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Abstract A bismuth-film electrode prepared ex situ on the

glassy carbon electrode support exhibited favorable elec-

troanalytical performance for voltammetric measurement of

folic acid. The reduction behavior of this substance was

studied in aqueous solutions within the pH 1-7, the highest

response being obtained in Britton–Robinson buffer with pH

2. In the differential pulse voltammetry, the bismuth-film

electrode showed a linear dynamic range from 2.5 9 10-8

to 3 9 10-5 mol dm-3 folic acid, when reaching an

extraordinary repeatability of measurements [RSD(11) =

1.03 %], of determination [RSD(5) B 0.87 %], or detection

capabilities (LOD = 4.1 9 10-9 mol dm-3). After opti-

mization of key experimental and instrumental parameters,

the respective method was tested by analyzing vitamin

preparations and fruit juice, when the results agreed well

with the declared content. Thus, the method for the deter-

mination of folic acid with a bismuth-film electrode can be

proposed as an alternative to those employing mercury and

amalgam electrodes, previously applied for the same pur-

pose by our group.
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Introduction

Since the year 2000, bismuth-film electrodes (BiFEs) have

become an attractive configuration in electro-analysis as a

potentially suitable replacement for mercury electrodes due

to its environmentally friendlier nature [1]. BiFEs present

valuable electrochemical characteristics, such as a wide

potential window in the cathodic range, negligible inter-

ference from dissolved oxygen, and most importantly,

rather similar electrochemical behavior compared to mer-

cury-based electrodes [2]. BiFEs can be prepared by

depositing a thin bismuth film on a suitable substrate

material, such as the glassy carbon electrode (GCE)

[1, 3–6], boron-doped diamond electrode (BDDE) [7],

carbon paste electrodes (CPEs) [8–10], carbon fiber [1, 11],

screen-printed electrodes (SPE) [12], or silver solid amal-

gam electrodes (AgSAE) [13, 14]. The film can be

deposited electrochemically at a constant potential either

in situ (in model or sample solution) [1, 7, 15] or ex situ by
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pre-deposition in a special plating solution [16, 17].

Besides the above described BiFE, bismuth bulk (disc)

electrode (BiBE) and various electrode materials with the

blended Bi powder (e.g., Bi-CPE), there is also a new

perspective type of the bismuth sensor, being based on

sputtering of silicon wafer with a thin film of bismuth [18].

The wide use of Bi electrodes is especially due to their

effective performance in the determination of metals at the

trace concentration level, which can be documented by

many papers [1, 2, 4–12, 15, 16, 19–22]. The utilization of

BiFEs in organic analysis is not so common because of the

limited cathodic range and rather complicated surface

morphology of bismuth crystals that form the film and may,

e.g., affect adsorption onto the electrode surface in com-

parison with Hg electrodes [19]. Up until now, only a few

organic compounds have been analyzed [16–18, 23–35].

In this paper, we demonstrate the applicability of a BiFE

for voltammetric analysis of folic acid (FA, CAS: 59-30-3,

Scheme 1), known also as pteroyl-L-glutamic acid (chemi-

cally: N-[4-[[(2-amino-4-oxo-1,4-dihydropteridin-6-

yl)methyl]amino]benzoyl]-L-glutamic acid). FA is a widely

distributed vitamin (called ‘‘vitamin BC, vitamin M or vita-

min B9’’), incorporating purine and pyrazine rings (together

with the pterin structure) with two amino acids present on the

pyrazine ring as a side chain. Folates represent an important

class of water-soluble B vitamins that helps to build healthy

cells, having a major role in biological functions of cell

metabolism like DNA replication, repair and methylation,

and synthesis of nucleotides, vitamins, amino acids, etc. The

FA deficiency causes growth weakness in mammals, dif-

ferent kinds of anemia, devolution of mentality, and

psychosis [36, 37], being also a very important nutrient

especially for women planning pregnancy. The recom-

mended daily intake of FA is 0.2 mg (0.453 lmol) for adults

and 0.4 mg (0.906 lmol) for pregnant women [38, 39].

Considering the possibilities of determining FA, various

analytical procedures have been reported. The respective

methods include chromatography in various arrangements,

such as high-performance liquid chromatography (HPLC) in

combination with fluorescence and ultraviolet detectors [40]

or diode array detector [41], liquid chromatography (LC)

with electrospray ionization mass spectrometry [42], tandem

mass spectroscopy [43], and microemulsion electrokinetic

chromatography [44]. Besides chromatographic methods,

capillary electrophoresis with chemiluminescence detection

[45], biosensor-based determination [46], or disposable

microfluidic ELISA (enzyme-linked immunosorbent assays)

[47] were used for determination of FA.

