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Some problems connected with boron determination by atomic
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Two atomizers were compared: an N,O—C,H, flame and a stabilized U-shaped
DC arc with aerosol supply. Both the high plasma temperature and the reducing atmo-
sphere obtained by acetylene addition to the argon stream substantially increase the sen-
sitivity of boron determination by atomic absorption spectroscopy (AAS) when the arc
atomizer is used. The results were compared with those for silicon as a control element.
The experimental characteristic concentrations for both elements were compared with
the computed values. The experimentally obtained characteristic concentration for bo-
ron when using the arc atomizer was in better agreement with the calculated value. It was
estimated that the influence of stable monoxide formation on the sensitivity for both ele-
ments was about the same, but reduction of analyte and formation of non-volatile car-
bide particles was more important for boron, which is the main reason for the low sensi-
tivity of boron determination using a flame atomizer. The use of an arc atomizer sup-
presses this interference and significantly improves the sensitivity of the determination.
Keywords: boron, atomic absorption spectroscopy, characteristic concentration, DC arc
plasma.

INTRODUCTION

In our laboratory, a U-shaped DC arc, with argon as the supporting gas, has been
used for a long time as the excitation source for spectrochemical analysis. The construc-
tion details of the arc device, designed for both emission and absorption analysis, have
been described elsewhere.!=3 The data for the use of this source in emission spectro-
metric analysis for the determination of 33 elements are given in Refs. 4 and 5. In spite
of'its very convenient design and shape for absorption measurements, its use in atomic
absorption analysis has been rather limited.2-3:6

In this work, the plasma of the U-shaped arc was investigated as an atomizer for
atomic absorption analysis of boron. Boron belongs to the small group of elements that
exhibit low sensitivity of determination by atomic absorption spectroscopy (AAS). Its
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characteristic concentration, even in the case of the very effective NoO—C,H, flame at-
omizer, is too high. When expressed in pmol/ml, it is two orders of magnitude greater
than for most elements. This could be connected with the low efficiency of boron atom-
ization. Because of'its strong tendency to carbide formation, boron is also very difficult
to determine in a graphite tube furnace.” The use of an inductively coupled plasma
(IPC) as a free atom reservoir could solve the problem of low efficiency of atomization,
but the strong atomic emission compared to the emission of the primary source, hollow
cathode lamp, deteriorates its performance. For the majority elements, the measure-
ments of atomic absorption along the diameter of ICP yields about 10 times smaller
sensitivities than flame AAS,8 but the very high emission intensity of the boron and sili-
con resonance lines hinder their absorption measurements.

In this paper, the measurements of the characteristic concentrations for boron us-
ing an arc and a flame as atomizers were performed on the same commercial atomic ab-
sorption spectrometer, and the results were compared with these obtained on a labora-
tory assembled spectrometer, which included a commercial Lock-in-amplifier and a
mechanical chopper with a chopping frequency of 558 Hz. The results for silicon were
also compared and used as control measurements.

EXPERIMENTAL

Are device.

The arc column of the U-shaped DC arc was stabilized with combined gas and wall stabiliza-
tion. A gas vortex formed the 50 mm long, cylindrically-shaped analytical part of the arc column
which was convenient as a free atom reservoir for atomic absorption measurements. The arc with
aerosol supply was operated at atmospheric pressure. A direct current of 6 A was used in all measure-
ments. The arc device is a modified version of the model employed in earlier studies.3-¢ The modified

B

Fig. 1. Schematic representation of
the U-shaped DC arc device. A and B
— electrodes, C, D and E — metal seg-
ments, F — insulators and G — arc col-
umn.

Aerosol
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central segment enables the easy replacement of the burner head of an atomic absorption spectrome-
ter with the arc device. This new construction gives two possibilities: (i) the arc device can be
mounted on any commercial spectrometer, and (ii) the construction allows rotation around the verti-
cal axis which enables selection of the optimal zone of the analytical part of the plasma column to be
projected on the entrance slit of the monochromator. The cross-section of the arc device and the cen-
tral segment are shown in Fig. 1.

Spectrometers.

Absorption was measured with a Perkin-Elmer atomic absorption spectrometer, Model 360
with a digital read-out unit UDR-3. An argon filled hollow cathode lamp of boron (Perkin-Elmer
Intensitron HCL) was used as the primary source.

