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Abstract

Polymer membrane ion-selective electrodes containing lipophilic ionophores are traditionally
interrogated by zero current potentiometry, which, ideally, gives information on the sample activity
of ionic species. It is shown here that a discrete cathodic current pulse across an H*-selective
polymeric membrane doped with the ionophore ETH 5294 may be used for the chronopotentiometric
detection of pH in well buffered samples. However, a reduction in the buffer capacity leads to large
deviations from the expected Nernstian response slope. This is explained by the local depletion of
hydrogen ions at the sample-membrane interface as a result of the galvanostatically imposed ion flux
in direction of the membrane. This depletion is found to be a function of the total acidity of the sample
and can be directly monitored chronopotentiometrically in a flash titration experiment. The
subsequent application of a baseline potential pulse reverses the extraction process of the current
pulse, allowing one to interrogate the sample with minimal perturbation. In one protocol, total acidity
is found to be proportional to the magnitude of applied current at the flash titration endpoint. More
conveniently, the square root of the flash titration endpoint time observed at a fixed applied current
is a linear function of the total acid concentration. This suggests that it is possible to perform rapid
localized pH titrations at ion-selective electrodes without the need for volumetric titrimetry. The
technique is explored here for acetic acid, MES and citric acid with promising results. Polymeric
membrane electrodes on the basis of poly(vinyl chloride) plasticized with o-nitrophenyloctylether
in a 1:2 mass ratio may be used for the detection of acids of up to ca. 1 mM concentration, with flash
titration times on the order of a few seconds. Possible limitations of the technique are discussed,
including variations of the acid diffusion coefficients and influence of electrical migration.

The accurate and rapid monitoring of solution pH is of paramount importance in environmental
and industrial control and clinical diagnostics, and established pH electrodes are widely used
for this purpose. Glass membrane electrodes have been most widely used over the past century,
but they have some limitations: 2 and alternative materials have been introduced, such as
metal oxide electrodes3—> for high temperature measurements, Al,O3- and Si304-based lon
Sensitive Field Effect Transistors (ISFETs)6‘8 for miniaturization and mass fabrication
purposes, and solvent polymeric membrane pH electrodes based on synthetic proton
carriers 9-14 for bioanalytical pH measurements and food and beverage analyses. Optical
sensors can also be used to measure pH,15‘17 although there are additional fundamental
assumptions that need to be made and their response is non-linear and the response range more
narrow than their electrochemical counterparts.
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Often the sample pH value does not provide sufficient information about a sample, and data
on total aC|d|ty and alkalinity are required as well, for instance in beverage and food quallt¥
control, 18 disease preventlon19 nutritional information,29 and environmental protection.

22 Total alkalinity, for instance, is commonly employed in large-scale oceanographic CO,
system studies23 and for studying the effects of ocean acidification and bioerosion.

Total acidity and total alkalinity have been widely determined with pH sensors used as endpoint
detectors in titrimetric analysis, which is performed ex-situ on aliquots and causes an
irreversible change of the sample composition. This is highly undesirable for continuous
monitoring purposes and for microscopic samples such as proteins and nucleic acids involved
in biological reactions, analyzing fluids of small organisms, and monitoring the acid content
of precious radioactive preparations.=2~4° Moreover, tltrlmetrlc procedures are prone to
significant measurement errors with small sample volumes29 0 pecause of uncontrollable
parasitic diffusion of reagent from the microburet tip into the sample. 31 piffusional
microtitration with controlled diffusive reagent delivery was therefore developed to improve
the reliability of titrations in submicroliter volumes.29-32 Other approaches to the controlled
delivery of reagents involve coulometry, where the titrant is electrochemically generated. It
allows for extreme miniaturization (nanotitrations), fast response time and handling simplicity.

—35 In most cases, however, the chemical selectivity of the technique is limited. A chemically
selective coulometrlc titration based on ion selective polymeric membrane was reported very
recently, 6 bhut coulometry either from metal electrodes or polymeric membranes still alter the
bulk sample composition.