Also various electrochemical approaches have been

employed to study and determine FA. As shown, electro-

analysis can be a suitable alternative to the above-

mentioned techniques, particularly due to the miniaturiza-

tion, relatively low costs of instrumentation, and relatively

rapid and simple analysis. The electrochemical behavior of

FA was first studied with mercury electrodes and the

mechanism of its reduction proposed by Kretzschmar and

Jaenicke [48], being confirmed also by Gurira et al. [49]. It

was found that FA undergoes three two-electron/two-

proton reduction steps in acidic media and one in an

alkaline solution. The first step represents a quasi-re-

versible reduction of FA to 7,8-dihydro-FA via a transient

5,8-hydro-FA derivative, while the second and third ones

involve the electrochemical cleavage of the C(9)-N(10)

bond of 7,8-dihydro-FA to 6-methyl-7,8-dihydropterin and

p-aminobenzoyl-glutamic acid and irreversible reduction

of 6-methyl-7,8-dihydropterin to 6-methyl-5,6,7,8-tetrahy-

dropterin. In alkaline medium, only a single reduction step

is observed, representing the conversion of the molecule of

FA to 5,8-dihydro-FA [49].

In subsequent years, various polarographic and voltam-

metric methods in connection with mercury electrodes have

been described for FA determination: among others, a.c.

polarography with the dropping mercury electrode (DME)

[50], adsorptive stripping voltammetry (AdSV) with the

hanging mercury drop electrode (HMDE) [51–53], or square

wave voltammetry (SWV) with the static mercury drop

electrode (SMDE) [54]. A similar voltammetric behavior

was also confirmed on mercury meniscus modified and

polished silver solid amalgam electrodes (m-, p-AgSAE)

[55, 56]. Along with the reduction of FA on mercury and

amalgam electrodes, the oxidation of this substance could

also be successfully used [57–63].

Considering the importance of FA in the organism, it is

necessary to have simple and sensitive methods for its

determination in biological or pharmaceutical samples. The

voltammetric behavior of folic acid on HMDE and

AgSAEs has been described in our previous papers

[55, 56]. In this article, it is shown that a BiFE can be

another possible replacement for mercury electrodes;
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moreover, fulfilling the latest requirements for ecological

materials and procedures [64]. The aim of this work was

not only to develop method for the determination of FA

using BiFE, but also to compare the voltammetric behavior

and analytical results with AgSAE, resp. HMDE.

Results and discussion

Voltammetric behavior of FA on BiFE dependent

on pH

The conditions for preparation of BiFE for the initial

experiments were taken from the previous study [16]. The

bismuth film was prepared ex situ in a plating solution

containing 0.05 mol dm-3 acetate buffer (AcB, pH 4.5)

?10 mg dm-3 of Bi(III) and in the presence of dissolved

oxygen by applying a constant potential of -1000 mV for

360 s and under stirring.

At first, the cyclic voltammogram of FA was measured

in AcB (pH 4.5) and the relevant parts of the corresponding

curve are shown in Fig. 1. The voltammetric behavior of

FA has been previously studied on the HMDE and AgSAEs

[56] and it was found that the cathodic reduction of the FA

molecule provides three reduction peaks at about the

potentials of -480, -850, and -1080 mV in Britton–

Robinson buffer (BRB, pH 5). In the experiment with the

BiFE presented herein, it was ascertained that FA gave rise

to a single reduction response at about -450 mV, whereas

the second and third anticipated signals did not appear,

probably due to a narrower potential window available at

BiFE, when the most negatively situated peaks remained

overlapped by the signal of electrolyte decomposition. No

oxidation signal was recorded under the working condi-

tions used (Fig. 1), suggesting the irreversible pathway of

the studied electrode process.

Generally, the selection of a suitable supporting elec-

trolyte is an important step in the voltammetric analysis,

because the type of medium might seriously influence the

electrode processes. Because of the absence of the anodic

signal, the influence of pH of the supporting electrolyte was

studied using direct current voltammetry (DCV). The effect

of HNO3 (pH 1) and BRB with pH varying from 2.0 to

7.0 on the voltammetric behavior of 1 9 10-5 mol dm-3

FA was investigated. It was found that the reduction

signal of interest recordable on the BiFE could be

observed from pH 1.0 to 6.0. As can be seen in Fig. 2,

the highest current response was observed in the BRB with

pH 2.0, and then the peak slowly decreased.

Figure 2 shows also the dependence of peak position

(Ep) on pH of the supporting electrolyte, resulting in a trend

when the cathodic signal has shifted toward more negative

potentials with the increasing pH. It is an indubitable proof

that protons represent an important participator in the

reduction process of FA at the BiFE. This dependence is

linear over the whole pH range studied and can be char-

acterized by the following Eq. (1):

Ep=mV ¼ �59:9� 2:1ð Þ pH�160:9� 8:4;

R2 ¼ 0:9936:
ð1Þ

The slope (-0.0599 V) is almost identical with the

theoretical value from Nernst equation (-0.0592 V),

which corresponds to a mechanism involving the same

number of the electrons and protons. This could confirm a

reduction pathway of FA to 7,8-dihydro-FA via a

transient 5,8-hydro-FA derivative via the well-known

two-electron/two-proton mechanism [49]. Based on the

results described, BRB of pH 2.0 was chosen as the

supporting electrolyte for all further measurements of FA

using BiFE.

