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Environmental context. Boron, an essential element for human health and the growth of animals and plants,
can also be harmful when intake is excessive. Herein, a simple and efficient method for determining boron
species in aqueous samples has been developed based on the optical absorption of the pyridoxine or boron—
pyridoxine complex. This rapid method is suitable for online analysis, with great significance to drinking water
and industrial water treatment.

Abstract. A simple and efficient method for the determination of boron species in aqueous samples is presented based on
the optical behaviour of the pyridoxine or boron—pyridoxine complex. The boron concentration in the sample is
proportional to the absorption intensity of the boron—pyridoxine complex, and is inversely proportional to that of free
pyridoxine. The calibration plot is linear in the range of 0-8 mg L' boron element within a pH 5.72-9.30 range. The
method was developed for freshwaters, but is also applicable to seawater without significant interference from other
commonly occurring ions in water such as Na™, K, C1~, Zn>", Mn>", Co®", Ni*", NO5~, and SO,*". This simple and
rapid method is suitable for incorporation into an online analyser, which will be of great significance to the water treatment

industry.
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Boron is an essential element for human health and for the
growth of animals and plants, but excessive intake becomes
harmful. Boron compounds are widely used in food and indus-
trial applications such as semiconductors, pharmacy, agricul-
tural fertilisers and insecticides, and optical materials.

The guidelines for acceptable boron concentration may vary
substantially among different boron-related industries. For
example, ultrapure water containing less than 60 pg L™' of
boron is required for the high-technology semiconductor indus-
try because a higher boron content can cause serious p-type
doping of solid-state devices.!"! Normally, irrigation water for
crops should contain less than 1 mg L™ of boron; excess boron
may result in dwarfing or death of plants to some extent, whereas
lack of boron may affect the growth and yield of plants.”** For
drinking water, the recommended maximum permissible level
of boron varies between countries and regions, although the
World Health Organisation in 2011 recommended a value of
2.4 mg L™ boron as the drinking water quality standard.[*!
Therefore, it is of great importance to accurately determine the
boron content in water, food, soil and industrial effluents in
order to meet regulatory requirements and to provide a safe-
guard for human health and the environment.

A quick, accurate and inexpensive online boron analyser is
required to provide continuous analysis, especially in the field
of semiconductor manufacturing. Inductively coupled plasma
mass spectrometry (ICP-MS) or inductively coupled plasma
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optical emission spectrometry (ICP-OES) are sensitive meth-
0ds®®! commonly used for boron in research laboratories.
However, the methods are not suitable for real-time analysis
because the operations are time-consuming and complex. Elec-
trical conductivity is utilised for boron measurements based on
ionised complex formation with a reagent (e.g. mannitol),!” ']
whereupon the boron concentration in the sample is correlated
mathematically to the conductivity differential caused by the
ionised complex formation. Although this method is applicable
for the development of online boron analysers, it can only
measure samples with low salt content owing to interference
from the conductivity of salt. Spectrophotometric techniques are
also used for the determination of boron with a wide range of
applications.!'' ™' Some reagents such as azomethine-H can
react with boron, causing an intensity change in the absorption
spectra, which can be related to boron concentrations in aqueous
samples. This technique provides low-cost operation, readily
adapted for online or portable use, but in most cases, poisonous
or hazardous reagents and complicated procedures are involved.

In view of the limitations of currently available methods for
boron measurements, we aimed to develop a simple method
applicable to the analysis of environmentally relevant samples.
Herein, we report a novel, rapid and non-toxic spectrophoto-
metric method for the determination of boron in aqueous
samples based on the optical absorption behaviour of pyridoxine
and the boron—pyridoxine complex.
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Fig. 1. (a) The three forms of pyridoxine in acidic, neutral and basic solution; (b) the absorption spectra of
pyridoxine under acidic and neutral conditions; (c) the absorption spectra of pyridoxine under basic
conditions.
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Fig.2. (a) The schematic reaction between pyridoxine and boric acid; (b) the absorption spectra of pyridoxine and
the pyridoxine—boron complex with varying boron concentrations from 0 to 8 mg L' at pH 7.0; (c—e) absorption
intensity versus boron concentration for peaks 1, 2 and 3.
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Fig.3. Under acidic conditions, the forms of (a) free pyridoxine; and (b) the pyridoxine—boron complex; and (c) the absorption spectra with
varying boron concentration at pH 3.32. Under neutral conditions, the forms of (d) free pyridoxine; and (e) the pyridoxine—boron complex; and
(f) the absorption spectra with varying boron concentrations at pH 7.0. Under basic conditions, the forms of (g) free pyridoxine; and (h) the
pyridoxine—boron complex; and (i) the absorption spectra with varying boron concentrations at pH 10.47.