Recently, a localized titration approach that av0|ds alteration of the entire sample, called flash
titration, was reported by the group of de Roou 7 Here, base or acid titrant, coulometrically
generated at an inert-metal electrode, neutralizes the analyte locally and the diffusional
spreading of the pH change is detected at an ISFET pH sensor situated at a defined distance
from the generating electrode. This technique does not require the titration of the entire sample
and is rapid. However, the chemical selectivity of current devices is limited because of the use
of simple metal electrodes. More traditional voltammetric techniques at platlnum
microelectrodes have also been reported for the measurement of total aC|d|ty 43 The
analytical utility of this technique is based on monitoring the current induced by the turnover
of hydrogen ions under mass-transport limited conditions. The method has been employed for
the determination of strong and weak acids as well as monoprotic and polyprotic acids. While
it avoids the need for added reagents and complete alteration of the sample composition, the
chemical selectivity and hence its analytical utility may again be limited.

We explore here chemically selective, polymeric membrane-based hydrogen ion-selective
electrodes ordinarily used in potentiometric sensors and conta|n|n4g the lipophilized Nile Blue
derivative ETH 5294 (Chromoionophore 1) as H*- |0nophore S for the measurement of
total acidity. The local diffusion layer is perturbed by a current pulse, which drives hydrogen
ions from the sample in direction of the membrane. The observed potential at the same
membrane gives information about the extent of hydrogen ion depletion. The basic
measurement protocol for such pulsed chronopotentlometrlc |on -selective electrodes has been
described earlier for sodium, 49 calcium,0 silver,51 chlorided2 and protamine-selective
sensors,®3 and is here adapted to a flash titration protocol to measure total acidity.

Experimental

Reagents

High molecular weight poly(vinyl chloride) (PVC), o-nitrophenyl octyl ether (0-NPOE),
tetradodecylammonium tetrakis(4-chlorophenyl) borate (ETH 500), 9-(diethylamino)-5-
octadecanoylimino-5H-benzo[a]phenoxazine (ETH 5294), tetrahydrofuran (THF), 2-
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morpholinoethanesulphonic acid (MES), citric acid, boric acid and all salts were purchased
from Fluka (Milwaukee, WI). Sodium phosphate monobasic was purchased from Fisher
Scientific (Fair Lawn, NJ), glacial acetic acid was obtained from Mallinckrodt Baker
(Phillipsburg, NJ). Universal buffer solutions were composed of equal molar concentrations
of monobasic sodium phosphate, sodium acetate and boric acid, adjusted to the desired pH
with sodium hydroxide. Standard solution of sodium hydroxide was purchased from Sigma-
Aldrich. (St. Louis, MO). Vinegar samples Roundy’s, IGA and Heinz brands were purchased
from local supermarkets. Aqueous solutions were prepared by dissolving the appropriate
compounds in Nanopure-deionized water (18.2 MQ cm).

Membrane Preparation

Electrodes

Hydrogen lon-selective membrane (~200 um thick) was prepared by solvent casting with THF
as a solvent, a membrane cocktail containing 10 wt% of the inert lipophilic salt ETH 500, 20
mmol/kg ETH 5294 and PVC and o-NPOE 1:2 by weight.

The membranes were cut with cork borer (6 mm diameter) from the parent membrane and
incorporated onto a Philips electrode body (1S-561, Glasblaserei Moller, Zurich, Switzerland).
The outer membrane area was calculated from its geometry as 20 mm2. The inner solution was
in contact with an internal Ag/AgClI electrode. The external reference electrode was a double-
junction Ag/AgCl electrode with saturated KCI as inner solution and a 1 M LiOAc bridge
electrolyte. A high surface area coiled Pt-wire was used as a counter electrode in contact with
the sample. The working electrodes were conditioned for at least 12 hours prior to experiments
and kept in the conditioning solution when experiments were not underway. The inner filling
and conditioning solution was 10 mM buffer solution of acetate/acetic acid (1:1) in 10 mM
NaCl.

Experimental setup

Calculations

A conventional three-electrode setup was used for the measurements where an internal Ag/
AgCl electrode acted as the working electrode and the external reference electrode and counter
electrode were immersed into the sample solution. The galvanostatic measurements were
conducted with an AFCBI bipotentiostat (Pine Instruments, Grove City, PA) controlled by a
PCI-MIO-16E4 interface board and LabVIEW 5.0 data acquisition software (National
Instruments, Austin, TX) on a Macintosh computer. The potentials were sampled at 2 ms
intervals. For fixed time experiments, the potential was calculated during the last 10% of the
cathodic current pulse time, with an uptake time of 1 s and a stripping time of 15 s were used
throughout the experiment unless specified otherwise. A baseline potential pulse of 0 V versus
Ag/AgCl was applied as a stripping potential. For the details of potentiostatic/galvanostatic
control switching system, see reference.49 All experiments were conducted at room
temperature (21 — 22°C).

