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The aim of the presented study was to investigate the use of ultrasonic irradiation for the improvement

of analytical methods. A procedure for boron determining based on the conversion of boric acid to

tetrafluoroborate and subsequent spectrophotometric detection, previously reported from our

laboratory, was used as a model. The optimum conditions for the conversion of boron to

tetrafluoroborate anion (0.9 mol L�1 H2SO4, 0.1 mol L�1 F�, 7 min ultrasonication) as well as for

complex formation and extraction of BF4
� with DIC (1 � 10�4 mol L�1 DIC) were found. The

absorbance of the coloured extracts obeys Beer’s law in the range 0.1–1.0 mg L�1 of B. The limit of

detection calculated from a blank test (n¼ 10; P¼ 0.95) based on 3 s is 0.02 mg L�1 of B. The procedure

was applied to the analysis of mineral waters and a pharmaceutical preparative. The main advantage of

ultasonification is that the conversion process occurs much faster; reaction time therefore decreases

from 30 min to 7 min. Moreover, it does not lead to the heating of the sample, meaning, as

a consequence, the value of the blank test decreases, and the reaction does not have to be performed in

a closed system.
Introduction

Ultrasound is a well-known and widely used auxiliary energy

which is frequently used in a variety of fields as a substitute for

heating or microwave irradiation. Analytical chemistry is one

field in which ultrasound has not yet been exploited, although

this auxiliary technique could be a powerful aid in improving

various analytical procedures. Ultrasonic energy has been

applied in analytical chemistry mainly for (a) pre-treatment of

solid samples (extraction, homogenisation);1 (b) ultrasonic-

assisted derivatisation reactions, mainly in gas chromatography;2

(c) various other operations, such as nebulisation in atomic

spectrometry, glassware cleaning and the removal of bubbles

from solution; as well as (d) detection.3 Here it is necessary to

underline the works of Capote and de Castro, in particular, their

review of ultrasound use.4 It is also especially important to note

the numerous works of Coakley and co-workers devoted

primarily to the application of ultrasound in biology and medi-

cine for particle/cell separation5–11 as well as their review, in

which applications of ultrasound streaming and radiation force

in biosensors were described.6

Although many articles have examined the application of

ultrasound for the above-mentioned purposes, the number of

articles devoted to investigating this energy in order to improve

analytical reactions is limited. De Sousa and Korn investigated

the influence of ultrasonic waves in the spectrophotometric

determination of nickel with dimethylglyoxime12 and showed
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that the nickel determination could be performed without the use

of masking agents and oxidising solutions. They demonstrated

that generating free radicals by exposing aqueous solutions to

ultrasonic waves is a means of improving both the sensitivity and

selectivity of spectrophotometric methods of analysis. Imple-

mentation of ultrasonic irradiation into analytical procedures in

general and replacing heating with ultrasonication in particular

can offer a series of advantages, some of which have already been

indicated in the literature,12 such as improving the analytical

characteristics of determinations, the possibility of automation

and thus a decrease in operator handling, and reducing the

possibility of sample and environmental contamination as well.

Ultrasonication can lead to the acceleration of chemical reac-

tions and the subsequent shortening of analysis time, which

could possibly be explained by the different functional mecha-

nism of ultrasonic irradiation on the sample. The main advan-

tage of using ultrasonic energy instead of heat lies in the different

effect these two forms of auxiliary energy have on an aqueous

sample. The chemical effect of ultrasonic waves probably origi-

nates from cavitations, which favour the diffusivity of the dis-

solved particles in the sample, as well as from the oxidative

properties of the radicals formed during ultrasonification. It is

important to emphasize that the formation of bubbles subjected

to fast adiabatic compressions and expansions gives rise to high

temperatures and pressures inside them, though these fluctua-

tions have minimal effect on the temperature of the system as

a whole.13

We previously reported a method for boron determination

based on the reaction of boric acid with fluoride upon heating

and the formation of tetrafluoroborate anion, followed by the

extraction of BF4
� with Victoria blue 4R reagent into benzene

and subsequent spectrophotometric detection.14 The conversion

of boric acid to HBF4 was relatively slow, however. Heating

significantly speeds up HBF4 formation. The primary difficulty
Anal. Methods, 2010, 2, 1275–1279 | 1275