Fig. 1 Cathodic and anodic curves recorded on BiFE in the absence

(dotted line) and presence (solid line) of FA. Method: CV, electrolyte:

AcB (pH 4.5), Ein = Efin = -200 mV, Eswitch = -1200 mV,

v = 100 mV s-1, cFA = 1 9 10-4 mol dm-3

Fig. 2 Dependences of peak current (Ip) and peak potential (Ep) on

pH. Method: DCV, electrolyte: BRB (pH 1–6), Ein = -50 mV,

Efin = -800 mV, v = 100 mV s-1, cFA = 1 9 10-5 mol dm-3
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The effect of scan rate

The influence of scan rate (v) on the voltammetric response

of FA was studied using a model solution of 5 9 10-6

mol dm-3 FA in BRB (pH 2.0), when applying the DCV

mode. The values of v were changed from 25 to

400 mV s-1. The voltammetric curves obtained are

depicted in Fig. 3a. It was found that the signal of FA

enlarged with the increasing v, but the current response did

not increase proportionally. A linear dependence between

the Ip and the square root of the scan rate (v1/2) was

obtained, which is evident from Fig. 3b and Eq. (2) with

the corresponding coefficient of determination:

Ip=nA ¼ �27:72� 0:50ð Þv1=2=mV1=2s�1=2 þ 27:1� 7:3ð Þ;
R2 ¼ 0:9954: ð2Þ

Thus, it can be assumed that the cathodic process is

diffusion controlled. Moreover, as can be seen from

parameters of the ‘‘log(Ip)–log(v)’’ analysis, the value of

0.5 is not included in the confidence interval with a slope

0.5401 ± 0.0077 (p = 0.05), so the process is controlled by

the diffusion transport with the likely slight participation of

adsorption. Also, the position of the signal recorded moved

to more positive potentials with the increasing scan rate,

confirming the irreversible electrode process.

Optimization of the preparation of the BiFE

Due to particular requirements for ex situ BiFE preparation

from a separate plating solution, the parameters for bismuth

deposition onto the GCE (i.e., plating potential and time)

were carefully optimized for the detection of FA. Firstly,

the dependence of the Ip of FA on deposition potential

(Edep) was studied using DPV. The value of Edep was

changed from -400 to -1400 mV and plating time (tdep)

held constant (180 s). As illustrated by Fig. 4, the highest

current response was observed for Edep close to -1000 mV

and then the peak decreased. This behavior has indicated

the proper film formation for potentials positioned nega-

tively at about -1000 mV, which is related to the

reduction of bismuth taking place beyond -300 mV at the

GCE under these conditions. Thus, a value of Edep -1000

mV was chosen for each BiFE prepared ex situ in this

work.

After that, the tdep was studied. When this time period

was changed from 40 to 140 s, and the remaining param-

eters held constant (at Edep = -1000 mV), the signal

recorded increased rapidly until the value of 80 s, followed

by moderate decrease to the value of 140 s (Fig. 4). In this

case, the optimum parameters for ex situ Bi-film deposition

were determined to be Edep = -1000 mV and tdep = 80 s,

when using AcB (with pH 4.5) as a plating electrolyte

containing 10 mg dm-3 of Bi(III).

Determination of FA in model solutions

Differential pulse voltammetry (DPV) in connection with

the BiFE was the technique of choice for determination of

Fig. 3 DC voltammograms of FA recorded on BiFE at various scan

rates (a) and dependence of Ip on v1/2 (b). Method: DCV, electrolyte:

BRB (pH 2.0). Ein = -100 mV, Efin = -900 mV, v = 25–400

mV s-1, cFA = 5 9 10-6 mol dm-3

Fig. 4 Effect of depositing potential and time on height of DPV peak

of FA at BiFE. Method: DPV, electrolyte: BRB (pH 2.0),

Ein = -100 mV, Efin = -900 mV, v = 20 mV s-1, pulse height

-50 mV, pulse width 80 ms, cFA = 1 9 10-5 mol dm-3; plating

electrolyte: AcB (pH 4.5) ? 10 mg dm-3, Edep = -400 to

-1400 mV, resp. -1000 mV, tdep = 180 s, resp. 40–140 s
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FA in model solutions. All the following experiments

aimed at optimized conditions for DPV were carried out in

BRB (pH 2.0) at the concentration level of 1 9 10-6

mol dm-3 FA.