Experimental transition times, which are depicted by inflection points on the V-t curve, were
determined by computing the change in sign of the second derivative of the sampled data after
performing a moving average smoothing operation over 20 data points. The transition time
data were fit to equation 6 with the least squares fit function in Mathematica (Wolfram
Research, Champaign, IL), yielding best fit values for t;, the time attributed to the non-Faradaic
charging process at the beginning of the current pulse, and Dya, the diffusion coefficient of
the undissociated weak acid in the aqueous phase. Algebraic transformations and curve plotting
were also performed in Mathematica.
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The phase boundary potential at the sample/membrane interface (x = ) for neutral carrier-
based galvanostatically controlled sensors can be described for a monovalent hydrogen ion
H* in a simplified manner by

RT . k,c,(0,0)
E, (0,)=—1I _HHN
s OD=F e o0 )

where cy is the concentration of the cation in the aqueous phase boundary, [HL*] is the
concentration of protonated ionophore L in the organic phase boundary, ky includes the phase
transfer free energy of the ion and all the other symbols retain their conventional meanings.

In chronopotentiometric sensors of the type described here, an applied current pulse induces a
defined flux of ions from the sample side in the direction of the membrane:
i=FA,J, (2)

where i is the applied current and A, is the membrane area. The hydrogen ion flux Jy is here
described as a one-dimensional diffusion as the predominant form of mass transport for the
aqueous and organic side of the phase boundary (x = 0), respectively:

RN O HL*|(x.1)
JH _DHA [ dx ] x=0 [ Ox ]_\'0

— — Horg

()]

where Dy is the diffusion coefficient of bound hydrogen ion in the aqueous phase (shown
here for the weak acid species) and Doy is the diffusion coefficient of the protonated receptor
in the membrane phase. If mass transport of the so-called free hydronium ion becomes
significant, an effective diffusion coefficient may need to be used in analogy to published work.
3 Solving eq 3 with the Laplace transformation gives the aqueous phase boundary
concentration of the weak acid as a function of time:>%

. 2i t—t,
0,n)=c;, — — .|——
CHA ( ) CHA FA ﬂDlm (4)
where c*ya is the initial (bulk) concentration of acid and t; describes the non-Faradaic charging
process at the beginning of the current pulse. In analogy, the protonated receptor concentration
at the phase boundary for the same experiment is given as:

2i t—t
[HL(0.1)=— :
FA, JrD(,,-g

(%)
The transition time t at which the phase boundary concentration of weak acid reduces to zero
is described by the well known Sand equation:
] FA,
(1~ 1)\ *=5 (D, )"
Chia 2 (6)
and similarly for the membrane side:

i FA,
E(rum - rc)‘/Z:T'MDmg)”Z o

where Lt is the total ionophore concentration in the membrane. Note that tji,, in eq 7 is

experimentally undesired and hence describes the upper limit for the method. It is an
approximation because the total concentration of ionophore in the organic phase boundary may

Anal Chem. Author manuscript; available in PMC 2009 May 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gemene and Bakker

Page 5

not remain constant in the course of the flash titration experiment as a result of transmembrane
concentration gradients.

The potential change at the electrode before the transition time may be described by formulating
the accumulation of the conjugate base at the membrane surface in complete analogy:

20 t—t.
0,))=— [ ——
CA( ) FA, 7TDA (8)
Equation 8 makes the simplifying assumption that the initial concentration of conjugate base
is close to zero. The phase boundary potential may be predicted by inserting egs 4, 5 and 8
with the acid dissociation constant into eq 1.

The membranes studied here do not contain added ion-exchanger sites, and the inner membrane
potential may be described by the parallel extraction of anions X~ from the inner solution to
the membrane:

RT . kyc,(d,h)

—In
F [X )., (9)

E, (d )= -
The membrane potential is calculated from Epg(0,t) — Epg(d,t). The depletion at the inner
aqueous phase boundary may be neglected at high concentrations of electrolyte, but the
boundary potential at the membrane side will change as a function of extracted anions X~ in
analogy to eq 5:

2i t—1,

~ FA; \[7Dorg (10)

Note that the equations here treat as an approximation all ions in the membrane with the same
diffusion coefficient, Dorg. After the transition time, it is assumed that the ion flux is maintained
by protons from water autoprotolysis because of the very high proton selectivity of the
membrane and the elevated concentration of background ions, which avoids concentration
polarization at the membrane phase boundary. Consequently, pH changes at the membrane
surface may be described as a flux of hydroxide ions from the membrane surface in direction
of the sample bulk, which may be written in analogy to eq 8:

20 t—1—1,.

