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Abstract: This report presents an optimization of potentiometric measurements with
citrate-selective electropolymerized poly(neutral red) electrodes. The optimal background
electrolyte for these measurements is a TRIS buffer with nitrate at pH 8.5. The electrodes
described here exhibit stable and reproducible near-Nernstian response to citrates with a
low detection limit of 6 x 10° M. Electrodes polymerized from sulfuric acid and
acetonitrile are compared in detail. Simple and sensitive method for quantification of
citrate in real-life samples by potentiometry with poly(neutral red) electrodes are
presented. Data from potentiometric measurements of citrate are compared with capillary
electrophoresis.
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1. Introduction

Conductive polymers (CPs) are a promising group of compounds, which are widely applied in
chemical sensors and a variety of other applications [1,2]. One type of sensors is of noble metal
electrodes coated with a conductive polymer film. These electrodes, when used for potentiometric
measurements, are called coated-wire electrodes (CWE). Electropolymerizations of pyrrole, aniline or
thiophene are often used for the preparation of such sensors. The polymer layer is relatively easy to
prepare and results in thick and homogenous coverage of the metal. Unfortunately, the above-
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mentioned films are not selective [3]. To create a selective CP-based receptor requires a polymerizable
and selective monomer that is also stable under the polymerization conditions.

The CP's selectivity is controlled by doping the film from solution or by incorporating a recognition
unit into the conjugated polymeric backbone. In terms of potentiometry, the film acts as a cation or
anion exchanger and provides a cationic or anionic potentiometric response [4,5]. Additionally,
electron transfer across the polymer—solution phase boundary affects the potentiometric response in
the presence of a redox-active species [5,6]. Sensors based on conductive polymers have distinct
advantages, such as simple preparation, fast response towards the analyte and potential for
miniaturization [7]. Their lifetime is longer than classical PVC membrane electrodes [7,8], because
there is no receptor (ionophore) loss from the membrane due to the low solubility of the polymeric
film in conventional organic and inorganic solvents [9]. However there are still very few CP-based
electrodes for the determination of anions. To date, both inorganic (NO;, ClO4, SCN", CIl') and
organic (dodecylsulfate, dodecylbenzene sulfonate, ascorbate) anions have been determined [10], but
most of the published data was acquired using calibration solutions instead of real-life samples to
avoid matrix affects. Anion analysis in real samples (washing-up liquid and washing powder) was only
performed with dodecyl benzene sulfonate (DBS")-doped polyaniline [11].

Citric acid is often used to inhibit the growth of microorganisms in food [12]. This acid is used as a
preservative additive in non-alcoholic beverages at concentrations ranging from 10 to 10" M. The
standard methods for citric acid determination are described in review [13]. Electrochemical [14],
spectrophotometric [12], chromatographic [15] and enzymatic [16] methods are employed. A copper-
selective tubular electrode was used to determine citrate for flow injection with potentiometric
detection in juices [14]. The copper ions in solution react with citrates and this electrode determines
the residual copper concentration. A selective PVC electrode based on a zirconium(IV)-
tetraphenylporphyrin complex has been described, including its application in citrate determination in
juices [17]. The results were compared with RP-HPLC, but the performance parameters of ISE
(lifetime, signal stability and response time) are missing. To date, no electrochemically prepared
polymer has the ability to interact with citrates.

Recently, our group has found that electropolymerized films obtained from neutral red (NR)
showed a high sensitivity and selectivity for citrate among the various carboxylates [18]. The
selectivity of poly(neutral red) films (PNR) towards citrate was affected by their preparation
conditions, namely, polymerization from either aqueous or organic solution. Preliminary
potentiometric measurements indicated the possibility of using PNR electrodes in the analytical
analysis of soft drinks. However, such problems as the measurement protocol for optimal PNR
performance, the reproducibility of the preparation of PNR electrodes, and long-term drifts in the
potentiometric measurements remain unresolved. Therefore, the present publication resolves i) the
optimalization of the experimental conditions for potentiometric citrate determination (i.e. choice of
suitable buffer and salt to maintain the optimal pH and ionic strength of the sample in question), ii) the
stabilization of the potentiometric signal by conditioning (in terms of its dynamic response and long-
term stability). In addition, the variability of the citrate potentiometric determinations and its
correlation with the homogeneity of the polymer coating is discussed.
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2. Materials and Methods
2.1. Reagents

