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Abstract A solid state polyvinyl chloride (PVC) membrane
Li+-selective electrode was prepared and used as a detector
in a low-dead volume flow through cell for the determina-
tion of Li+ in pharmaceutical formulations and human
serum samples. The potentiometric performance character-
istics of the electrode were calculated under the optimized
flow conditions. The electrode had near-Nernstian behavior
in the concentration range of 0.1–100 mM (R2=0.9981)
with a slope of 61.34 mV decade−1 and detection limit of
0.080 mM. The relative standard deviation of the electrode
response for eight replicate measurements of 100, 10, and
1 mM Li+ was 0.43%, 0.45%, and 0.99%, respectively. The
designed flow-through cell detector system revealed sam-
pling rates of approximately 70 injections per hour. Flow
injection potentiometry (FIP) results obtained for the
pharmaceutical formulations were in good harmony with
the atomic emission spectrophotometry results. However,
the electrode could not be used successfully for the direct
analysis of real serum samples in FIP.
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Introduction

Utilization of ion selective electrodes (ISEs) as detectors in
flow-through automatic analyzers and continuous monitoring

systems for the analysis of pharmaceutical formulations and
clinical samples are very common because of their ease of use,
low-cost, high sampling-rate, and practicability [1–3]. More
importantly, the qualified experts and the sophisticated
constituents are not needed for the use of these kinds of
systems.

Up to now, various kinds of lithium-selective electrodes
such as polyvinyl chloride membrane, solid contact
membrane, and ceramic membrane electrodes were fabri-
cated and their potentiometric performance characteristics
were described in some of the reviews and papers [4–17].
The number of flow injection potentiometric applications of
the Li+-selective electrodes among them resulted in failure
[18–25]. In most of the flow injection potentiometric
studies available in the literature, Li+-selective electrodes
were generally tested in synthetic aqueous solutions. The
measurements taken in real samples were frequently
avoided. Li-selective electrodes were widely used in
monitoring of serum lithium levels of the patients with
bipolar disorders. Bipolar disorder is a psychiatric diagnosis
that describes a category of mood disorders defined by the
presence of one or more episodes of abnormally elevated
mood. It can result in damaged relationship, poor job or
school performance, and even suicide [26]. In the treatment
of bipolar disorders, a number of chemical salts of lithium
are used as a mood-stabilizing drug [27, 28]. The
therapeutic range of Li+ is very narrow (0.6–1.5 mmol L−1)
and close to toxic level (>2 mmol L−1). If the Li+ level is
below the curable dose, the treatment resulted in failure. On
the other hand, overdose of the Li+ may cause fatal and toxic
effects. Therefore, it is important to monitor the lithium level
continuously in the blood of this kind of patient for making
the treatment adequate and safe [29, 30].

In our earlier paper [31], an all-solid state Li+-selective
electrode was fabricated and its potentiometric performance
characteristics were fully investigated in batch conditions.
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The prepared electrode was also successfully utilized to
determine lithium levels of human serum samples and
pharmaceuticals which are used in the treatment of manic
depressive patients.

The goal of the present work was to develop and
optimize a flow injection system for rapid and reliable
determination of Li+ in pharmaceutical formulations and
serum samples by potentiometry with Li+-selective elec-
trode mentioned above.

In the study, we combined superior properties of ISEs and
flow injection analysis method by constructing a low-dead
volume flow-through cell. The solid-state Li+-selective elec-
trode was used as a detector in this cell. The potentiometric
performance characteristics of the electrode were investigated
under dynamic conditions by using this detector cell. The
practical applicability of the electrode for the sample analysis
under dynamic conditions was studied and lithium contents
of some pharmaceuticals and human serum samples were
determined. The use of low-dead volume flow-through cell
offers a simple procedure for continuous monitoring of
lithium contents of some pharmaceuticals with high accuracy,
selectivity, sensitivity, and good analytical frequency.