For the plasma temperature and the line profiles measurements a 2-meter plane grating spectro-
graph PGS-2 (Carl Zeiss) with a laboratory made attachment for photoelectric detection was used as the
monochromator. Two interchangeable gratings were used: a Zeiss standard grating, 651 grooves/mm,
blazed at 330 nm and Bausch and Lomb echelle grating, 316 grooves/mm, blaze angle 63°26.
Operating conditions.

Argon, with a flow rate of 3.96 I/min, was used as the carrier gas for the arc atomizer. A small
acetylene stream of 0.08 1/min was admixed to the carrier gas to obtain a reducing environment. The
aerosol density was assessed to be 0.030 g of solution per liter of carrier gas—argon. The volume flow
rates for the flame were: 13.1 I/min for NO and 9.6 /min for acetylene.

The rate of liquid aspiration for the flame and the arc (6.52 ml/min and 4.88 ml/min, respec-
tively) were determined by aspiration of 100 ml of water.

The details of the instrumental set-up and the operating conditions are shown in Table I.

RESULTS AND DISCUSSION

The numerical estimation of the characteristic concentration (the concentration re-
quired to produce 1 % absorption) can be evaluated, for given experimental conditions,
from the basic equation relating the integrated absorption coefficient to the number density
of free atom in the ground state, n, and the absorption oscillator strength, qu:9

2
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(4

In analytical atomic absorption spectroscopy, instead of the integrated absorp-
tion, the absorption at the peak of the absorption line is measured. Inserting numerical
values for the constants in the SI system (introducing decadic absorbance and
awssuming a Gaussian profile) the basic relation becomes:

2
2
Ayy = 3.60x10-15 20 Inpfog @
Shp

where 4y, is the peak absorbance, Ap (m) the Doppler width of the absorption line,
Ao (m) the wavelength in the center of the analytical line, / (m) the absorption path
length, fj,q the absorption oscillator strength, and np, is the number density of a free
atom in its ground state (in m—3). If one considers the molar concentration in the ab-
sorption cell (in mol/m3), which is more frequently used in chemistry, instead of the
number density, Eq. (2). becomes:
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Relating the molar concentration in the absorption cell, (cm)gas, to the molar con-
centration of a sample in solution including the dilution factor, fy, and considering the

correction factors from the literature data for sensitivity,:10 one finally obtains for the
sensitivity S (in m3/mol) the following relation:

_dd_ 5 o &p/pa I 1§ L 4)
$= G- 70 SISy 1)

where g;, is the statistical weight of the lower level and Z(7) the partition function.
OApisreplaced by O0A [Eq. 5] which takes into account the HCL line width. The dilu-
tion factor, fy, is the ratio of the total number densities of analyte atoms in the solu-
tion and in the free atom reservoir. P4 is the desolvated fraction, By the volatilized
fraction, B the degree of ionization, and f; the total degree of chemical dissociation.

TABLE I. Instrumentation and operating conditions

U-shaped DC arc

Carrier gas, argon

Reducing gas, acetylene

Aspiration rate

Operating current

Monochromator

Diffraction gratings

Reciprocal linear dispersion at 250 nm

Reciprocal linear dispersion at 250 nm
Lock-in-amplifier

Mechanical chopper

Photomultiplier tube

Recorder

Flame

Oxidant gas, N,O

Fuel gas, acetylene

Aspiration rate

Atomic absorption spectrometer

Reciprocal linear dispersion at 250 nm

3.69 I/min

0.08 1/min

4.88 ml/min

6A

PGS-2 (Carl Zeiss, Jena)

316 grooves/mm (Bausch & Lomb)
0.033 nm/mm (XXII order)

650 grooves/mm (Carl Zeiss)

0.365 nm/mm (II order)

Princeton Applied Research, Model 5101
Princeton Applied Research, Model 125 A
Hamamatsu, R212

B1Gl1 (Carl Zeiss)

13.1 /min

9.6 I/min

6.52 ml/min
Perkin-Elmer, Model 360
1.6 nm/mm (I order)

When the half-intensity width of the source emission line is taken into account, as de-
fined in Refs. 8 and 10, the following relation gives the effective width of the absorption line:

A = (82, + d)\ )2 (%)
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where 8., is the half-width of the absorption line in the arc (or 52 for the absorption
line in the flame) and SAyy is the half-width of the emission line from the HCL.