3-Amino-7-dimethylamino-2-methylfenazine=Neutral red (NR), all inorganic salts, HCI, H,SO4 and
NaOH were obtained from Lachema and Penta (Czech Republic). Tetrabutylammonium perchlorate
(TBAP), Tetradecyltrimethylammonium bromide (TDTABr), Tris(hydroxymethyl)aminomethane
hydrochloride and Tris(hydroxymethyl)-aminomethane (TRIS), 2-(N-Morpholino)ethanesulfonic acid
hydrate (MES), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and acetonitrile were
obtained from Sigma Aldrich (Germany). Working solutions for potentiometric measurements were
prepared from redistilled water. Deionised Milli-Q water (Millipore, Bedford, MA, USA) was used for
capillary electrophoresis. The soft drink samples given in table 1 originated from local stores of Tesco
and Delvita (Czech Republic).

Table 1. Composition of the soft drink samples.

Sample Composition of soft drinks

Gatorade - orange Water, glucose syrup, saccharose, citric acid, sodium citrate, NaCl,
KH,PO4, emulsifier E414 and E445, MgCOs, aroma, dyes E104,
E110

Hello juice - apple Drinking water, sugar, apple juice, apple aroma, citric acid,
preservatives E202 and E211, dyes E104 and E133

Joe’s baby cola Drinking water, sugar, phosphoric acid, citric acid, E211, natural

aroma, dye caramel, caffeine, CO,

Kofola Water, syrup KOFO (syrup, sugar, water, caramel, dye E150d, citric
acid, NaCl, herbal extract, licorice extract, E211, caffeine), CO,

Mountain  Dew - Water, sugar, citric acid, E211, caffeine, stabilizer E414 and E445,

lemon sodium citrate, aroma, ascorbic acid, dye E102 (tartrazine yellow),
CO,

Podébradka - lemon  Mineral water (HCOs,, CI,, Na’, Ca2+), sugar, citric acid, natural

aromatic compounds, E211, CO,

Z6n - lemon Drinking water; sugar, citric acid, ascorbic acid, E202, E211, CO,.

Dyes: E102 (tartrazine yellow); E104 (chinoline yellow); E110 (yellow SY); E 133 (brilliant
blue); E150d (ammonia-sulfite caramel); preservatives: E202 (potassium sorbate); E211
(sodium benzoate); emulsifiers and stabilizers: E414 (Arabic gum); E445 (glycerolester of
pine resin).

2.2. Electrode preparation

Electropolymerized films of NR were prepared by anodic oxidation in a cyclic voltammetric regime
in aqueous (3 M H,SO4, PNR(aq)) and organic medium (acetonitrile with 0.05 M TBAP, PNR(org)).
Detailed descriptions of the preparation procedures can be found in [18].
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2.3. Potentiometric measurements

Potentiometric measurements were performed using an ISE tester [19] vs. Ag/AgCl electrode at
ambient temperature. The pH was monitored using a type SEUJ 212 glass electrode (Turnov, Czech
Republic) in conjunction with a type PHI 04 MG pH-Meter (Labio, Czech Republic).

Sufficient aqueous solution of salt was employed to maintain constant ionic strength. The salts were
chosen from the following set: Na,SO4, NaNO3, NaCl, NaH,PO4, NaClO4, NaSCN and Nal at pH 6.5.
The influences of each of the pH buffers (HEPES, MES, TRIS) on potentiometric response were
examined over a concentration range of 10 — 10" M. The solution pH was adjusted by adding H,SOs4
for HEPES and MES and HCI for TRIS. Solid NaOH was used to increase pH.