Experimental

Reagents and solutions

Tetrahydrofuran (THF), high molecular weight poly(vinyl
chloride; PVC), o-nitrophenyl octyl ether (NPOE), potassi-
um tetrakis (para-chlorophenyl) borate (KTpClPB), graphite
and ionophore, 6,6-dibenzyl-1,4,8-11-tetraoxosiclotetrade-
cane (Lithium Ionophore VI), used in the construction of the
ISE, were purchased from Fluka (Bucks, Switzerland).
Epoxy (Macroplast Su 2227) and hardener (Desmodur
RFE), used in the preparation of conductive solid contact,
were purchased from Henkel (Istanbul, Turkey) and Bayer
AG (Darmstadt, Germany), respectively. Human blood
serum samples were provided from one of the local hospitals.
Two drug tablets (Lithuril) containing various amount of

Li2CO3 (300 and 400 mg) analysed in the present study
was purchased from Ilac and Kimya San. A. S. (Istanbul,
Turkey). Distilled deionised water was used throughout for
the preparation of the aqueous solutions. All solutions
prepared were of the analytical grade nitrate or chloride
salts of the relevant cations.

Fabrication of the flow-through all-solid state
Li+-selective electrode

For the preparation of the flow-through all-solid state
electrode, the similar steps described in our previous works
[31, 32] were followed. The electrode was prepared at two
steps. At the first step, a mixture of conductive material
consisting of 50% (w/w) graphite, 35% (w/w) epoxy, and
15% (w/w) hardener was prepared by mixing in sufficient
THF. This conductive material were filled into a 5-mm
copper pipe with a diameter of 4 mm and kept at 30 °C
overnight. Then, for the electrical connection, an electric
cable was soldered to the copper pipe and a hole of 0.1 mm
radius was opened in the centre of the conductive material.
At the second step, a membrane cocktail consisting of 1%
(w/w) Lithium Ionophore VI, 29% (w/w) PVC, 69.5%
(w/w) NPOE, and 0.5% (w/w) KTpClPB was prepared in
3 ml THF; and the hole opened in the centre of the
conductive material at the first step was covered with this
membrane cocktail. The coated surface was left to be dried
at laboratory conditions overnight. The flow-through
electrode was conditioned by soaking into 100 mM LiNO3

solution for at least 6 h before use. Then, the electrode
combined with a miniaturized salt bridge was directly
attached to the end of the flow-line consisting PVC tubing
(30 cm length and 0.1 mm i.d.) to minimize possible
dilution of the sample in the carrier solution. When not in
use, sensors were stored in the laboratory conditions.

Apparatus and FIA system

Figure 1 indicates the schematic diagram of the used
potentiometric flow injection analysis (FIA) system. The

Fig. 1 Schematic representation
of the utilized potentiometric
FIA system
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carrier solution was aspirated through the tubing and
electrodes by the P680 HPLC pump (Dionex). Samples
and standards were injected into the carrier solution using
a two-position injection unit (Vici). Potentiometric meas-
urements were recorded by using a laboratory-made
computer-controlled high-input impedance multi-channel
potentiometric measurement system which has a home-
made software program. The flow-cell was equipped with
a saturated calomel electrode (Gamry). The pH of the
buffer solutions was monitored by using a glass pH
electrode (Schott) with a Jenway 3040 model Ion Analyser.
All measurements were carried out at room temperature
(20±2 °C).

Atomic emission spectrophotometry (AES) measure-
ments were taken by Unicam-929 Atomic Absorption
Spectrophotometer.

Solutions at required concentrations were homogenized
using Ultrasonic LC30 (Germany) stirrer.

Results and discussion

FIP optimisation

After the electrode was inserted on the flow line, firstly, we
desired to determine potentiometric performance character-
istics of the prepared electrode in FIA system at dynamic
conditions. Therefore, factors affecting signal shape and
intensity such as suitable tubing length from injection valve
to measurement cell, concentration, and composition of the
carrier solution, injection volume and flow rate were
optimized. The effects of sample injection volume (20–
100 μL), carrier flow rate (0.1–1.1 mL min−1), and tubing
length (10–100 cm) were examined.