The characteristic concentrations were evaluated from:

0.0044
Cchar. = S (©)

In the calculation of the characteristic concentration it was assumed that BBy /¢
(1= Bj) = 1. The characteristic concentrations calculated in this way should be consid-
ered as ideal because they are calculated assuming that the atomization of the analyte
(that reaches the atomizer) is complete and that ionization is absent.

The half-intensity widths of the investigated analytical lines emitted in the DC arc
and the boron hollow cathode lamp were evaluated from the measured profiles obtained
with a high resolution echelle grating. Correction for instrumental broadening was esti-
mated by measurements of the iron emission lines from the HCL. The half-width of the
boron emission line was rather large (15 pm) because the argon filled HCL emits abnor-
mally broad boron lines.!! The consequence of this is that the sensitivity of boron deter-
mination is about three times lower than when a neon filled lamp is used. However, the
radiation from an argon filled HCL is more intense then from a neon filled HCL. Be-
cause of the necessity of a high emission intensity of the arc used as a free atom reser-
voir, the use of an argon filled HCL was indispensable. The half-width of the silicon
emission line was calculated in terms of the Doppler half-width corresponding to an av-
erage HCL temperature of 500 K. Data concerning the half-width of the analytical lines,
measured and calculated, are shown in Table II.

TABLE II. Relevant data for the calculation of the characteristic concentrations

Boron Silicon
B12.497x107 m Sil12.5161x10"7 m

Wavelength, A

gf!s 0.45 0.58
Z(5600) 14 5.99 9.67
7(2860) 14 5.97 8.56
ShucL (experimental)* 15x10-12m -
Shgcr (calculated) - 1.22x10-12 m
), (5600) 4.07x10°12m 2.54x10"12m
St (2860) 2.91x10-12 m 1.81x1012 m
Arc temperature 5600 K

Flame temperature 13 2860 K

Absorption path length 0.05 m for both atomizers

fa (arc) 6.26x105

Ja (flame) 3.20x105

*Boron HCL filled with argon
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The temperature of the arc plasma was measured by the method of the relative in-
tensities of iron lines.!2 For the observed horizontal part of the arc column, a value of
5600 K was obtained. The flame temperature was taken from Ref. 13. The electronic
partition functions were evaluated from the data in Ref. 14, and the gf values were taken
from Ref. 15.

The dilution factors, f3, were calculated from the aerosol density!© (0.030 g of so-
lution per 1 I of argon at room temperature) and corrected for gas expansion due to the
temperature of the corresponding atomizer.

From the spectroscopic data given in Table II, the sensitivities S were evaluated using
Eq. (4). From these values, the characteristic concentrations for both the investigated ele-
ments and for both the atomizers, arc and flame, were calculated. The experimental values
of the characteristic concentrations were evaluated from the slope of the analytical curves.
Since the results for boron obtained on the two spectrometers were somewhat different,
those obtained on the laboratory assembled set-up operating at a higher chopper frequency
were preferred. The obtained values are summarized in Table II1.

TABLE III. Calculated and experimental values of the characteristic concentrations for boron and sili-
con obtained with different atomizers

A/ NoO—-C;H; flame ccha,/(g/ml) U-shaped DC arc cgpa,/(1g/ml)
Calculated Experimental Calculated Experimental
B 249.77 0.46 32 0.91 2.9
Si251.61 0.17 1.1 0.50 1.0

For the flame atomizer, a comparison of the calculated and experimental characteris-
tic concentrations shows that the sensitivity of the boron determination is about 70 fold
smaller than that predicted by the calculation. The corresponding value for silicon is only
about 6 fold smaller than the predicted value. For the arc atomizer, the experimental sensi-
tivities are in better accordance with the calculated values for both elements.