Due to the protonation processes of citric acid, the potentiometric response was measured under
acidic (pH 3 and 5) and alkaline (pH 8.5 and 11) conditions. These pHs were maintained using MES
(0.05 M) and TRIS (0.02 M).

After optimization, the performance parameters of PNR electrodes were measured (calibration plot
curve, working range, practical detection limit (PDL) and hysteresis) together with repeatability for 7
electrodes of each kind (PNR(aq) and PNR(org)). The time constant of the PNR electrodes was
measured for three sodium citrate concentrations (107, 10 and 10" M). Electrodes conditioned in
water or 10 M sodium citrate were compared.

Long-term stability was monitored by repeated measurements of sodium citrate in the range 107 -
10" M for two months. Electrodes were conditioned in a 10 M citrate solution and stored in distilled
water when not in use.

2.4. Potentiometric determination of citrate in soft drinks

New electrodes were prepared for the measurement of citrate in soft drinks. The freshly prepared
electrodes were left in distilled water for 11 days to mature the film. They were then calibrated using a
calibration solution of 10°to 10" M sodium citrate in TRIS (0.02 M) and NaNO; (0.1 M) at pH 8.5.
Beverage samples were stirred for 30 minutes to remove most of their CO,. They were subsequently
tenfold diluted by the addition of a pH 8.5 solution of TRIS and NaNOs. After that, the pH was
readjusted to 8.5 by adding solid NaOH. The known addition method [20] was applied by adding 50 ul
0.1 M sodium citrate (pH 8.5 again) twice. Subsequent additions were always double the amount of the
previous addition, i.e. 100 ul and 200 ul. Every determination was carried out using three replicate
electrodes and every single measurement was repeated. The electrodes were immersed in distilled
water for 30 minutes after measuring each sample to regenerate their surface.

2.5. Determination of citrate content of soft drinks by capillary electrophoresis

Electrophoresis experiments were performed in an untreated fused-silica capillary of length 39 cm
(30 cm to the detector) and 75 um ID purchased from Composite Metal Service (The Chase Hallow,
Worcester, USA). A CAPEL 105 electrophoresis system (Lumex, Saint Petersburg, Russia) was used
with indirect UV detection (254 nm). The base electrolyte was 5 mM K,CrO4 with 0.5 mM TDTABr at
pH 8.0. All samples and standards were filtered through a disc filter with 0,45 um pores (Millex HV,
Bedford, USA). The capillary was conditioned by sequential washing with 0.1 M HCI (5 min), water
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(5 min), 0.1 M NaOH (5 min) and water again (5 min) before measurements began. A five-minute
washing with the background electrolyte was done between each measurement. The conditioning was
repeated after every beverage sample because of deposition of the sample on the capillary wall.

The samples were injected into the capillary hydrodynamically (1.5 kPa/30 s) and the analyses were
run at reverse polarity, -10 kV, at 20 °C for 8 min. The instrument was first calibrated using standards
of citrate in water at concentrations from 0.01 mM to 0.2 mM. The peak citrate concentration was
registered at around the 6™ minute. The 7 soft drinks were then analyzed. The samples were diluted
50- or 100-fold before analysis. Figure 1 shows electrophoregrams of the samples. 6 analyses were
carried out of each standard and sample. The citrate contents were calculated from the peak areas.
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Figure 1. Citrate electrophoregrams of soft drinks. The citrate peak is marked by a
rectangle; 1 — Joe’s cola, 2 — Mountain Dew, 3 — Kofola, 4 — Zén, 5 — Pod¢bradka, 6 —
Gatorade, 7 — Hello.

3. Results and Discussion
3.1. The choice of appropriate medium for response testing with poly(neutral red) electrodes

The choice of appropriate environment is essential for measurements with sensitive
electropolymerized electrodes [18]. First, the PNR electrodes were tested with inorganic ions in
distilled water to choose the ion that best maintained constant ionic strength. The lipophilicity of the
selected anions decreases in the sequence SCN™ > I" > NOs” > CI" > SO,* > H,PO4 [21]. PNR
electrodes prepared from both an aqueous and organic solution of neutral red gave practically no
response to any of the hydrophilic anions (Fig. 2). The electrodes are only sensitive to high
concentrations of lipophilic ions such as SCN™ and I'. As a result, the chlorides and nitrates of alkali
metals are suitable for adjusting ionic strength, because they do not affect the signal of the PNR
electrode.
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Figure 2. Dependence of PNR electrode potential on concentration of inorganic anions.