in this reaction is the necessity of heating at 70 �C for a relatively

long period (30 min) in a closed system in order to prevent the

release of the volatile products formed. This step is performed in

closed polyethylene test tubes. The heating must be continuous

to ensure quantitative conversion, but at the same time very

gentle in order to prevent deformation of the polyethylene test

tubes as a result of increasing pressure in the closed system.

The aim of the presented study was to investigate the feasibility

of using ultrasound instead of heating during the conversion of

boric acid to tetrafluoroborate in order to accelerate and improve

the analytical procedure, and thus the development of a novel

spectrophotometric method for boron determination. The main

advantage of ultasonification is that it does not lead to the

heating of the sample, meaning, as a consequence, that the value

of the blank test decreases and the reaction does not have to be

performed in a closed system. Moreover, the conversion process

is much faster; therefore the reaction time decreases from 30 to

7 min.

Experimental

Reagents

All chemicals and solvents used were of analytical grade purity

(unless stated otherwise). Ultra pure water produced by a Milli-

pore Milli-Q RG system (Millipore, USA) was used throughout

the work. All solutions were stored in polyethylene bottles. A

stock solution containing 1 � 10�2 mol L�1 of boron was

prepared by dissolution of 0.0618 g H3BO3 in water and dilution

with water up to a volume of 100 mL. A 1 � 10�3 mol L�1 boron

working solution was prepared by dilution of the stock solution.

A 1 � 10�3 mol L�1 aqueous solution of dimethylindocarbo-

cyanine dye (DIC) was prepared by dissolving 0.0195 g of its

chloride salt in 1 mL of methanol (p.a.) and subsequent dilution

with water up to a volume of 50 mL. A 0.5 mol L�1 aqueous

solution of NaF was used to convert H3BO3 to BF4
�. The pH

was set by the addition of 3 mol L�1 H2SO4.

Apparatus

A diode array UV-Visible Spectrophotometer 8453 (Agilent,

USA) and a Spekol-11 spectrophotometer (Carl Zeiss, Germany)

equipped with a matched cell of 10 mm path length were used for

spectrophotometric measurements. A Sonorex Digitec ultrasonic

compact bath DT 31 equipped with a HF generator with

constant power 30 Weff. (Bandelin Electronic, Germany) and

a UZD 500 Ultrasound disintegrator (Person-Ultragen, Slova-

kia) equipped with a cylindrical titanium alloy probe and having

an adjustable ultrasonic generator with a maximal power of

500 W were used as a sources of ultrasonic energy for the

conversion of boric acid to tetrafluoroborate anion.

Calibration of the method

Aliquots (up to 0.5 mL) of the H3BO3 working solution (1� 10�3

mol L�1) were introduced into 10 mL polyethylene test tubes,

then 0.2 mL of 0.5 mol L�1 NaF and 0.3 mL of 3 mol L�1 H2SO4

were added and the volume was filled up to the 1 mL with water.

After the addition of each reagent, the solution was mixed

thoroughly. The solution was then sonicated in an ultrasonic
1276 | Anal. Methods, 2010, 2, 1275–1279
bath for 7 min. Approx. 10–15 test tubes can be sonicated

simultaneously. Next, 3.5 mL water and 0.5 mL of 1 � 10�3 mol

L�1 DIC were added, and the solution was mixed well. The

complex was then extracted using 5 mL of amyl acetate for 60 s.