Silicon was chosen as the control element since, under the given experimental
conditions, it behaves in the same way as boron in the gaseous phase of both atomizers.
Boron and silicon have very similar ionization energies (8.296 eV and 8.149 eV, respec-
tively), and also the excitation energies of the investigated analytical lines are about the
same (4.96 eV and 4.95 eV). The thermodynamic quantities for monoxides and
monocarbides are about the same for both elements. The fact that the intensities of the
lines for both elements are enhanced by about 30 % on acetylene addition to the carrier
gas suggest that the formation of monoxides contributes less to the atomization effi-
ciency than the formation and vaporization of non-volatile compounds. It is supposed
that the main reason of the low atomization efficiency of boron and of its low determi-
nation sensitivity in the flame atomizer is the formation of non-volatile metal and car-
bide particles. When the DC arc atomizer is used, the temperature is sufficiently high to
compensate this effect. The difference between boron and silicon could be explained by
the formation of a refractory compound, probably B4C. The carbides of silicon are less
stable and could be dissociated in the fuel rich flame.



BORON DETERMINATION BY SPECTROSCOPY 541

CONCLUSION

The high plasma temperature of the U-shaped DC arc close to the axis zone en-
ables the complete dissociation of stable boron molecules. However, due to the high
plasma temperature, the gas expansion decreases the concentration of free atoms and
greatly increases the spectral emission intensity in the absorption cell which hinders the
absorption measurements. The addition of hydrocarbons to the plasma supporting gas
(argon) creates a reducing atmosphere which prevents the formation of stable monox-
ide at lower temperatures making the cooler, peripheral plasma zone, the temperature of
which are close to the optimal one, suitable for absorption measurements.

For the DC arc, the experimentally obtained characteristic concentrations are
comparable to the calculated values, which indicates almost complete atomization.

nu 3 B O I

ITPOBJIEMU BE3AHU 3A OJIPEBUBAKBE BOPA ATOMCKOM AIICOPIIIIMOHOM
CIIEKTPOCKOIIMJOM U ITOBOJBIIAKBE OCETJBUBOCTU

MUPJAHA C. I[TABJIOBUR, JEJIEHA J. CABOBUh u MOMHP MAPUHKOBUHR
Hncmuiiyii 3a nykneapne nayke “Bunua”, Jlabopaiiopuja 3a ¢usuuxy xemujy, i. ip. 522, 11001 Beepao

VYnopehena cy nBa aromusaropa: NoO—CoH, minamMeH u cTaOHIN30BaHU jeTHOCMEPHHU JTYK
U-o6auka. Kana ce kao aToMU3aTOp KOPHCTH JIyK BHCOKAa TEMIEpaTypa IIa3Me M PeayKIHOHA
atMocdepa, 1o0HjeHa 10aaBamkbEeM alleTUIICHA CTPYjH aproHa, ONTHO oBehaBajy 0CeTIBUBOCT Ope-
huBama Gopa aTOMCKOM arcopnuuoHOM criekTpockonujoM (AAS). Pesynratu cy ymopehenu ca
pesynTaTHMa JOOHjeHUM 3a CHJIMINjYM Kao KOHTPOJHHU eIeMeHT. EKcliepiMeHTanHe KapakTepy-
CTHYHE KOHIIEHTpaIMje 3a 00a eleMeHTa cy ynopeleHe ca upadyHaTuM BpeaHoctuma. Kapakre-
pUCTHYHA KOHIEHTpanuja 3a 0op, eKCIepHUMEHTATHO ojapeleHa ca JyKoM Kao aTOMH3aTOpPOM,
Moka3uBaia je 00Jbe ciarame ca u3padyHaToM Bpearohy. [IponemeHo je na je yruiaj GopMmupama
cTaOMITHUX MOHOKCH/JIA Ha OCETJBHBOCT NMPUOIIDKHO HCTa 32 00a eleMeHTa, alli a Cy peIyKuuja u
(dbopMuparme HeHucrnap/pUBHX YeCTHIa KapOua 3Ha4yajHUju KoJ Oopa, MITO MPeCcTaBiba TIIaBHU
pasior majne OCeTJbMBOCTH ojapehuBama Oopa IUIaMEeHMM aTOMH3aTOPOM. YToTpeda Jyka Kao
aToMu3aTopa cy30uja oBe HHTEp(EpeHIINje 1 3HaYajHO MOO0IbIIaBa OCETIHUBOCT.

(ITpumsbeno 13. mapra 2001)
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