Pyridoxine is a bipolar molecule with acid dissociation
constant (pK,) values of 5.6 and 9.4,1">'® which indicates that
it is amphoteric. It can exhibit three different forms under acidic,
neutral and basic conditions,!'” as shown in Fig. la. Under
neutral conditions (pH 5.72—8.12), pyridoxine is non-ionised or
weakly ionised, and displays two main peaks in its absorption
spectra at 254 and 325 nm (Fig. 1b; see Supplementary material
for experimental details). As the pH value decreases, pyridoxine
will be protonated gradually and exhibit a net positive charge.
For example, at pH 4.55, two major peaks can be observed at 299
and 325 nm, corresponding to the absorption of forms I and IT of
pyridoxine that coexist in the solution. At the even lower pH of
3.32, all the pyridoxine is protonated, and there is only form I
of pyridoxine in solution, with an absorption peak at 299 nm.
When the pH increases from neutral to basic, the negatively
charged pyridoxine dominates in the solution, resulting in a
blue-shift from 325 nm (Fig. lc), which indicates that the
negative charge of the pyridoxine form III gradually becomes
stronger with increasing pH.

Pyridoxine can react with boric acid to form a pyridoxine—
boron complex by combining two molecules of pyridoxine and
one molecule of boric acid,!"® as shown in Fig. 2a. At neutral
pH, the non-ionised pyridoxine exhibits absorption peaks at 325
and 254 nm. Once it combines with boric acid in the sample,
however, the complex exhibits amphoteric properties (Fig. 2a).
The pyridinic-N of pyridoxine will be locally protonated owing
to the negatively charged nature of boron in the complex. Two
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isosbestic points were observed at 269 and 309 nm, indicating
equilibria of two forms of the ions in the system, whereas the
complex has peak absorption at 299 nm (peak 2, Fig. 2b). When
boron is not present in the sample, only two intrinsic absorption
maxima, peaks 1 and 3, can be observed from the free pyridoxine
in the sample. As the boron concentration increases, the intensi-
ty of peaks 1 and 3 decreases, indicating that free pyridoxine is
consumed by the reaction with the boron species. At the same
time, the intensity of peak 2 increases owing to the complex
formation. Kinetics measurements of pyridoxine and the boron
complex demonstrated that the intensity of the absorption
spectra did not change when the time span was increased to
10 min (Fig. S1).

The boron concentration is linearly correlated with the
intensity of the absorption spectra, with correlation coefficients
>0.99 for all three peaks (Fig. 2c—¢; Table S1). The limits of
detection for the method (detected limit (DL) = 3.3 X s.d.pjant/
slope,!'” based on 20 blank measurements; see Supporting
online material Fig. S2 and Tables S2 and S3) were
0.76 mg L™ (peak 1), 0.18 mg L' (peak 2) and 0.15 mg L™
(peak 3). These excellent analytical characteristics demonstrate
that boron concentration can be accurately determined by the
optical signal method with the addition of non-toxic pyridoxine.

Fig. 3 shows the forms of pyridoxine and its boron complex
at acidic, neutral and basic pH and the change in absorption
spectra with changing boron content. At acidic pH, pyridoxine
took the same form whether free or complexed with boron,
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(a) The wavelength positions of peaks 1-3 with varying pH; the absolute value of delta

intensity(the change of absorption spectrum intensity) versus boron concentration with varying pH

for: (b) peak 1; (c) peak 2; and (d) and peak 3.

independently of the boron concentration, resulting in identical
absorption spectra (Fig. 3a—c). With alkaline conditions, the
peak position of absorption spectra was unvaried. However, the
intensity decreased with increasing boron concentration
(Fig. 3g—1) because the molar absorptivity of the complex is
lower than that of pyridoxine under alkaline conditions.!*"!
Additionally, the absorption peak experienced a blue shift at
the higher pH. In the neutral range, the form of free pyridoxine is
different from that in the complex (Fig. 3e) — the pyridinic-N of
the complexed pyridoxine is protonated owing to an enhanced
electrostatic effect from the negatively charged boron once
combined with boric acid. Two contrasting behaviours of peaks
can be observed in the spectra (Fig. 3f); the intensity of peaks 1
and 3 decreases with increasing boron concentration owing to
the consumption of free pyridoxine, whereas the peak 2 intensity
increases as more complex is formed. Therefore, the method can
serve as a boron sensor in the neutral range.