Due to dispersion, the peak width of the potentiometric
signal increases as the length of tubing from injection valve
to the detection cell increases, so this tubing length is kept
as short as possible to minimize dispersion. On the other
hand, it is necessary to have an adequate mixture of the
injected sample and the carrier solution before getting into
the flow detection cell [33]. In the present FIP system, the
optimum tubing length for minimum dispersion and well
mixture of sample and carrier solution is found to be 30 cm
(0.1 mm i.d.).

It is well-known that, in FIP, carrier solution composition
affects the response behaviour of ion selective electrode in
terms of baseline stability [34, 35]. We have examined
various electrolyte solutions at different concentrations
(100, 50, and 10 mM) such as MgSO4, MgCl2 and Na2SO4

as carrier solutions (flow rate: 1 mL min−1, injection
volume 20 μL). Of the TRIS-HCl buffer, 10 mM pH=8.3
was used as background for all the carrier solutions; 10 mM
pH=8.3 TRIS-HCl buffer was also merely used as carrier
solution. Among the tested solutions, 10 mM MgCl2 in
10 mM pH=8.3 TRIS-HCl buffer was found to provide
best analytical characteristics with respect to baseline
stability, response time, reproducibility, linear range, and
detection limit.

To determine optimum flow-rate and injection volume,
10 mM Li+ standard was injected into the carrier solution,
10 mM MgCl2 in 10 mM TRIS-HCl at pH=8.3. A slight
decrease in peak height was observed when the flow rate
was increased from 0.1 to 1.1 mL min−1. But the peak
width (residence time) was significantly decreased at flow
rate of approximately 1.0 mL min−1. At flow-rates above
the 1.0 mL min−1, no significant decreases were seen in
peak widths, thus peak shapes and reproducibilities were
deteriorated beyond this flow rate. Therefore, flow rate of

Fig. 2 Peaks obtained with the
injection of lithium standard
solutions at various concentra-
tions and related calibration plot
(1 0.01 mM, 2 0.02 mM, 3
0.05 mM, 4 0.1 mM, 5 0.5 mM,
6 1.0 mM, 7 5.0 mM, 8 10 mM,
9 50 mM, 10 100 mM)

J Solid State Electrochem (2010) 14:2241–2249 2243



1.0 mL min−1 was preferred as optimum and used during
the rest of the study. Of the 10 mM standard lithium
solutions 20, 50, and 100 μL were injected into the carrier
solution to investigate the effect of the sample volume. In
general, the higher are the injection volumes, the higher are
the peak heights and longer residence time at the electrode
surface. It requires more time to reach steady state and
greater consumption of carrier solution [36]. In the present
system, because the increasing injection volume caused
very long residence time, utilization of higher injection
volumes were avoided. Therefore, injection volume of
20 μL was chosen for the sake of shorter analysis time
and less solution consumption.

Potentiometric performance characteristics of the electrode
in flow conditions

Standard lithium solutions were injected into the carrier
solution for the determination of the electrode performance
under the preliminary determined optimum conditions
(carrier: 10 mM MgCl2, flow rate: 1.0 mL min−1, injection
volume: 20 μL), the obtained peaks and relevant calibration
graphic are given in Fig. 2. These conditions provide about
96–98% of the maximum peak height and compromise
between sensitivity, sample rate, and linear operational
range.

Under the above optimum conditions, the response time
(baseline-to-baseline time) of the electrode in the dynamic
mode is 20–80 s depending on the concentration of Li+ in
solutions. These data reveal that the proposed flow through
detector cell provides a low dead volume, fast response
time, and sampling rates approximately 70 injections per
hour. Further calculations showed that the prepared elec-
trode had a linear response over the concentration range of
100–0.1 mM. The electrode showed nearly Nernstian
behaviour with a slope of 61.34 mV in the range of linear
response. Limit of detection and limit of quantification of
the electrode were calculated as 0.080 mM and 0.18 mM,
respectively. The equation that describes the analytical
performance of the electrode is given by:

$E ¼ 267:04� 3:23ð Þ � 61:34� 1:23ð Þlog Li½ �
The correlation coefficient (r) was 0.9981 for n=8 (n,

the number of repetition for the same electrode).
Potentiometric responses of the electrode to Li+ and

some of interferents were indicated in Fig. 3. We preferred
separate solution method [37] for the calculation of the
selectivity coefficients of the electrode in the dynamic
condition because other calculation methods are very time
consuming and laborious. The selectivity coefficients
obtained in the batch and FIP mode are listed in Table 1.
When the calculated selectivity coefficients in FIP and
batch mode are compared, it is seen that there are some

differences. Previous works on the solid state membrane
electrodes shows that the apparent selectivity coefficient
calculated under dynamic conditions may differ significantly
from the one calculated under batch conditions [38, 39]. This
situation can be explained by the difference in time of
interactions of interferents with the surface of the electrode
membrane. In addition, selectivity coefficients are depen-
dent on the diffusion rate and exchange reaction of the
interferents [40].

While the electrode shows high sensitivity and selectiv-
ity towards Li+ ions in solution, the drift of the potential is
of concern for continuous monitoring. Hence, the study of
response stability of the electrode was also carried out. The
potential stability of the electrode was tested with the eight
successive measurements taken in the 100, 10, and 1.0 mM
standard Li+ solutions as indicated in Fig. 4. Average
potential values and standard deviations calculated for 100,
10, and 1.0 mM Li+ solutions at 95% confidence level were
202.1±0.9, 140.1±0.6, and 80.3±0.8 mV, respectively. The
drift of the baseline potential 1.5 mV h−1 and the noise level
was about 0.1 mV.

Table 1 Potentiometric selectivity coefficients of the Li+-selective
electrode calculated according to SSM in batch and FIP modes

Interfering ion Log Kij
a Log Kij

b

Na+ −2.51 −1.97
K+ −2.11 −1.82
NH4

+ −2.68 −2.29
Mg2+ −3.50 −3.64
Ca2+ −3.36 −3.44
Ba2+ −3.30 −3.19
Sr2+ −3.34 −3.15

a Calculated in batch condition
b Calculated in FIP mode

Fig. 3 The potentiometric responses of the Li+-selective electrode
towards lithium and some interferent metal cations at various
concentrations
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Analytical applications

Analysis of pharmaceutical formulations

In this part of the study, two commercially available
pharmaceutical formulations were analyzed. Sample sol-

utions of the pharmaceutical formulations containing
300 mg and 400 mg Li2CO3 were prepared as follow.
One tablet of the each pharmaceutical formulations was
dissolved in 1 L TRIS-HCl buffer (10 mM and pH=8.3) by
using ultrasonic stirrer. The final pH of the solutions were
adjusted to 8.3 adding a few drops of 100 mM HCl.

Fig. 5 Obtained peaks with the
injection of Li+ standard
solutions and pharmaceutical
formulations respectively and
related calibration graphic
(1 2.5 mM, 2 5.0 mM, 3 10 mM,
4 25 mM, 5 50 mM; S1 solution
of pharmaceutical 1, S2 solution
of pharmaceutical 2)

Fig. 4 Repeatability of the
Li+-selective electrode in FIP
(1 1.0 mM, 2 10 mM, 3
100 mM)
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Standards and samples were analyzed under the optimized
conditions (injection volume: 20 μL, flow rate: 1.0 mL min−1

carrier solution: 10 mM MgCl2 in 10 mM pH=8.3 TRIS-
HCl). The obtained triplet peaks for the standards and
samples and calibration graph were indicated in Fig. 5. For
the validation of the FIP measurements, AES measurements
were used as standard method. Results obtained in the FIP
and AES for the determination of Li+ in each tablet were
given in Table 2. It is seen that, the obtained results for each
pharmaceutical formulations in FIP were in a good agree-
ment with the AES results at % 95 confidence level. The
obtained F and t values show that the present FIP method is

of comparable precision to AES method and there is no
significant difference between the mean values obtained by
the two methods.