The absorbance was measured at a wavelength of 551 nm in

a matched cell of 10 mm path length against a blank test.
Procedure for real samples

An aliquot of sample of up to 0.5 mL, depending on the expected

boron content, was introduced into a polyethylene test tube. All

required reagents were then added and the determination per-

formed as described in the Calibration of the method section.
Results and discussion

Since the conversion of boric acid to HBF4 is relatively slow, in

previous work14 we used heating to accelerate the reaction.

Although the reaction of boric acid with fluoride is well-

known,15,16 we found no information in the literature about the

effect of ultrasonic energy on this reaction. Therefore, we studied

various physical factors, as well as the chemical conditions,

which can influence the conversion process.
Investigation of ultrasonic energy on the conversion of H3BO3 to

BF4
�

Two different devices were used as sources of ultrasonic energy:

an ultrasonic bath with constant power and an ultrasonic

disintegrator with energy adjustable in the range of 200–500 W.

Effects of energy, ultrasonication time and experimental condi-

tions (acidity of the medium and fluoride concentration) were

investigated.
Effect of energy

The effect of ultrasonic energy was investigated using an ultra-

sonic probe (Fig. 1). For this purpose, a series of experiments

were carried out with a constant concentration of boric acid (6 �
10�5 mol L�1) and in the presence of all reagents necessary for the

conversion process (0.9 mol L�1 H2SO4 and 0.1 mol L�1 F�) at

the selected sonication time of 1 min. The ultrasonic probe was

immersed in a water bath in which the extraction test tubes were

placed. After sonication, the appropriate amounts of water and

dye reagent were added to the test tubes, and the determination

followed by extraction using 5 mL of amyl acetate and spectro-

photometric detection, as described in the Calibration procedure

section. Increasing the energy did not significantly influence the

value of the analytical signal, but it did cause an undesirable

increase in the blank tests. Therefore 250 W can be recommended

for the conversion process.

Besides the effect of ultrasonic energy, Fig. 1 also shows the

influence of temperature on the conversion process (the broken

lines). As we can see, no significant differences in absorbance

were found when using two different types of auxiliary energy.

The advantage of using ultrasonic energy in comparison with

heating is the significant decrease in analysis time.
This journal is ª The Royal Society of Chemistry 2010



Fig. 1 Effect of the energy of the ultrasonic disintegrator conditions for

conversion: 6 � 10�5 mol L�1 H3BO3; 0.9 mol L�1 H2SO4; 0.1 mol L�1 F�;

Conditions for extraction: 1 � 10�4 mol L�1 DIC; 5 mL amyl acetate;

l ¼ 10 mm; l ¼ 551 nm; A, A0 – ultrasonic disintegrator (1 min); B,

B0 – conventional water bath heating (30 min); A, B – complexes; A0, B0 –

blank tests.
Effect of ultrasonication time

The time of ultrasonication was investigated within a range from

1 to 40 min (Fig. 2). Comparing results from the two different

devices, we found that the maximum analytical signal was

consistently achieved in a shorter time of just over 1 min with the

use of the ultrasonic probe. To achieve a comparable signal,

approx. 5–8 min and 30 min were needed in the case of the

ultrasonic bath and conventional heating, respectively. But no

significant difference was observed in the value of analytical

signal obtained. It is true that the ultrasonic probe seems to be

more advantageous due to the shorter analysis time, but despite

this fact, we recommend using an ultrasonic bath because of the

lower cost of the equipment and higher accessibility in common
Fig. 2 Effect of the time of ultrasonication on the conversion of H3BO3

to tetraflouroborate conditions for conversion: 6 � 10�5 mol L�1 H3BO3;

0.9 mol L�1 H2SO4; 0.1 mol L�1 F�; Conditions for extraction: 1 � 10�4

mol L�1 DIC; 5 mL amyl acetate; l ¼ 10 mm; l ¼ 551 nm; A,

A0 – ultrasonic disintegrator (250 W); B, B0 – ultrasonic bath; C,

C0 – conventional water bath heating (70 �C); A, B, C – complexes; A0, B0,

C0 – blank tests.
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analytical laboratories. The time selected for further study was