0, >7)=— | —
Con K FA, 7D, (11)

The concentration changes within the membrane phase remain to be modeled by eqs 5 and 10
if no interferences from other sample ions take place. It is expected that the produced hydroxide
ions will start to deprotonate the weak acid at some distance away from the membrane surface,
which is not modeled here. This process is expected to produce endpoints that are not ideally
sharp since the dissociation of the acid away from the membrane surface and its association
with OH™ to form water may lead to a blurring of the depletion behavior at the membrane
surface.

Results and Discussion

A cathodic current pulse applied across the hydrogen ion-selective membrane causes a flux of
H* from the sample side to the membrane (see pulse 1 in figure 1) while the potential is
monitored simultaneously at the same membrane. The magnitude of ion flux is directly
proportional to the amplitude of applied current and is therefore controlled instrumentally. A
baseline potential is applied after each current pulse to expel the previously extracted ion and
chemically renew the membrane (see pulse 2 in figure 1) before the next pulse. The potentials
were sampled as the average values during the last 10% of each 1-s galvanostatic pulse (see
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figure 1D). This results in stable and reproducible potential responses that can be sampled at
the end of each current pulse (see figure 1D, bottom) to describe the sensor responses.

These sensors, in principle, yield response curves that are analogous to the calibration curves
of classical potentiometric sensors since both share similar transduction principles. Figure 2
depicts the response of a highly selective pulsed chronopotentiometric hydrogen ion sensor
containing a lipophilic hydrogen ion receptor, chromoionophore | (ETH 5294). This
chromoionophore possesses an excellent selectivity for H* and a wide practical pH measuring
range. Indeed, a Nernstian pH response curve was observed in a wide pH range of 3 to 12 when
measured in a 2.5 mM universal buffer solution, suggesting that these sensors may be utilized
to measure pH in analogy to established pH electrodes, albeit likely with smaller levels of
reproducibility because of the kinetic nature of the measurement. In solutions of lower buffer
capacity (0.25 mM UBS), however, the sensor responses showed a large deviation from a
Nernstian slope. Here, the electrochemically imposed ion flux appears to deplete the hydrogen
ions at the sample side of membrane surface (see also figure 1). The observed membrane
potential is a function of the localized sample pH, which may now be different from the sample
bulk pH. Under conditions of lower buffer capacity, pulsed chronopotentiometric sensors may
open interesting possibilities for ISEs since discrete local perturbations are now possible to be
induced and detected at the same membrane.

Hydrogen ion transfer reactions are generally diffusion controlled, and an ion flux imposed by
a cathodic current is carried by the diffusion and dissociation of weak acid at a negligiblly
small concentration of free hydrogen ions. In this case, a drastic depletion of H* in the aqueous
diffusion layer of the membrane side results when the electrochemically imposed H* flux can
no longer be maintained by the diffusion of acid from the sample bulk to the membrane. When
this happens, a drastic potential change is observed, akin to the endpoint in potentiometric
titrations.

Figure 3A shows potential responses interrogated under successively increasing applied
current pulses in varying concentrations of a 1:1 acetate buffer solution at pH 4.8 in a 0.01 M
NaCl as a model electrolyte. The total acid concentration was varied by successive addition
from a 1.0 M 1:1 acetate buffer stock solution. Each curve represents a response to a single
sample composition as a function of current amplitude and is related to a localized acid-base
titration curve, while each data point on the curve presents a single potential response under a
discrete current pulse for the given total acidity. The observed inflection point may be
understood as the end point in the localized acid-base titrations, where the electrochemical
removal of hydrogen ions serves the function of the base titrant.

Figure 3B presents the first derivative of the pulstrode response curves shown in figure 3A.
The end points for the different concentrations are clearly denoted as peaks that shift to higher
current amplitude with higher acid concentration. At steady-state, the transition current
amplitude is linearly related to the total acidity, cya, if mass transport occurs predominantly
by diffusion®>—>7 (see also equation 6). This is indeed experimentally observed in figure 4A
for samples of varying total acidity up to about 1 mM.