Analysis of serum samples

In this application, we attempted to determine Li+ levels of
the spiked real serum samples by direct injection. Through-
out the serum analysis study, artificial serum solution was
used as a carrier solution to minimize any contributions of
the significant interferents to the analytical signal of the
electrode. Artificial serum solution was consisted of 140 mM

Fig. 6 Obtained peaks with the
injection of Li+ solutions at
different concentrations
prepared using various
background solutions; a
120 mM Na+, b 140 mM Na+,
c 160 mM Na+, d human serum.
(1 7.0 mM, 2 5.0 mM, 3
3.0 mM, 4 2.0 mM, 5 1.0 mM,
6 0.8 mM)

Table 2 Mean results obtained for the determination of lithium ions in samples with FIP and AES and comparison AES

Samples Lithium ions (mg per tablet)a

FIP measurements AES measurements Label values Er
b F2,2 value (19.0)e t value (2.78)f

Lithuril®c 53.8±1.7 56.1±0.5 56.4 −4.6 12.4 1.64

Lithuril®d 71.4±1.6 74.4±0.4 75.2 −5.1 15.8 1.81

a Average of three determinations + S.D
b Relative error for the potentiometry versus AES
c Sample prepared from lithuril tablet containing 300 mg Li2CO3

d Sample prepared from lithuril tablet containing 400 mg Li2CO3

e One-tailed critical F value
f Two-tailed critical t value
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NaCl, 4.5 mM KCl, 2.5 mM CaCl2, 0.8 mM MgCl2,
2.5 mM urea, and 4.7 mM glucose. 10 mM TRIS-HCl
buffer was used as the background of the artificial serum
solution. The final pH of the solution was fixed to 7.3 with
the addition a few drops of concentrated HCl. Standard Li+

solutions were prepared from LiNO3 salt using the
artificial serum electrolyte as a background solution. To
investigate the interference effect of the Na+ ions in the
serum analysis, three Li+-standard series were prepared
using the artificial serum electrolyte in the similar compo-
sition but different in the amount of Na+ (120, 140 and
160 mM) as background. These Li+ standard series were
injected into the carrier solution under the optimized
conditions that injection volume and flow rate were
20 μL and 1.0 mL min−1, respectively. To observe the
differences appearing in the potentiometric behaviour of the
electrode with the injection of both artificial serum stand-
ards and real serum samples, lithium spiked real serum
samples were also injected into the carrier solution as
standard Li+ solutions. The obtained peaks and calibration
graphic were indicated in Figs. 6 and 7, respectively.

Figure 7 shows that the sensor presented non-Nernstian
behaviour in the measured concentration range of 0.8 and
7 mM Li+. No considerable potential differences were
observed between the real serum samples of 0.8 and
1.0 mM Li+. Nevertheless, electrode still behaved linearly
in the concentration range of 1.0–7.0 mM Li+. Using the
calibration graphic obtained from the aqueous Li+ standard
solutions with 140 mM Na+ as background, Li+ contents of
both aqueous artificial serum samples (containing 120, 140,
and 160 mM Na+) and real serum samples were determined
and related relative errors were calculated. The calculated
and expected concentration values, and related relative
errors for each solution were summarized in Table 3. As
could be seen from Table 3, Na+ amounts in the solutions
provided significant contribution over the electrode
responses. When the serum samples with 120 mM Na+

were injected, the peak heights became lower than expected
and the errors were ranged between −59% and 1.4%
depending on the Li+ concentration levels. More satisfac-
tory results were obtained for the artificial Li+ serum
samples containing 140 mM Na+. In this case, the errors
ranged between −2.0% and 3.6% because the only source
of the electrode responses is the Li+ ion in the solutions.
When the artificial Li+ samples containing 160 mM Na+

were injected into the carrier stream, the size of the errors
were ranged between 0.3 and 61.3% depending on the
concentration levels. The errors were at positive directions
as expected due to the excess of the Na+ compared with the
carrier stream contained. As a result, the response of the
Li+-selective electrode was highly dependent on the Na+

concentration in the measurement media. The levels of the
errors were relatively high in the aqueous solutions which
contain 120 or 160 mM Na+. It is known that the sodium
concentration of the real serum sample is between 135 and
145 mM. Therefore, in the measurements of the real serum
samples, the errors caused by Na+ ions should be lower.
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Fig. 7 Calibration graphics related to the peaks given in Fig. 6

