited seawater supply
necessitated using the bare minimum sample required to submerge all
sensor components. Each aliquot of water (prepared with 0.5 mol kg−1
NaCl background) for diluting the solution was 5.15 and 2.53 g for the
prepared carbonate solution and seawater sample, respectively, and
was delivered using a high precision milliGAT pump. We estimate that
the initial solutions were known to better than 5 μmol kg−1; and the
volumetric additions of H2O did not signiﬁcantly alter the accuracy of
subsequent dilutions to more than a few μmol kg−1, which is less than
the resolution of the sensor.
The operating current for proton generation was set to a constant
value ranging from 10 to 40 μA. Standard dilutions were performed by
adding 10 aliquots of deionized water with NaCl background to dilute
solutions from the starting known AT down to the lower limit of
oceanic AT (∼2100 μmol kg−1). Twenty titration curves were recorded
at each sample concentration and a submersible pump was run for 15 s
to ﬂush the surface of the ISFET followed by a 5 s hold to allow the
solution to settle between titrations. All analyses were performed in a
jacketed beaker to maintain sample temperature near ambient at 22.5
°C. The sampling rate was set to 20 Hz for VRS and 2k Hz for
diagnostic measurements (IL1, IL2, IA, VA, VDS). Signal processing of
raw data collected from the ARM board was carried out in Matlab. At
each concentration, the titration curves were smoothed and the last 15
end points, corresponding to the ﬁnal inﬂection point of the titration,
were averaged.

aligned and ensures a resistance of greater than 100 giga ohms to
minimize leakage of current on the actuator electrode into the ISFET.
Modiﬁed ISFETs (Figure 5) were assembled into a specialized
housing using gold wire bonding to make electrical contact to the

■

RESULTS
Titration curves produced in standard solutions of HCO3− and
CO32− in 0.5 M NaCl background are shown in Figure 6. The

Figure 5. Modiﬁed ISFET (i) showing the Pt anode positioned
approximately 100 μm from the gate. Electrical contact between the
anode is made by threading a gold wire bonded to the topside of the
ISFET through two o-rings to the interior of the housing (ii). The fully
assembled housing is shown in panel iii. In the bottom right panel (iv)
the modiﬁed ISFET (a) is positioned in the jacketed beaker with a
reference electrode (b), counter electrode (c), and the cathode (d).
source, drain, and substrate on the backside of the ISFET.
Encapsulation was achieved by a mechanical means using a series of
o-rings. Electrical contact was made to the actuator electrode (anode)
on the topside of the ISFET by threading a gold wire bonded to the
electrode through the series of o-rings to the inside of the housing.
The Nernstian response of the modiﬁed ISFETs was assessed in NIST
buﬀers with pH ranging from 4 to 11. The sensor system comprised
the modiﬁed ISFET with actuator anode, Ag/AgCl reference
electrode, titanium counter electrode, and platinum cathode.
The proprietary Honeywell electronics for operating the ISFET
required modiﬁcation to increase the IDS feedback speed and to
measure diagnostic variables including leakage currents (IL1 and IL2)
and drain to source voltage and current (VDS and IDS) as well as the
actuating current and corresponding voltage on the anode (IA and VA).
Simultaneous measurements of VRS, leakage currents, IA, and VA, as
well as programmable control over IA served as critical diagnostic and
development tools. Standalone electronics and embedded software
were developed to provide the groundwork for enabling ﬁeld
deployment and integration with autonomous platforms. A custom
ARM microcontroller (TI Cortex TM4C123G) was utilized to provide
a programmable actuator with output IA and VA monitoring circuitry as
well as the modiﬁed Honeywell circuitry for operating the ISFET and
for monitoring system integrity. Software was developed using Code
Composer Studio integrated development environment in C/C++ for
basic operation of the pH−AT sensor.
Analytical Assessment. Initial sensor performance was tested by
generating a series of solutions over a range AT by volumetric dilution
(using deionized water with NaCl background) of two solutions of
known AT. The ﬁrst solution was prepared from Na2CO3(s) +
NaHCO3(s) in 0.5 mol kg−1 NaCl background. The second solution of
known AT was a natural seawater sample collected at sea, and
measured on a conventional benchtop analyzer, standardized using
seawater CO2 Certiﬁed Reference Materials.37 The target mass of the
starting solutions was 200 and 130 g for the prepared carbonate

Figure 6. Titration curve (black) and ﬁrst derivative (red) for standard
solutions of HCO3− and CO32− in 0.5 M NaCl background with AT of
2600 (top) and 2175 (bottom) μmol kg−1. The ﬁrst inﬂection point
corresponds to CO32− end point and the second inﬂection point
corresponds to the AT. The time required to reach the AT end point
decreased from ∼18 s for the solution with greater AT to ∼13 s for the
solution with reduced AT as anticipated.