At high total acidities the observed limiting currents at about —53 A become independent of
sample concentration and may be described by the diffusion limitation of the ionophore in the
membrane phase (see eq 7). This limiting process can, in principle, be diminished by increasing
the concentration of ionophore or adjusting the membrane compaosition to increase the diffusion
coefficients in the organic phase. Indeed, membranes with a 2-fold increased ionophore
concentration showed a shift of the associated peaks to higher currents while the peaks for the
total acidity measurements remained essentially unchanged (see figure S1 in the supporting
information).
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A robust and analytically more practical application of the sensor is performed by rapid flash
titration. A constant current pulse applied across the hydrogen ion-selective membrane induces
a defined flux of H* from the sample side to the polymeric membrane. An increase in the
diffusion layer thickness as a function of time in unstirred solution causes a concomitant
increase in the acidity gradient to maintain the electrochemically imposed ion flux whereby
the phase boundary concentration is now depleted at a critical time (see eq 6). Note that
convective mass transport in the sample phase is here undesired since it will reduce the steady-
state Nernst diffusion layer thickness at the membrane surface. This would limit the possibility
to perform localized titration at long pulse times since the Nernst diffusion layer thickness is
here not assumed to reach its steady state value. Figure 5 shows the experimental pulsed
chronopotentiometric responses of the sensor (A) and the corresponding theoretical predictions
with i =25 pA, A=20 mm?, t; = 0.17 s, Daq = 1.5 x 1079 cm2 571, Dgrg = 1.0 x 1078 cm?
s71 and K, = 1.75 x 107 (B). If diffusion is the predominant mode of mass transport, the
square root of the limiting time, tj,, approximates a linear function of the total acidity in the
sample (see eq 6), which is confirmed experimentally in figure 4B. This is further confirmed
by the observed linear relationship between the square root of endpoint time and the limiting
current for titration of acid of a fixed concentration, see Fig. 4C. Note that the shape of the
curves in Figure 5 is well predicted before the transition time, but a reduced sharpness of the
experimental inflection points is observed in Figure 5B. Theory predicts a moderately basic
pH around 10 after the inflexion point, at which point sodium ions are not expected to interfere
based on the high ion selectivity of the membrane (log Ky naP°t of ca. -13). 48

The deviation between theory and experiment for after the transition time is somewhat
puzzling, may perhaps be explained by the nature of the flash titration experiment. The
hydroxide ions produced after the transition time will diffuse away from the surface where
they are expected to react with undepleted weak acid, hence blurring the visible endpoint to
some extent. There may be other reasons for the observed discrepancy, including the
occurrence of non-uniform diffusion profiles (deviation from one dimensional diffusion
behavior), but these were not yet investigated here.

Therange of acid concentrations and pKa values assessable with this technique will be narrower
compared to that of classical volumetric titrations. The concentration range measured in the
acetic acid/acetate system investigated in this work is ca 0.01 mM to 1 mM. The faster diffusion
of hydronium ions compared to weak acid species is expected to give deviations from ideal
behavior at low pKa values and concentrations where dissociation of weak acid becomes
relevant. Moreover, the upper pKa limit will be lower as well since titration endpoints are found
to be shallower than ideally expected, see Figure 5. The reproducibility of the technique was
examined at a 0.4 mM sample concentration of acetic acid in a multipulse sequence involving
3 consecutive current amplitudes (—20, —25 and —30 ¢A), and a relative standard deviation of
2.3% for the transition time was found (n=5). This translates into a relative concentration error
of 1.2%, which is likely attractive for routine purposes.

Performing flash titration experiments at different current densities allows one to optimize
analysis times and is of practical relevance, but may also be of diagnostic value. If electrical
migration is significantly contributing to mass transport, the relationship shown in Fig. 4C will
no longer hold. Repeated experiments at different current densities may therefore be correlated
and used to evaluate whether the depletion process is predominantly diffusion controlled. Of
course, if the diffusing acid species is electrically neutral, migration effects are not expected
to be very significant.43 This was experimentally evaluated by varying the ionic strength of
the measuring solution while keeping the pH constant (see Fig. S2 in the supporting
information). The total acidity information from the chronopotentiometric sensor was found
not to change between 0.5 and 150 mM NaCl background. The total change of the transition
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time in this entire range, 16 ms, translates into a concentration error of 5.1 M, which may be
acceptable for many analytical applications.