PNR celectrode signals are not affected by a change in the concentration of buffer (HEPES, MES
and TRIS) at pH 5 and 8.5. The only exception is a high concentration (102 a 10" M) of the most
lipophilic, HEPES (Fig. 3). The potentiometric response of the polymer film toward HEPES is a result
of nonselective interactions between the PNR film and buffer at the polymer-sample phase boundary.
Both MES and TRIS can be used for measurements with PNR electrodes.

Our preliminary results showed that PNR electrodes are sensitive to citrate at alkaline pH [18].
Therefore the best candidate for potentiometric measurement is TRIS due to its optimal buffer capacity
and lower lipophilicity compared to MES.
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Figure 3. Potential dependence of PNR(aq) and PNR(org) electrodes on concentration of
buffer (HEPES, MES a TRIS) at pH 8.5 (A) and pH 5 (B).

Citric acid can lose three hydrogen ions (pK;=3.13: H,A<>H,A"+H" ; pK,=4.75:
H,A” <> HA* +H"; pK5=6.40: HA”" <> A* + H") and each of these anions might interact with PNR

in a different way. This possibility was examined by measuring the potentiometric response toward
citrates at different pHs, in this case 3, 5, 8.5 and 11. Figure 4 shows that the response of the electrode
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toward citrate differs with pH. As can be seen from the potentiometric measurements with the PNR
electrode, the polymer does not respond to the monovalent ion H,A™ (pH=3). Only very limited
response was observed for the divalent ion HA® (pH=5). The trivalent ion A* (pH=8.5 and 11), on the
other hand, gives a nice response with a slope between -22 and -17 mV per concentration decade,
which is close to the theoretical -20 mV for the trivalent anion. pH 8.5 is a better choice because the
working range is slightly narrower at pH 11.

Similar electrode behavior, including the sensitivity decrease and lowering of detection limit, is the
result of protonation/deprotonation processes of both the analyte and receptor. This was also
documented by potentiometric measurements of salicylate using metaloporphyrine-based ISEs [22,23].

In conclusion, the previous results show that the best choice of background electrolyte is a mixed
solution of 0.02 M TRIS at pH 8.5 and 0.1 M sodium nitrate as an indifferent electrolyte. The most
important advantages of this electrolyte, compared with water as the medium, is a pH high enough to
deprotonate the citrate anion and a constant ionic strength.
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Figure 4. Potential response of PNR electrode prepared from aqueous solution toward
citrate at various pH's (3 and 5 (MES), 8.5 and 11 (TRIS)).

3.2. The characteristic parameters of poly(neutral red) electrodes

4 or 5 of every seven prepared electrodes provided a Nernstian response over a suitably large
linearity range for subsequent measurement. Approximately 35% of the electrodes were rejected. The
rest of electrodes gave a Nernstian slope for trivalent ions over the concentration range 107 - 10" M.
The determination coefficient of regression R* was better than 0.985. Both kinds of electrodes (made
from aqueous and organic medium) have a relatively low practical detection limit (Table 2).
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Table 2. Comparison of parameters of PNR electrodes made from aqueous (aq) and
organic (org) solution.

Electrode PNR(aq) PNR(org)
Slope S (mV decade™) -18.7+£3.0  -20.1+22
Potential constant K (mV) 2446 £25.6 238.8+12.4
PDL (M) 2-6)x10° (2-5)x10°

The electrodes prepared from an organic solution of neutral red have less scattered responses (the
deviation is lower) compared with electrodes prepared from aqueous solution. The most probable
explanation for this fact is that the surface of the platinum wire was not 100% covered by the PNR
film when polymerization was from water. Films prepared from organic solutions are always more
compact [24].