ﬁrst inﬂection point corresponds to tend for CO32− and the ﬁnal
inﬂection point corresponds to tend for AT. Standard dilutions of
the prepared solution of HCO3− and CO32− in 0.5 M NaCl
background with starting AT of 2600 μmol kg−1 down to ∼2100
μmol kg−1 are shown in Figure 7. The error analysis in Figure 7
was performed by repeating the measurement 15 times in one
solution and the error bars represent standard deviation from
the mean at each concentration. Excellent linearity between the
AT and (tend)1/2 was observed over the range of seawater AT
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Figure 7. Standard dilution of a prepared solution of HCO3− and
CO32− in 0.5 M NaCl background with a starting AT of 2600 μmol
kg−1. Excellent linearity is observed over the range of seawater AT
(∼2200−2500 μmol kg−1) with an R2 of 0.999 and mean standard
deviation of ±7.6 μmol kg−1.
Figure 9. Diagnostic measurements IL1 (a), IL2 (b), IA (c), and VA (d)
recorded during 20 titrations in seawater. Each titration was run for
approximately 50 s.

with an R2 of 0.999, slope of 0.0016, and mean standard
deviation of ±7.6 μmol kg−1. Standard dilutions performed
repeatedly in seawater with a starting AT of 2450 μmol kg−1
yielded a similar result as shown in Figure 8 with an R2 of 0.998,
slope of 0.0014, and mean standard deviation of ±11 μmol
kg−1.

inferior ISFET performance and interference of the actuator
electrode. IA and corresponding VA on the anode were
monitored to verify the current was constant and reached the
input set point during the titration.
It was determined that an operating current between 10 and
15 μA was required to fully resolve the two end points (see
Figure 6) over the range of seawater AT for sensors with the
actuator electrode positioned between 100 and 150 μm from
the gate of the ISFET. This corresponds to reaching the end
point of the titration in ∼25−40 s.

■

DISCUSSION
Modiﬁcation of the fully processed ISFET chips was limited to
backend processing techniques; typical processing procedures
could not be used without damaging the integrity of the fully
processed ISFET chip. This resulted in using nonstandard
procedures for depositing an electrode onto the surface of the
chip. Typically, photolithography would be used to deposit an
electrode on the surface of a chip to achieve maximum control
over dimension and precise alignment; however, the high
temperatures required to deposit a highly insulating SiO2 ﬁlm
restricted the use of photoresist and necessitated development
of a mechanical, nonpolymer, means of patterning the chip.
Iterations of shadow mask design and reﬁnement of the
alignment of the ISFET in the mask were required to reduce
“creep” of deposited material underneath the mask and to more
precisely position the electrode within 100−150 μm from the
gate.
The actuator electrode could not be deposited directly onto
the surface of the ISFET because pathways opened up for
current through the chip, detected by disruption in leakage
currents. Methods were explored to increase the resistivity
between the actuator electrode and the substrate of the chip.
Highly insulating SiO2 is typically thermally deposited at 1000
°C, which is far too high for a fully processed ISFET.
Depositing a thick layer of SiO2 through PECVD became the
best option for attaining a highly insulating layer while
remaining below the upper limit of temperature exposure for
the fully processed ISFET. Other lower temperature methods
were tested including argon RF sputtered SiO2 which allowed

Figure 8. AT as a function of time (s0.5) for the standard dilution of
seawater collected in the North Indian Ocean with a starting AT of
2450 μmol kg−1. Excellent linear relationship is observed over the
range of seawater AT with an R2 of 0.998 and mean standard deviation
of ±11 μmol kg−1.