Firstly, the procedure of electrochemical regeneration of

the working electrode surface was studied with two dif-

ferent mechanisms tested. It was (a) application of one

negative potential (-900 mV) for 20 s, and (b) imposition

of 30 potential ‘‘jumps’’ (cycling) between -100 and

-900 mV, where the limiting potentials were kept for

0.3 s. Application of -900 mV for 20 s was found the

most appropriate for the BiFE regeneration, which was

confirmed by a low value of the relative standard deviation

of 11 repeated measurements [RSD(11) = 2.72 %]. Also,

the possibility of omission of the regeneration step was

investigated, but caused an undesirable decrease in the

repeatability of measurements [RSD(11) = 4.89 %].

Subsequently, the working parameters (v, pulse height,

and pulse width) of DPV were examined. When the

value of v was changed from 5 to 100 mV s-1, and the

remaining parameters were constant (Ein = -100 mV,

Efin = -900 mV, the pulse height -50 mV, pulse width

50 ms), the signal recorded increased but deformed at

higher v, the value of 20 mV s-1 being chosen for the next

experiments. The influence of pulse height was studied in

the range from -10 to -130 mV (the remaining parame-

ters: Ein = -100 mV, Efin = -900 mV, v = 20 mV s-1,

pulse width 50 ms). The signal of FA rapidly increased up

to -50 mV, then decreased and deformed. Thus, the pulse

height of -50 mV was chosen for all the following

experiments. When the pulse width was changed from 10

to 150 ms (Ein = -100 mV, Efin = -900 mV, v = 20

mV s-1, pulse height -50 mV), the peak current decreased

with the increasing pulse width. In this case, the pulse

width of 20 ms was selected for all the subsequent

experiments.

A possibility to accumulate FA onto the electrode sur-

face was studied as well. Firstly, the influence of

accumulation potential (Eacc) on Ip was tested, and it was

found that the changes of Eacc in the range from 0 to

-150 mV have no significant effect on the response to FA.

Therefore, the value of Eacc -100 mV (Eacc = Ein) could

be chosen for the following experiments. The accumulation

time (tacc) was changed from 0 to 140 s (cFA = 5 9 10-7

mol dm-3). Figure 5 shows the dependence of the Ip on tacc
and relevant voltammetric curves. The respective experi-

ments revealed that the dependence is linear from 0 to 70 s

and this linear dependence can be characterized by the

equation being inserted in Fig. 5b. The reduction was

previously described as diffusion controlled with negligible

contribution of adsorption. FA was fractionally adsorbed

on the working surface; therefore, the sensitivity of the

determination could be improved by applying the AdSDPV

mode.

The repeatability of measurements for the reduction of

FA under optimized conditions was studied again by

application of replicate measurements and RSD(11) calcu-

lated as 1.03 % for a concentration of 5 9 10-7 mol dm-3

FA. This result had indicated a very good repeatability

when confirming also an appropriate choice of the opera-

tional parameters of DPV. As already stated above, this

technique with optimized parameters was applied to mea-

sure various concentrations of FA in model solutions. An

example of a particular dependence in the concentration

range from 5 9 10-8 to 3 9 10-7 mol dm-3 FA (with

tacc = 20 s) and the corresponding voltammograms is

shown in Fig. 6. The dependence depicted is linear and can

be characterized by the equation with the respective coef-

ficient of determination shown in Fig. 6b. The linear

dynamic range (LDR) of the reduction peak observed was

obtained in an interval from 2.5 9 10-8 to 3 9 10-5

mol dm-3. The value of tacc was changed in dependence of

the concentration. From this reason, the whole LDR could

not be measured in one single experiment.

Fig. 5 DP voltammograms of FA recorded on BiFE at various tacc
(a) with the appropriate dependence of Ip on tacc (b). Method: DPV,

electrolyte: BRB (pH 2.0), Ein = -100 mV, Efin = -900 mV,

v = 20 mV s-1, Ereg = -900 mV, treg = 20 s, pulse height

-50 mV, pulse width 20 ms, Eacc = -100 mV, tacc = 0–130 s,

cFA = 5 9 10-7 mol dm-3
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The applicability of the proposed method was verified

by repeated determinations of FA at three concentration

levels. Each determination was repeated five times and the

values of RSD(5) calculated. The obtained results are

summarized in Table 1 and it is evident that the values

achieved do not exceed 1.7 %. The results obtained con-

firmed the high accuracy, recovery, and good repeatability

of the determinations of FA in model solutions under the

experimental conditions used. Finally, some statistical

parameters, such as limit of detection (LOD) and limit of

quantification (LOQ), were calculated. The LOD was

estimated to be about 4.1 9 10-9 mol dm-3 (tacc = 30 s),

whereas the LOQ ca. 1.4 9 10-8 mol dm-3, which can be

described as sufficiently low for analyzing pharmaceutical

and vitamin preparations, as well as fruit beverages and

selected food samples.