The pH of the sample solution is a key factor influencing the
form of pyridoxine and the pyridoxine—boron complex. To
further explore the applicable pH range of the sensor, we
examined the effect of pH on the quantification of boron. We
observed a shift in the position of peaks 1-3 with pH, with the
maximum wavelength occurring at pH 7 (Fig. 4a). There was
generally a blue shift of peaks 1 and 3 (pure pyridoxine) when
the pH value is higher (basic conditions) or lower (acidic
conditions) than pH 7. The blue shift observed under acidic
pH conditions is less pronounced. Additionally, the absorption
intensities for peaks 1-3 varied with pH, and differences were
also observed in the calibration curves for boron measured at
various pHs (Fig. 4b—d). These effects could influence the
accuracy of boron determination. The most linear response
was found at pH 7. Thus, to obtain the most accurate measure-
ments during actual application, it is necessary to adjust the
solution pH to a value of 7.
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Table 1. Interference by some common ions with the
signal obtained for boron (0.5 mg L_')
The tolerance limit represents the concentration of the ion

causing a >5 % change (+ or —) in the boron signal

Species Tolerance limit (mg L")
NaCl >40 000
KCl >20000
Zn*t >100
Fet 0.5
Mn?* >100
Co*t >100
AP 0.4
NiZ+ >100
NO;~ >100
S04~ >4000

In practical applications, the sample solution could contain
other species that might interfere with the analyte response,
resulting in measurement error. Accordingly, the potential
interfering effect of 11 ions on the signal obtained for a
0.5-mg L' boron solution at neutral pH was investigated
(Table 1). A tolerance in absorbance of +5% caused by
interfering ions was considered acceptable. There is no signifi-
cant interference on the boron signal from ions commonly
occurring in water such as Na*, K, C1-, Zn*", Mn*", Co*",
NiZt, NO;™ and SO,>". The response for boron, however, was
very sensitive to Fe> ", with a tolerance limit of 0.5 mg L' Fe*".
At this concentration of Fe’", a prominent increase in the
intensity of absorbance for boron was recorded. This interfer-
ence restricts the application of the current boron measurement
method. The method is also affected by the presence of AI*",
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Interference by seawater components on the peak 3 absorbance signal precluded its use in the quantitative analysis.

with a tolerance limit of 0.4 mg L' AI’*. The presence of AI**
ions can cause a blue shift in the boron peak due to the pH
change, which is consistent with the results shown in Figs 3
and 4. There is no obvious interference from anions.

In order to explore the influence of other ions, seawater was
used as a test sample and the method of standard additions was
applied. Seawater, collected off the east coast of Singapore,
and filtered to remove particles, had a pH of 8.15 and contained
2.67 mg L' of boron as measured by plasma atomic-emission
spectrometry (Shimadzu ICPE-9820, Kyoto, Japan). Pyridoxine
was added to the seawater sample followed by known amounts
of boron as shown in Fig. 5a. The correlation coefficient (R*) of
peaks 1 and 2 was 0.972 and 0.982 respectively, which indicates
that the calibration plot is still accurate even in real seawater.
For comparison, the calibration curves in freshwater and seawa-
ter are shown in Fig. S3. Based on the calibration curve, the
calculated boron content in seawater was 2.15 mg L™ for peak
1, and 2.31 mg L™" for peak 2, which matches well the value
obtained by atomic-emission spectrometry and demonstrates the
applicability of the new method for measuring boron in a
complex aqueous matrix such as seawater.

In summary, we demonstrate the use of pyridoxine as a novel
reagent for a quick, accurate, portable and sensitive boron
detector based on absorption spectra techniques. This simple
and effective technology for measuring boron concentration in
aqueous solutions is suitable for online analysers, and thus will
have direct applications in environmental analysis.

Supplementary material

Materials used in the present study and experimental details are
available from the Journal’s website.
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