Table 3 Calculated Li concentration with relative errors in the aqueous solutions and real serum samples

Samples Expected Li+, mmoll−1 Li+, mmoll−1

(in 120mmoll−1 Na+)
Li+, mmoll−1

(in 140mmoll−1 Na+)
Li+, mmoll−1

(in 160mmoll−1 Na+)
Li+ content of real
serum samples, mmoll−1

Founda Re Founda Re Founda Re Expectedb Found cRe

1 0.8 0.33 −58.7 0.79 −1.3 1.29 61.3 – – –

2 1.0 0.58 −42.0 0.98 −2.0 1.44 44.0 0.77 0.63 −18.2
3 2.0 1.73 −13.5 2.04 2.0 2.31 15.5 1.97 1.40 −28.9
4 3.0 2.70 −10.0 3.03 1.0 3.37 12.3 3.26 2.08 −36.2
5 5.0 5.07 1.4 5.18 3.6 5.38 7.6 5.33 3.18 −40.4
6 7.0 6.80 −2.9 6.86 −2.0 7.02 0.3 7.25 4.33 −40.3

a Results were calculated according to the calibration graphic constructed with the Li+ standards containing 140 mmol l−1 Na+

b Amounts of Li+ were determined by AES
c Relative errors calculated versus AES results
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However, the potentiometric behaviour of the sensor in real
serum samples is important as the selectivity over sodium.
Actually, in the real serum sample measurement, the
electrode is subject to serious interferences from serum
components such as proteins, lipids, organic materials, and
the other serum components. The measured potential
difference in real serum samples was lower than the
potential differences measured in aqueous solution as seen
Fig. 7d. The obtained response pattern could relate to many
effects such as pH, anions, proteins, lipo-proteins, and the
varying electrolyte concentrations of the serum samples.
When the aqueous artificial Li+ standards were used as
calibration standards, the size of the errors calculated for
the real serum samples were in the range of −18.2% and
−40.4%. Therefore, the use of calibrations, obtained by
using Li+ standards in artificial serum electrolyte, was not a
convenient approach for the determination of Li+ in real
serum samples.

Conclusions

In the study, a solid-state Li+-selective electrode was
prepared and combined with a low-dead volume flow-
through cell to the use as a detector in FIA. Potentiometric
characteristics of the prepared electrode were investigated
in FIA mode. Electrode had a linear response in the
concentration range of 0.1–100 mM (R2=0.9981) with a
slope of 61.34 mV decade−1 and detection limit of
0.080 mM. Moreover, the electrode displays the best
performance with great reproducibility of potentiometric
signals, short response time, and good analytical frequency
in comparison to the other electrodes [8, 23]. Some
pharmaceuticals and human serum samples were analysed
with the described system. The described system can be
successfully used for the direct Li determination in the
pharmaceuticals samples. Also, FIP system provides sim-
ple, sensitive, and selective method for the determination of
Li+ in pharmaceutical formulations. The system is reason-
ably cost effective providing a good sample frequency of
70 injections per hour and should be useful for routine
lithium analysis and quality control of pharmaceutical
samples.

The results obtained from real serum samples demon-
strated that the electrode was not adequate for the direct
analysis of Li+ ions in dynamic conditions. Because of the
interference effects of the Na+ ions and the complex
proteinic structures, lipids, and organic materials present
in the human serum samples, the aqueous solutions can not
be used as a calibrant. In order to obtain more satisfactory
results for the direct analysis of the serum samples, either

pre-treatment processes for the eliminations of the serum
components or a more selective Li+ electrode is necessary.
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