Voltammetric analysis of vitamin preparations

and fruit juice

The operational conditions for DPV optimized on model

solutions of FA were subsequently applied to the voltam-

metric determination of FA in vitamin preparations [Folic

Acid Forte—Naturvita (FAFN); Folic Acid—Dr. Max

(FADM)] and in fruit juice (Dizzy Multivitamin). The

respective solutions were prepared and analyzed as

described below. The results obtained are summarized in

Table 2. These results could be considered as accurate and

repeatable, which corresponds to an extraordinary RSD(5).

A typical example of determination of FA in tablet is

shown in Fig. 7.

Analogically, the FA content in fruit juice was deter-

mined, when the applicability of DPV to the juice analysis

had initially been tested on the determination of FA in the

spiked juice. The recovery values calculated for five

replicate analyses ranged from 99.7 to 102.0 %, indicating

a very good recovery in the matrix of the fruit beverage

analyzed. Then, 0.5 cm3 of juice was added into the elec-

trochemical cell with the supporting electrolyte (10 dm3)

and the content of FA in juice was repeatedly determined

by the standard addition method. The FA contents deter-

mined and the respective values of RSD(5) are shown in

Table 2.

A comparison of the results obtained with BiFE,

HMDE, and AgSAEs

One of objectives of this work was to compare the

voltammetric behavior of FA on BiFE with the previously

published results obtained with the HMDE, m-AgSAE, and

p-AgSAE. Amalgam electrodes are often mentioned as an

alternative to mercury electrodes. They exhibit very similar

electrochemical properties, including high hydrogen over-

voltage. They can often be used instead of mercury

electrodes by applying the same conditions when these

analyses give similar signals about the same values of

potentials [65]. Nevertheless, this electrode material still

contains mercury. Although, the mercury is bound in solid

amalgam (i.e., non-liquid, non-toxic form), its use in the

future has to be discussed with respect to the restrictions

connected with the use of mercury as such [66]. On the other

hand, bismuth (non-mercury alternative to mercury elec-

trodes) is not a completely non-toxic material. As described

in the literature, the poisoning with the bismuth compounds

has similar symptoms, like those known for lead or mercury

poisoning. Another similarity is that the organometallic

derivatives of bismuth are the most toxic Bi-compounds.

Fig. 6 DP voltammograms of FA at various concentrations (a) with
the appropriate dependence of Ip on cFA (b). Method: DPV,

electrolyte: BRB (pH 2.0), Ein = -100 mV, Efin = -900 mV,

v = 20 mV s-1, Ereg = -900 mV, treg = 20 s, pulse height

-50 mV, pulse width 20 ms, Eacc = -100 mV, tacc = 20 s,

cFA = 5 9 10-8–3 9 10-7 mol dm-3

Table 1 Results of repeated determinations (n = 5) of FA in model

solutions using DPV at BiFE

Added/mol dm-3 Found/mol dm-3 Recovery/% RSD/%

5.00 9 10-7 (5.000 ± 0.014) 9 10-7 99.6–100.6 0.41

1.00 9 10-6 (1.0200 ± 0.0060) 9 10-6 99.0–103.0 1.70

5.00 9 10-8 (5.000 ± 0.010) 9 10-8 99.8–100.4 0.30
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Nevertheless, it should be noted that elemental bismuth is

not toxicologically rated and its compounds cause severe

poisoning only at higher doses [20, 67].

The width of the potential window in the cathodic area

was investigated first with all three working electrodes

examined. This comparison was accomplished under the

conditions in BRB (pH 6). The cathodic potential limit was

defined via the current value reaching the level of

-150 nA. The highest hydrogen overvoltage was identified

with the HMDE, i.e., the widest negative potential window,

allowing one to polarize this electrode down to -1360 mV

vs. reference. Using the amalgam-based electrodes, the

applicable cathodic potential was -1280 mV (for

m-AgSAE) and -1155 mV (p-AgSAE), respectively. This

implies that the hydrogen overvoltage gradually decreases

from the HMDE via m-AgSAE, down to p-AgSAE, which

is due to the decrease of mercury content in the electrode

material. On the other hand, both types of amalgam elec-

trodes exhibit the potential window in the cathodic region

about a few hundreds of mV wider than that for BiFE,

which enables us to observe the reduction processes down

to the potentials at about -900 mV in BRB (pH 6).