The dynamic behavior of the electrodes was tested at three different concentrations. Figure 5 shows
the response of electrodes conditioned in citrate solution and conditioned in water. The time to reach
the final potential is up to 35 seconds. The response time is the same for both conditioning in citrate or
in water, but the potential of PNR electrodes conditioned in citrate was more stable compared to the
potential of those soaked in water. Conditioned electrodes responded to citrate anions practically
immediately after immersion.
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Figure 5. Speed of response of PNR electrode prepared from aqueous solution. (A)
Electrode conditioned in water (B) electrode conditioned in 0.001 M citrate.

The time constant s was in the range 10 — 35 s and was proportional to the concentration of the
sample. The same behavior was observed for electrodes prepared from organic solution. Similar
behavior was described for electrodes based on metalated tetraphenylporphyrine (Co(o-NH,)TTP)
with a s lower than 25 s for SCN™ [7].

During an evaluation of hysteresis it was observed that electrodes prepared from acetonitrile exhibit
worse hysteresis than electrodes prepared from an aqueous solution. As a result, the slope of the
calibration curve was 7 mV per decade lower for measurements starting at the highest concentration
than for a calibration curve measured from the lowest concentration. The biggest difference between
the potentials measured up and down was in the range 10~ - 10 M. The slope changed by about 2 mV
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per decade with electrodes prepared from aqueous solution. The potentials only differed at high
concentrations of 10~ - 102 M. The low concentrations were hysteresis-free.

Similar behavior was observed with PEDOT polymer electrodes prepared from acetonitrile, which
exhibited considerable hysteresis in low concentrations of AgNOs solution. The hysteresis decreased
after pretreatment of the support electrode by cyclic voltammetry before depositing the polymer on the
electrode surface [25]. The worse hysteresis of organic PNR electrodes is induced by a non-
equilibrium process at the phase boundary that depends on the doping of the polymers. The doping
depends on the electrochemical preparation conditions and history of the polymers [26, 27]. Moreover,
the nature of the doping anion plays a major role in the electrochemical behavior of the polymers [28].
A memory effect was also observed for polyaniline films doped with perchlorate ions. In contrast, if
the polyaniline contained sulphate ions as the dopant, the hysteresis was negligible [27].

During long-term stability experiments, the electrodes had only a low drift, except for the first few
measurements, where the potential drifted several tens of milivolts (Fig. 6). The potential stability of
the polymeric films is often determined by changes in the composition of the polymeric film after
preparation. The oligomers that were incorporated into the polymeric film are gradually washed out
during the conditioning of electrodes [28]. In addition, the polymer rearranges its structure on the

support metal during conditioning [25]. On the 11"

day the potential became stable, although a small
drift was observed. Nevertheless, the electrode parameters of PNR electrodes such as their slope and
concentration range remain unchanged during this period. The drift can be effectively eliminated by

calibrating the ISE just before measuring the sample [29].
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Figure 6. Potential dependence of both types of PNR electrodes on the age of the electrode
for three citrate concentrations: 0.001 (O), 0.01 (>) and 0.1 M ().

The calibration curve slope remained unaltered over one and a half months. After this period, a
moderate decrease in the slope of about 2-3 mV per concentration decade was observed (Fig. 6).
Similar behavior is common to most polymeric electrodes, e.g. a PANI-based electrode for DBS
determination worked for 2 months without a loss of sensitivity. In this case the electrode was stored
under an argon atmosphere, because of the sensitivity of PANI to oxygen [11].

A comparison of the electrodes prepared from organic and aqueous medium showed that the initial
change in potential is lower for electrodes prepared from aqueous solution. On the other hand, these
electrodes have a higher drift after this initial period (0.6 — 1.0 mV day') compared with electrodes
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from organic solution (0.1 — 0.4 mV day™). Drift is always dependent on the citrate concentration and
the lowest drift is with the most concentrated solution.