Variations in the acid diffusion coefficient are expected to influence the observed limiting
current, which will also affect accuracy. Fort this purpose, the sensor response was evaluated
for a number of monoprotic and polyprotic acids. Calibration curves were obtained for acetic
acid (pKa = 4.76), 2-Morpholinoethanesulfonic acid, MES, (pKa = 6.15) and citric acid
(pKay = 3.13, pKa, = 4.76, pKag = 6.40) when measured in their respective 1:1 buffers (see
figure 6). For citric acid the total acidity refers to the total titratable proton concentration. As
can be seen from figure 6, the calibration curves obtained for the three weak acids have nearly
the same slope, in spite of the slight differences in their diffusion coefficients: acetic acid, 9.7
x 1075 cm?2 s7143 MES, 7.4 x 1076 cm? s7158 citric acid, 6.6 x 107% cm? 57199 The results are
in agreement with earlier studies that for weak acids of pKa <6, acid dissociation is sufficiently
rapid to support mass transport limited processes for voltammetric reduction of H* at a Pt
microelectrode.<°

As an example of practical utility of the sensor, the total acidity in different vinegar samples
was analyzed at different states of dilution in the same background electrolyte. Figure 7 presents
the calibration curves of vinegar samples, IGA, Heinz and Roundy’s and standardized acetic
acid. The results show the expected linear dependence of the square root of endpoint time on
the total acid concentration of the samples (as determined by classical potentiometric titration
using a pH glass electrode) over a wide concentration range of about 2 orders of magnitude.

Conclusions

Polymeric ion-selective membranes that essentially share the same composition as established
ISEs, but are void of lipophilic ion-exchanger, can be electrochemically controlled to respond
to the sample pH in analogy to ISEs. When in contact with sample solutions that have a
moderate buffer capacity (weak acid concentrations of less than 1 mM), a characteristic
transition time or current can be obtained chronopotentiometrically that gives information
about the acid concentration in the sample. This makes it, in principle, possible to perform
near-perturbation free localized flash titrations at the surface of such electrode membranes to
gain information on the total acidity of the sample in a direct sensor-like fashion, with
selectivities that are comparable to those of established ion-selective electrodes. Measurement
errors may arise from migration effects, which can be experimentally evaluated by performing
flash titrations at different current densities. Convective mass transport in the sample will place
a limit on the analytically useful pulse time and the detectable concentration, and was here
avoided. Acids with different diffusion coefficients are expected to show variations in the
observed apparent endpoint, but these are expected to be small because they depend on the
square root of the diffusion coefficient. The results presented here suggest that time resolved
pulsed chronopotentiometry on ion-selective membrane may be an attractive new approach for
the direct determination of total acidity. Nonetheless, the technique trades accuracy for
convenience and speed, and requires calibration and careful assessment before implementation
in real world applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic for the proposed direct total acidity sensor: (A) uptake under galvanostatic mode
and (B) stripping under applied baseline potential; observed current-time (C) and potential-
time (D) behavior of pulstrode during galvanostatic/potentiostatic switching experiment.
Labels G and P show the time under which the galvanostatic and the potentiostatic pulses are
applied, respectively.
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Fig. 2.

Observed response curves of pulsed chronopotentiometric sensors in 2.5 and 0.25 mM
Universal Buffer Solution. Solid line with a slope of —57.4 mV/pH.
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Fig. 3.

(A) Potential responses of the sensor under successively increasing current in varying
concentrations of a 1:1 acetate buffer. The numbers on the curves denote total acidities in mM;
(B) first derivatives of the chronopotentiometric responses in (A).
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Observed linear relationships (A) limiting (endpoint) current as a function of total acidity from
the data in figure 3, (B) square root of titration endpoint as a function of total acidity from the
data in figure 5 and (C) square root of endpoint time as a function of applied current for fixed
total acidities. The total acid concentrations for the data in figure 5C are shown as inset.
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Page 15

(A) experimental and (B) predicted pulsed chronopotentiometric responses of the sensor in
varying concentration of acetic acid in 10 mM NaCl background. The total acid concentrations
denoted are (a) 0.057, (b) 0.11, (c) 0.19, (d) 0.28, (e) 0.40 and (f) 0.55 mM.
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Observed calibration curves for 1:1 buffers of acetic acid (HAC), 2-Morpholinoethanesulfonic

acid (MES) and citric acid.
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Fig. 7.

Responses of the chronopotentiometric sensor to total acid concentrations in vinegar samples
of different brands (IGA, Roundys, Heinz) and standard acetic acid. The acid concentrations
in the samples were determined by potentiometric titration with pH glass electrode as a sensor.
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