The voltammetric behavior of FA has been compared on

the three types of electrodes mentioned. Using CV in com-

bination with the HMDE, three well-separated cathodic

peaks and one anodic peak in acidic medium and only single

reduction signal, as well as one oxidation peak in alkaline

medium, were obtained. The curves recorded at m-AgSAE

were similar, i.e., three reduction peaks and one oxidation

peak obtained in acidic medium. However, the current sig-

nals observed at m-AgSAE were less intensive than those

recorded using HMDE. This phenomenon can probably be

explained by smaller surface area of the m-AgSAE in com-

parison with the HMDE. At the p-AgSAE, only two cathodic

peaks corresponding to the reduction and one anodic peak

corresponding to the oxidation process were observed in an

acidic medium. The third reduction signal was already

overlapped by a signal that corresponded to the hydrogen

evolution. Finally, the BiFE provides only the first signal,

i.e., the most positive reduction peak of FA, and it was not

possible to register the second and third cathodic peaks, most

probably due to a lower hydrogen overvoltage of the BiFE

compared to the mercury-containing electrodes. Regarding

the corresponding anodic signal, it was not observed when

using BiFE, which indicates a considerably lower degree of

reversibility of the electrode reaction of interest.

Last but not least, the statistical parameters calculated

from experimental data characterizing the determination of

FA at all electrodes tested were compared, when applying

the same DPV method described above. The corresponding

values of LOD, RSD(5), and RSD(11) are summarized in

Table 3. By comparing the individual data, it can be stated

that the LOD for BiFE is sufficiently low to analyze vari-

ous pharmaceutical preparations, nutritional supplements,

or fruits beverages. However, when considering the pre-

viously published results with mercury and amalgam

electrodes [55, 56], measurements with the BiFE exhibit a

Table 2 Results of FA determination in vitamin preparations and fruit juice using BiFE

Declared/lg/tablet Founda/lg/tablet RSD/%

FAFN 200 200.38 ± 0.62 0.47

FADM 800 799.8 ± 3.1 0.60

Added/mol dm-3 Founda/mol dm-3

Recovery/%

RSD/%

Juice as a blank 1.00 9 10-6 (1.0100 ± 0.0050) 9 10-6

(99.7–102.0 %)

0.81

Declared/mol dm-3 Founda/mol dm-3 RSD/%

Juice – 3.770 ± 0.028 1.12

a Average of five determinations

Fig. 7 FA determination on BiFE in vitamin preparation Naturvita

using standard addition method. Method: DPV, electrolyte: BRB (pH

2.0), Ein = -50 mV, Efin = -900 mV, v = 20 mV s-1, Ereg =

-900 mV, treg = 20 s, pulse height -50 mV, pulse width 20 ms,

standard additions: 276 mm3 1 9 10-4 mol dm-3 FA
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higher value of LOD. On the other hand, the values of RSD

for BiFE are very low and confirmed a very good

repeatability. Also thanks to this, the BiFE, similarly to the

HMDE and AgSAEs, could be successfully used to analyze

real samples.

Time consumption and complications connected with

electrode handling are other important aspects which should

be considered before a working electrode is to be selected

for particular use. In this respect, HMDE represents a very

simple and rapid tool for electroanalytical measurements

with continually renewable electrode surface. Both modi-

fications of AgSAE require a renovation of their surfaces

(by polishing or via forming of mercury meniscus) once or

twice a week and, eventually, electrochemical regeneration

of the surface before almost each measurement. These steps

are usually simple, fast, and in most cases being even suf-

ficient to obtain satisfactory results. Compared to this, also

BiFEs require some care and the respective experiments

may involve demanding and/or time-consuming operations.

For instance, already the process of ex situ deposition of Bi

film was not reproducible enough because the correspond-

ing electrochemical characteristics (e.g., potential window,

current responses) were poorly repeatable/reproducible. In

some cases, the whole procedure of electroplating had to be

completely repeated. Also, the BiFE prepared was unsta-

ble and its properties deteriorated with the continuing

experiments. Based on these experiences, the new Bi film at

the GCE surface had to be prepared after every three series

of measurements. The repeatability of the signal measured

was slightly improved by adding a regeneration step similar

to that for AgSAEs, i.e., a negative potential imposed for

several tens of seconds. After adopting these specific con-

ditions, a very sensitive method of FA determination using

BiFE was developed and well repeatable results obtained;

nevertheless, the time consumption of analysis somewhat

increased in comparison with those being typical for the

HMDE and AgSAEs, respectively.

Conclusion

In the paper presented above, a BiFE has been used to

investigate the electrochemical behavior of folic acid (FA)

and to determine this substance in selected samples. The

BiFE was prepared ex situ by predeposition in a plating

solution based on acetate buffer (pH 4.5) and containing

the Bi3? ions. The electrode reaction studied at BiFE was

identified as the diffusion-controlled process with a slight

participation of adsorption. The BRB with pH 2.0 was the

supporting electrolyte of choice for the determination of

FA, when the key experimental and instrumental condi-

tions and parameters were optimized for measurements in

the DPV mode. The method developed characterized by the

LOD of about 4.1 9 10-9 mol dm-3 was successfully

applied to the determination of FA in pharmaceutical

preparations and a sample of fruit juice. The results

obtained were compared with the previously published

outcomes achieved with the HMDE and two types of

amalgam electrodes (m- and p-AgSAE). Regarding the

new method with BiFE, it was found that the respective

measurements offer somewhat lower sensitivity compared

to HMDE and both AgSAEs, but the bismuth based elec-

trode can still be reliably used for the determination of FA

in selected real samples.