3.3. Determination of citrate content of soft drinks with poly(neutral red) electrodes by potentiometric

and electrophoresis methods

The preliminary results demonstrated the possible application of these electrodes in real-life sample
analysis [18], because the results obtained were in agreement with those from spectroscopy [30]. The
parameters of PNR electrodes, i.e. the almost theoretical slope, wide working range and sufficient
selectivity (log KpOtCitmte, 1 < -0.26, where J are various carboxylic acids [18]), allow them to also be
used for citrate determination in other real samples.

The polymeric electrodes selected for determining citrate had calibration curves that were linear
over the range 10 - 10" M at least, and their slopes over this range were -18.7 + 3.0 mV per decade
for PNR(aq) and -20.1 £ 2.2 mV per decade for PNR(org). These parameters should be enough for the
analysis of any sample.

The complicated matrix of samples — which contain various colorants and emulsifiers — resulted in
variances for the values obtained of between 7 and 23% (Table 3). This slightly higher variability
might be the result of the sorption of sugars and colorants to the electrode surface and consequent
modification of the binding properties of the PNR film. The comparison of electrodes prepared from
different environments demonstrates that the PNR polymerized from an organic environment has a
lower variance, as was mentioned above.

Table 3. Determination of citrate content in g L™ by Known addition method [20] and by
capillary electrophoresis (CE) in soft drinks.

Sample PNR(aq) electrodes PNR(org) electrodes CE

Gatorade - orange 3.26+£0.76 3.01 £0.25 3.43+0.19
Hello juice - apple 4.77+0.78 5.09 £0.55 3.93+£0.25
Joe’s baby cola 0.48 £0.06 0.40 £ 0.04 0.38 £0.02
Kofola 1.22£0.15 1.45+0.11 1.51+£0.11
Mountain Dew - lemon 1.13£0.23 1.74 £ 0.27 1.37 £ 0.08
Podébradka - lemon 2.61+£0.40 2.50+0.23 2.82+0.15
Z6n - lemon 1.56 £ 0.25 1.37 £0.15 1.60 £ 0.11

(Mean values of six determinations with confidence interval (stVn) at the 95% level.)

On the other hand, the charge of determined ion governs the accuracy in the potentiometric analysis
as well. The accuracy of the potentiometric determination is higher for the mono- and divalent ions. To
date, the quantity of citrate in beverages is variable about 8 - 10% in individual set of bottles. The
determination of citrate (trivalent ion) with R.S.D. value 7% is very optimistic result obtained with
coated-wire electrode.

The comparative analysis was performed using capillary electrophoresis with indirect UV detection,
which is usually used for the analysis of carboxylic acids in alcoholic [31] and non-alcoholic [32,33]
beverages. Capillary electrophoresis is more accurate (its variance is below 7%), but takes twice as
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long as potentiometry. The high citrate content in Hello juice obtained by the PNR electrode is a result
of strong matrix effect. This is due to the presence of a high amount of colorant (brilliant blue) and
malate, which can interfere at high concentrations (log KpOtCitrate, Malate = -0.59 = 0.10 [18]).
Potentiometric analysis is fast and simple. It is not necessary to carry out a complex procedure and
also a minimal amount of sample is consumed. Last but not least, the analyses are very cheap.

4. Conclusion

The properties of PNR prepared under various conditions were described together with a
description of a citrate ion-selective sensor. The appropriate background electrolyte for potentiometric
experiments is a mixed solution of 0.02 M TRIS with 0.1 M sodium nitrate at pH 8.5. The PNR
electrodes described here have a low time constant, low hysteresis and provide a relatively stable
Nernstian response. Their initial conditioning takes 11 days and then the properties of the electrodes
do not change. These results demonstrate the feasibility of using electrodes for screening and rapid
determination of citrates in soft drinks. Electrodes prepared from organic solutions exhibit a better
potential stability than electrodes prepared from water, because the polymer generates a more compact
coverage of the support substrate. In contrast, aqueous electrodes are more accurate and exhibit less
hysteresis. The citrate content measured potentiometrically by PNR electrodes was in good agreement
with data from capillary electrophoresis.
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