Distance of the actuator electrode from the ISFET gate as
well as current density was not identical between the modiﬁed
ISFETs used to produce Figures 7 and 8 resulting in slight
diﬀerences in the slope and the time required to reach tend over
the investigated range of AT. With knowledge of actuator−gate
distance, current density, and proton evolution eﬃciency, the
data in Figures 7 and 8 could be used to calculate a mean
diﬀusion coeﬃcient for seawater AT, which would, in theory,
approximate that of the bicarbonate ion (the most abundant
component). However, we have not yet developed protocols to
evaluate proton evolution eﬃciency for the actuator, which is
not 100% for Pt in the presence of Cl−, and therefore do not
attempt to report diﬀusion coeﬃcients in this work.
An example of output diagnostic measurements is shown in
Figure 9. Optimal values for IL1 and IL2 are less than 20 and 10
nA, respectively. Values much greater than this are indicative of
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use of photolithographic patterning; however, the ﬁlms were
insuﬃciently insulating.
The voltage required to drive the electrolysis of seawater for
generating protons, the proton evolution eﬃciency, and the
stability of proton evolution are a factor of electrode material
choice and deposition technique. The proton evolution
eﬃciency need not be 100%, but the short-term stability
between titrations is imperative and thus long-term stability of
proton evolution will determine the frequency of calibration
required. It is anticipated that temperature will have a
signiﬁcant eﬀect on proton generation eﬃciency over the
range of global oceanic temperature (∼−2 to 30 °C). Variable
IA can be applied to achieve optimal proton generation over
smaller temperature ranges.
Electrode choice became a critical component of sensor
success; it was realized that gold, even though considered
ideally inert, could not be used for the electrode material in
seawater. Gold was susceptible to dissolution when current was
applied in the presence of complexing ions, such as Cl−, CN−,
and Br−,38 and the gold anode visually disappeared in a matter
of minutes when current was applied to the anode in seawater
or NaCl electrolyte background. Therefore, platinum was used
in place of gold as the electrode material for both the anode and
cathode. Other electrode materials such as iridium oxide and
manganese−molybdenum oxide could be tested to increase
proton evolution eﬃciency in seawater where the oxidation of
Cl− is a competing reaction at the anode during the electrolysis
of H2O.39,40
There appears to be a warmup or conditioning of the Pt
actuating electrode required to reach a stable measurement.
When ﬁrst powered, running higher current (∼40 μA) for
approximately 20 min through the anode was required to
achieve stable electrochemical generation of titrant. With short
duration pauses (>3 min), there was an upward drift in the time
required to reach the end point in the ﬁrst few titration curves.
Therefore, the ﬁrst 5 measurements were removed in a set of
20 titrations during the standard dilutions. This drift was not
observed in continuous measurement mode when the current is
turned oﬀ for only ∼20 s between titrations, while the pump
runs to refresh the surface of the chip.
Additional increases in stability and sensitivity can be
achieved by optimizing the sensor, including location of the
actuator electrode with respect to the gate, current density, and
electrode material. In addition, robust ISFET encapsulation is
not trivial and presents a major challenge in terms of both
experimental reproducibility and production scalability.41
Backside contact technology has simpliﬁed the use of a
mechanical means of encapsulation; however, making electrical
connection to the actuator on the topside of the ISFET has
required intricate wire bonding techniques to thread the wire
between two o-rings to the interior of the housing. This
method is not trivial but necessary for utilizing the more robust
mechanical seal compared to previous methods of encapsulation that relied on the use of resins. New methods are being
explored to integrate the actuator electrode into the sensor
housing rather than physically depositing the electrode on the
surface of the ISFET. This would remove the direct
modiﬁcation of the ISFET and simplify sensor assembly.
Field testing of the current sensor conﬁguration will be
achievable after further assessment of sensor calibration and
proton generation eﬃciency over a range of temperature and
pressure.

CONCLUSIONS
A microscale, highly insulating coulometric actuator device was
integrated with an ISFET, enabling a nanoliter-scale acid−base
titration on a single ISFET chip. By placing the actuator
electrode on the surface of the ISFET near the gate, the pH can
be rapidly measured as the analyte solution is titrated with the
electrolytically generated H+. Here, we applied atypical (backend processing) techniques to a functional ISFET in order to
achieve a sensor-actuator system, demonstrating the CDT
technique for the ﬁrst time using mechanical encapsulation
technology and in natural waters, evaluating the method over a
very narrow range of oceanic AT with an eye toward high
precision. This sensor is capable of direct, on the ﬂy
measurement of the aqueous carbon dioxide system. A single
AT titration can be completed in less than 40 s, no external
reagents are required, and there are no complex moving parts
making this sensor ideal for autonomous, in situ application. An
initial approximate precision of 0.5% AT was achieved by
performing a series of standard dilutions in a prepared solution
of HCO3− and CO32− and in seawater. The estimated
resolution of this dual pH−AT sensor translates to approximately 0.5% and 0.7% error in CT and pCO2, respectively, and
would enable quantiﬁcation of biogeochemical processes in
rapidly changing environments with strong gradients.
Field applications of the CDT sensor will require thorough
calibration over the operational range of temperature, pressure,
and salinity in order to account for the eﬀects of, e.g.,
temperature dependence on proton evolution eﬃciency and
CO2 hydration/dehydration kinetics. In addition, we have also
laid out practical steps such as use of biocides and a closed ﬂow
stream that can be used to address the eﬀects of turbulence and
biofouling.24
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