It can be concluded that the use of ex situ operated BiFE

can be recommended for the determination of folic acid as

a possible alternative to mercury electrodes, contributing

also to the hitherto quite narrow spectrum of methods

employing the bismuth-based electrodes and applicable to

organic substances and biologically active compounds.

Experimental

Chemicals

All chemicals used for preparation of the supporting elec-

trolyte, standard solutions and other stock solutions were of

p.a. purity. FA (98 % declared by producer, Sigma-Aldrich)

was used as obtained without any further purification. The

stock solution of FA (c = 0.01 mol dm-3) was prepared by

dissolving the appropriate weight of the substance in

0.01 mol dm-3 NaOH (Lachema, Brno, Czech Republic)

and it was stored in the dark in a refrigerator. The BRB of

a pH value from 2.0 to 7.0 was prepared by mixing

an alkaline component of 0.2 mol dm-3 NaOH and an

acidic component consisting of 0.04 mol dm-3 H3PO4,

0.04 mol dm-3 H3BO3, and 0.04 mol dm-3 CH3COOH

Table 3 Statistical parameters of FA determination using BiFE, HMDE, m-AgSAE, and p-AgSAE

Surface/mm2 LOD/mol dm-3 RSD(5)/% RSD(11)/% References

BiFE 7.07 4.1 9 10-9 \1.7 1.03 Pres.

HMDE 0.73 3.6 9 10-11 \3.4 0.70 [56]

m-AgSAE 0.39 5.1 9 10-10 \3.1 1.20 [56]

p-AgSAE 0.28 5.9 9 10-10 \4.4 2.05 [55]
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(all these chemicals from Lachema, Brno, Czech Republic).

HNO3 (0.1 mol dm-3, pH 1.0) served also as the supporting

electrolyte and 0.5 mol dm-3 HNO3 was used for electro-

chemical removal of the bismuth film. These solutions were

diluted from the concentrated acid (Penta, Prague, Czech

Republic). The acetate buffer (0.1 mol dm-3, AcB) of pH

value 4.5 was prepared by mixing solutions of CH3COOH

and NaOH. The bismuth(III) ion stock solution (1 g dm-3,

Analytika Co. Ltd., Prague, Czech Republic) was used for

deposition of the bismuth film. Two types of the practical

samples were analyzed: commercially available pharma-

ceutical preparations with the declared content of FA

200 lg/tablet (Folic acid forte—Naturvita) and 800 lg/
tablet (Folic acid—Dr. Max), respectively, and fruit juice

(Dizzy Multivitamin) containing FA too.

Instrumentation

Voltammetric measurements were carried out using com-

puter-controlled Eco-Tribo Polarograph (Polaro-Sensors,

Praha, Czech Republic), equipped with POLAR-PRO

software for Windows. Voltammetric curves were obtained

using a three-electrode system in an electrochemical cell.

Bismuth film deposited onto a surface of GCE (L-Chem,

Olomouc, Czech Republic) served as working electrode,

and Ag|AgCl|KCl(satur.) as a reference and platinum wire

as an auxiliary electrode (both from Monokrystaly, Turnov,

Czech Republic). The measurements were performed at

laboratory temperature (23 ± 2 �C). Oxygen was removed

from the measured solutions by bubbling with nitrogen

(purity class 4.0, Linde Gas, Prague, Czech Republic) for

5 min. All pH values were measured using pH-meter

Hanna 221 (Hanna Instruments, USA). The solutions of FA

tablets were prepared by applying an ultrasonic bath Ban-

delin Sonorex (Schalltec GmbH, Germany).

Procedures

Cyclic voltammetry (CV) and DCV, respectively, were

used for the first set of studies on voltammetric behavior of

FA at the BiFE depending on the pH of the supporting

electrolyte and a scan rate (v). CV measurements were

performed in the potential range from -200 to -1200 mV

with a v of 100 mV s-1, and DCV measurements of

voltammetric behavior of FA depending on pH of the

supporting electrolyte were carried out from -50 to

-800 mV with a v of 100 mV s-1. The influence of the

scan rate was studied in the potential range from -100 to

-900 mV with values varying from 25 to 400 mV s-1.