7 min (ultrasonic bath). With a shorter time, the conversion was

insufficient, while with an increase in time, the efficiency of the

ultrasonic energy for conversion remained constant. With longer

times, however, increasing the temperature of the water in the

ultrasonic bath leads to an increase in the absorbance of the

blank test. Therefore, the water in the ultrasonic bath needs to be

changed after every third sonication. It is also possible to connect

the ultrasonic bath to a thermostat in order to maintain

a constant temperature of 20 �C.
Effect of experimental conditions

We studied the experimental conditions for the conversion of

H3BO3 to tetrafluoroborate in a previous work14 and determined

that for complete conversion, the medium must be sufficiently

acidic to suppress hydrolysis and that there must be an adequate

surplus of fluoride anion present. However, since heating is now

being replaced by ultrasonic energy, the appropriate experi-

mental conditions must again be specified. Therefore, a series of

experiments were carried out (at the selected sonication time of

7 min) with a constant concentration of boric acid (6 � 10�5 mol

L�1) and varying concentrations of sulfuric acid and fluoride ions

(Fig. 3). The appropriate conditions were found to be: 0.9 mol

L�1 H2SO4 and 0.1 mol L�1 NaF. These conditions differ

significantly from than those obtained in7 (0.1 mol L�1 H2SO4,

0.02 mol L�1 NaF; heating time 30 min; temperature 70 �C).
Investigation of the extraction process

The following factors can affect the formation and extraction of

the boron complex: the pH of the aqueous phase, the concen-

tration of DIC and the nature of the organic solvent. The main

problem in the procedure for determining boron based on the

conversion of H3BO3 to tetrafluoroborate anion and subsequent

complex formation with dye reagents arises from the high acidity
Fig. 3 Effect of concentration of the of sulfuric acid (A, A0) and fluoride

ions (B, B0) on the conversion of H3BO3 to tetraflouroborate Conditions

for conversion: 6 � 10�5 mol L�1 H3BO3; 7 min sonication in an ultra-

sonic bath; 1,10: 0.1 mol L�1 F�; 2,20: 0.9 mol L�1 H2SO4; Conditions

for extraction: 1 � 10�4 mol L�1 DIC; 5 mL amyl acetate; l ¼ 10 mm; l ¼
551 nm; A, B – complexes, A0, B0 – blank tests.
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Fig. 4 Structural formula of DIC.

Table 1 Analytical data and statistical analysis of the calibration graph
for the determination of boron

Wavelength/nm 551
Extractant Amyl acetate
Regression equationa

Intercept, a 0.0027 � 0.0011
of the medium (0.9 mol L�1 H2SO4) required for complete

conversion. On the other hand, according to the reaction

mechanism (see below), the dye reagent has to be in a single

charged form. Most dye reagents, however, are more or less

protonated at such an acidity and are not able to form complexes

with BF4
� that are extractable by organic solvents. Therefore, an

additional neutralisation step is needed between conversion and

complex formation.14 In contrast to Ref. 14, in this work dime-

thylindocarbocyanine dye (Fig. 4) was used as the complexing

reagent. Based on the investigation of the acid–base properties as

well as spectrophotometric characteristics of DIC17 we can say

that DIC exists in single-charged form over a wide range of

acidity. This allows for the use of DIC for boron complex

formation without neutralization of the solution after conver-

sion, which is an advantage of the suggested procedure. The

appropriate concentration of dye reagent was found to be: 0.8–

1.4 � 10�4 mol L�1.

Various groups of organic solvents, such as aliphatic and

aromatic hydrocarbons, higher alcohols, ketones, acetic esters

and the halogen and nitrogen derivatives of aliphatic and

aromatic hydrocarbons were tested as extractants. The best

extractants appeared to be benzene and amyl acetate, as both of

them showed very good extractability of the complex and

minimum extractability of the dye reagent. Amyl acetate, which

is less toxic than benzene, was chosen as the organic solvent for

the extraction of the boron complex. The extraction equilibrium

is reached within 40–60 s, and the absorbance of the extracts

remains stable for several hours.