DPV was utilized for the quantification of FA with the

following parameters: initial potential (Ein), -50 mV; final

potential (Efin), -900 mV; pulse height, -50 mV; pulse

width, 20 ms; v, 20 mV s-1; potential of regeneration

(Ereg), -900 mV; and time of regeneration (treg), 20 s. An

accumulation step was inserted into the measuring proce-

dure for lower concentration levels of FA to increase the

sensitivity of the adsorptive stripping mode, with the

parameters for these measurements being as follows:

potential of accumulation (Eacc), -50 mV, whereas time of

accumulation (tacc) was changed depending on the FA

concentration. The current signals obtained were evaluated

from the straight line by connecting the minima before and

after the peak.

The LOD was calculated as three times and LOQ as ten

times, respectively, of the standard deviation for the blank

solution and divided by the slope of the calibration curve.

The parameters of the calibration curve (e.g., slope and

intercept) were calculated using OriginPro 9 software

(OriginLab Corporation, USA). The confidence intervals

were calculated at the level of significance 1 - a = 0.05.

Before use, the glassy carbon substrate was mechani-

cally polished using a polishing kit (Electrochemical

Detectors, Turnov, Czech Republic) consisting of a pol-

ishing polyurethane pad, Al2O3 suspension (with particle

size of 1.1 mm), and a soft polishing Al2O3 powder (p.s.:

0.3 mm). The substrate was rinsed with distilled water and

ethanol and placed in an ultrasonic bath for 5 min. The ex

situ electroplating of the bismuth film was then performed

in an air-saturated solution. The bismuth film was prepared

by applying a constant potential -1000 mV during a fixed

time 80 s in 0.1 mol dm-3 AcB (pH 4.5) containing

10 mg dm-3 Bi(III) while stirring the plating solution. To

remove the bismuth film, an electrochemical step was

carried out by applying a potential of ?400 mV for 15 s in

an acidic solution of 0.5 mol dm-3 HNO3. Due to the

passivation of the electrode surface, a new film had to be

prepared after a few voltammetric experiments.

Preparation and analysis of practical samples

Two types of real samples, commercially available phar-

maceutical preparations and fruit juice, were analyzed. The

stock solutions for the quantitative experiments were pre-

pared always from one tablet of pharmaceutical preparations

with the declared content of FA: 200 lg/tablet (Folic acid

forte—Naturvita), resp. 800 lg/tablet (Folic acid—Dr.

Max). Always one tablet of preparation was powdered in a

grinding mortar and then the whole powdered amount was

transferred into a 50 cm3 standard flask and dissolved in

0.1 mol dm-3 NaOH. The solution was filtered after 60 min

of sonication. The clear filtrate solution was filled to 50 cm3

with 0.1 mol dm-3 NaOH and so used for experimentation.

276 mm3 of solution of ‘‘Folic acid forte–Naturvita’’ or

138 mm3 of solution of ‘‘Folic acid—Dr. Max’’ was added

to 10 mL of B–R buffer (pH 2) to the polarographic cell for

analysis. The standard addition method (SAM) was then
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applied to the FA determination when 25 or 50 mm3 of

standard FA solution (cFA = 1 9 10-4 mol dm-3) were

added as standard additions.

Regarding the fruit juice, there was no pretreatment

before measurement. In the first step, the applicability of

DPV was tested by addition of a known amount of FA to

the juice sample. The electrolyte (9.5 cm3) with the juice

sample (0.5 cm3) was taken as blank and 100 mm3 of

standard FA solution (cFA = 1 9 10-4 mol dm-3) added

as an analyte. After the application of SAM, the recovery

of the FA determination was calculated. After that, a vol-

ume of 500 mm3 of fruit juice was added into the

electrochemical cell with 10 cm3 of B–R buffer (pH 2) and

the content of FA determined. In this case, 25 mm3 of

standard solution of 1 9 10-4 mol dm-3 FA was used as a

standard addition. Utilizing the SAM for quantification, at

least two (subsequent) standard additions were made. Each

determination was made in five replicates and the respec-

tive average values together with appropriate confidence

intervals and the relative standard deviations (RSD(5))

calculated.
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3. Hutton EA, Ogorevc B, Hočevar SB, Weldon F, Smyth MR,

Wang J (2001) Electrochem Commun 3:707

4. Kefala G, Economou A, Voulgaropoulos A, SofoniouM (2003)

Talanta 61:603

5. Hutton EA, Elteren TV, Ogorevc B, Smyth RM (2004) Talanta

63:849

6. Charalambus A, Economou A (2005) Anal Chim Acta 547:53

7. Banks CE, Kruusma J, Moore RR, Tomčı́k P, Peters J, Davis J,
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20. Švancara I, Vytřas K (2006) Chem Listy 100:90
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32. Guzsvány V, Kádár M, Papp Z, Bjelica L, Gaál F, Tóth K (2008)

Electroanalysis 20:291
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