Slope, b 0.9497 � 0.0189
Correlation coefficient, r 0.9989
Concentration range/mg L�1 0.1–1.0
LOD/mg L�1 0.02

a A ¼ a + bC, where A means the absorbance, a the intercept, b the slope
and C the concentration of B in mg L�1; n ¼ 10, P ¼ 0.95.

Table 2 Intra-day and inter-day precision and accuracy data for the
determination of boron (n ¼ 6)

Taken/
mg L�1

Intra-day Inter-day

Determineda/
mg L�1

RSD
(%)

R
(%)

Determineda/
mg L�1

RSD
(%) R (%)

0.20 0.21 � 0.01 4.5 105.0 0.19 � 0.01 5.0 95.0
0.35 0.34 � 0.01 2.8 97.1 0.36 � 0.01 2.6 102.9
0.65 0.66 � 0.01 1.4 101.5 0.66 � 0.02 2.9 101.5
0.80 0.78 � 0.02 2.4 97.5 0.83 � 0.03 3.4 103.8

a �x� s
t
ffiffiffi

n
p t – Student coefficient for n � 1 degrees of freedom.
Reaction mechanism

The determination procedure involves two independent steps: (1)

conversion of boric acid to tetrafluoroborate anion, and (2)

complex formation and extraction of BF4
� formed with a cation

of DIC. The molar ratio of BF4
� and DIC in the extracted

complex determined under the appropriate experimental condi-

tions using various spectrophotometric methods (Job’s method,

Asmus’ method, and the relative yield method) was found to be

1 : 1. Based on these results, it can be assumed that the reaction

mechanism may be expressed by the following chemical equa-

tions:

H3BO3 + 4F� + 3H+ ¼ BF4
� + 3 H2O

BF4
�

(aq) + (DIC)+
(aq) + nS(org) ¼ [BF4]�(DIC)+ � nS(org)
1278 | Anal. Methods, 2010, 2, 1275–1279
where S is the extractant, (aq) is the aqueous phase and (org) is

the organic phase.
Method validation

Calibration and linearity. Under the appropriate experimental

conditions (0.9 mol L�1 H2SO4; 0.1 mol L�1 F� for the conversion

step and 1 � 10�4 mol L�1 DIC for the complex formation and

extraction step), the calibration plot was constructed from five

data points over a range of concentrations 0.1–1.0 mg L�1 of

boron. The limit of detection (LOD), calculated based on three

times of the standard deviation of the blank test (n ¼ 10), was

0.02 mg L�1 of B. The analytical characteristics of the suggested

method for boron determination are summarized in Table 1.

Precision and accuracy. Six replicate determinations at four

different concentration levels of boron (0.20; 0.35; 0.65; 0.80 mg

L�1) were performed to examine the precision (estimated relative

standard deviation) and accuracy (recovery percentage, R%) of

the method over two days during a single week. The inter-day

and intra-day precision and accuracy results are shown in

Table 2.

Ruggedness and robustness. The ruggedness of the methods

was evaluated by applying the procedures to the analysis of an

internal standard solution of boric acid and two kinds of natural

waters (NW) spiked with various amount of boron. Two

different devices for conversion and detection (I: Ultrasonic

bath, DAD spectrophotometer; II: Ultrasonic disintegrator,
This journal is ª The Royal Society of Chemistry 2010



Table 3 The results of determination of boron using two different pieces
of equipment (n ¼ 6)

Sample

Taken/
added/
mg L�1

Instrument I. Instrument II.

Determined/
mg L�1

RSD
(%)

R
(%)

Determined/
mg L�1

RSD
(%)

R
(%)

Internal 0.28 0.28 � 0.01 3.4 100.0 0.27 � 0.01 3.5 96.4
standard 0.48 0.48 � 0.01 2.0 100.0 0.48 � 0.01 2.0 100.0
solution
of
H3BO3

0.76 0.76 � 0.01 1.3 100.0 0.77 � 0.01 1.2 101.3
0.92 0.91 � 0.01 1.0 98.9 0.92 � 0.01 1.0 100.0

NW I. 0.36 0.35 � 0.01 2.7 97.2 0.37 � 0.01 2.6 102.8
0.56 0.56 � 0.02 3.4 100.0 0.57 � 0.01 1.7 101.8

NW II. 0.26 0.27 � 0.01 3.5 103.8 0.27 � 0.01 3.5 103.8
0.70 0.69 � 0.01 1.4 98.6 0.72 � 0.01 1.3 102.9

Table 4 Application of the suggested method to the determination of
boron in real samples (n ¼ 6)

Sample

Suggested method Reference method

t-Value F-Value
Determined/
mg L�1

RSD
(%)

Determined/
mg L�1

RSD
(%)

MW I. 1.44 � 0.03 2.0 1.46 � 0.02 1.3 1.435 2.596
MW II. 2.79 � 0.03 1.0 2.76 � 0.02 0.7 2.119 2.329
BW 3.08 � 0.08% 2.5 3.02 � 0.04% 1.3 1.725 4.000
single-beam spectrophotometer) were used in two different

laboratories at different times.

The obtained results given in Table 3 give evidence of the good

reproducibility of the developed procedure, since RSD did not

exceed 3.5%. The robustness of the procedure was assessed by

evaluating the influence of small variations in the experimental

variables: the concentration of fluoride ions, sulfuric acid, and

dye as well as the extraction time. In this study, one parameter

was changed while the other parameters were kept constant. The

percentage of relative standard deviation and recovery

percentage were then calculated for each variation. No small

variations in any of the variables significantly affected the results.

The RSD was in all cases less than 2.1%, and the recovery was in

the range of 99.5–103.3%.

Selectivity. The effect of diverse ions on the determination of

0.5 mg L�1 of B was studied according to the procedure described

above. The tolerance ratio for an ion was taken as a bor-

on : interferent ratio that caused an error not higher or lower

than � 5%. About a 2000-fold excess of CH3COO�, Cl�, SO4
2�,

Ca2+, K+, Na+, a 1000-fold excess of Mg2+, a 500-fold excess of

Cu2+, a 300-fold excess of Fe2+ and a 250-fold excess of Ni2+ did

not interfere with the determination of boron. Some ions, such as

NO3
�, Br� and I�, easily formed a complex with DIC and

therefore strongly interfered with boron determination. These

ions must therefore be separated before conversion of boron to

BF4
� using the multiple extraction procedure previously

described in our work.14 Boron can then be determined according

to the procedure suggested in this work. In this case, about a 100-

fold excess of NO3
� and I� and a 150-fold excess of Br� did not

interfere the determination of boron.

Analytical application. Based on the obtained results a novel

procedure for boron determination was developed and applied to

the determination of boron in mineral waters (MW) and

a pharmaceutical preparative (boric water, BW). The suggested

procedure was validated using the reference Azomethine-H

method.18 The obtained results (Table 4) were statistically

compared by applying the t-test and F-test. The theoretical

values of t and F (P ¼ 0.95) for six replicate determinations are

2.228 and 5.050, respectively. Statistical analysis did not show

significant differences between the two sets of results from the

suggested method and the reference method, and the confidence
This journal is ª The Royal Society of Chemistry 2010
limits of the obtained results overlapped, thus confirming the

accuracy and precision of the boron determination.

The suggested method was also applied to the analysis of

seawater samples spiked with two different amounts of boron

(0.48 and 0.92 mg L�1). The determined amounts of boron found

were 0.47 � 0.01 mg L�1 and 0.91 � 0.01 mg L�1 with a precision

of 0.25–0.50% RSD.
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