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Abstract: The effect of the ethanol load on the discharge and analytical parameters of an
argon stabilised U-shaped DC arc has been recorded. Measurements of the radial distri-
bution of the apparent temperatures and the electron number density of the DC plasma
showed that ethanol addition causes a decrease in both plasma parameters. The changes
in the plasma characteristics, as well as in transport and atomisation processes of the
analyte cause a general change in the spectral line intensities, which depends on the
physical characteristics of the analyte and the quantity of ethanol loaded into the plasma.
Improved detection limits were obtained for V and Mn when a 10 % (v/v) water—ethanol
solution was nebulized into the plasma.

Keywords: U-shaped DC arc, emission spectroscopy, ethanol addition, radial temperature
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INTRODUCTION
At the present moment of enormous development in material science, organic
compounds are frequently used as reactive components in various plasma chemical or
technological applications. Organic compounds (especially solvents) are also used in the
course of various analytical procedures and/or are present as constituents in the analyses of
natural samples. Thus, these species reach the gas plasma (either a chemical reactor or
analytical plasma source), taking part in different elementary processes. Therefore, the
understanding of the influence of such components on the physical and analytical
characteristics of a plasma is of essential importance in analytical atomic spcetrometry, as
well as in plasma chemistry and plasma processing. This effect has been investigated
mainly in flames!—3 and inductively coupled plasmas*13 and seldom in DC plasmas.14
The reference data considering this subject are generally controversial, mainly due to
the incomplete understanding of the effect and to different experimental conditions.
The purpose of this work was to provide a detailed investigation of the influence of
ethanol addition on the excitation and analytical characteristics of DC plasma. The paper
#  Serbian Chemical Society active member.
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reports the results of an emission spectroscopic study of an ethanol loaded argon stabilised
U-shaped DC arc with emphasise on the radial distributions of the apparent temperatures
and of the electron number density. On the basis of plasma diagnostics, the main plasma
processes relevant for analytical applications are discussed.

EXPERIMENTAL

An argon stabilised U-shaped DC arc with an aerosol supply was used as the excitation source. A
modified version of the arc which provided better uniformity of the plasma along the observation path was
applied. A detailed descritpion of the arc device is given elsewhere. !

The employed U-shaped DC arc is mainly characterised by a well-defined, relatively long, horizontal,
cylindrically shaped arc column. In order to investigate the influence of ethanol addition on the arc plasma
characteristics, samples with and without ethanol were loaded to the plasma column. Aqueous solutions in the
form of an aerosol were introduced with the argon flow, tangential to the central section of the arc column. The
solutions were nebulized by the argon stream with a nebulizer connected with a double pass Scott-type spray
chamber. Ethanol was chosen as being one of the most frequently used organic solvents.

A laboratory modified spectrograph PGS-2 equipped with a good quality grating and predisperser was
used as a spectrometer. The analyte spectral lines were photoelectrically detected and recorded using a PC.
The instrumentation and operation conditions are listed in Table .

TABLE I. Instrumentation and operation conditions

Excitation source Argon stabilized U-shaped DC arc
Spectrograph PGS-2; Carl Zeiss; Jena
Grating Baush&Lamb; 600 grooves/mm; blaze angle 48.9°
Photomultiplier R-106 (Hamamatsu)
AD conversion card ED-300
Arc current 75A
Nebulizer Meinhard; TR-30-C1
Argon flow 2 dm3/min
Entrance slit/mm 0.06 for HB and Hv lines; 0.1 for other lines
Exit slit/mm 0.1

For the purpose of plasma diagnostics, the radial distributions of the temperature and electron number
density, being the most significant fundamental plasma parameters, were determined. The horizontal part of
the arc column was kept parallel with the optical axis of the monochromator, thus enabling end-on
observation. The arc plasma column was vertically shifted by 0.5 mm steps and the radiation from the various
sections of the cylindrically symmetric plasma column was focused on the entrance slit of the monochroma-
tor. In this way radiation emitted from a rather large volume of the arc column was measured in the end-on
direction while the observation positions were located at different radial distances from the arc axis.

Due to the spatial inhomogeneity of the radiation emitted from the plasma, different thermometric
species had to be applied.!® The excitation temperature was determined from Boltzmann plots of titanium
ionic lines in the plasma region from 2 to 4 mm from the arc axis. Titanium was added to the solution at a
concentration of 1.25 mg/ml. The most intensive lines of the set were previously tested by self-absorption.

At distances further from the arc axis (» >4 mm), in the plasma periphery, the temperature was evalu-
ated from the rotational lines of the OH AZE" — X2IT band spectra. The physical parameters of the spectral
lines used for temperature determinations are specified in Tables II and III.

The electron number density was evaluated from the Stark broadening of the hydrogen Hg and H, lines
by applying the theory of Vidal et al.!” The spectral line profiles were scanned at different radial distances
from the arc axis thus enabling the determination of the radial distribution of the electron number density.
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Besides plasma diagnostics, specific regard was paid in the experimental to the effect that ethanol
plasma load had on the analytical performances in U-shaped arc plasma-atomic emission spectrometry
(AES). Therefore, the spectral line intensities of various trace elements were measured. The influence of
ethanol addition on the radial distribution of the spectral lines was investigated.

TABLE II. Physical parameters of the Ti ionic lines selected for the determination of the temperature

AMnm E oy fom’! log gf
324.199 30837 -0.12
323.904 30959 -0.02
323.228 39927 -0.25
322.940 40075 -0.45
322919 30959 -0.57
322.861 39677 -0.20
322.284 31114 —0.49

TABLE III. Physical parameters of the rotational lines of the OH band selected for determination of the
temperature

A/nm EgyJem’! g4
307.703 32778.49 8.9
307.437 32947.05 12.8
307.303 36902.90 57.2
307.114 36393.24 532
306.968 35911.59 49.1
306918 33630.38 248
306.928 33949.67 28.8

The enhancement factor (the ratio of the net spectral line intensity in the presence and in the absence of
ethanol) of atomic and ionic lines of elements with different ionisation energies was measured too.

All the solutions contained 0.5 % (w/v) of KCIl, known as a spectrochemical buffer. The optimal
conditions for stable arc burning and maximum signal to background ratio was achieved with 10 % (v/v) of
ethanol in the solutions.

THEORETICAL
Calculation of equilibrium plasma composition

One of the important features for the complete understanding of the elementary pro-
cesses and the definition of the state of a gas plasma is the concentration of various species
of such a complex system. Numerous chemical components are present in various plasma
zones as a result of chemical reactions. The knowledge of their yield is of great importance
for the development and improvement of new technological processes.

The method of minimising the Gibbs free energy function, together with the mass
action law and the charge conservation principle was applied!8 for the calculation of the
equilibrium plasma composition of the plasma burning in argon as the plasma gas both
with and without the addition of ethanol.



112 RASKOVIC et al.

It was supposed that the plasma is a monophase system with a constant ratio of the
main and added components in the stationary state, at a pressure of 1 bar and in the
temperature range corresponding to the experimentally found values. The calculations
were performed taking into account the most probable collision processes.

RESULTS AND DISCUSSION
Radial distribution of temperature

The radial distributions of temperature, determined for the horizontal argon arc
plasma column are presented in Fig. 1a. The results are given for the arc burning with and
without ethanol and with 0.25 % of KCI. The experimental measurements show that the
addition of ethanol causes a decrease in the excitation temperature in the plasma region
from 2 to 6 mm from the arc axis. It was not possible to measure the temperature in the
plasma core from the radiation densities of the applied thermometric species. Namely, the
main feature of this plasma is a spatially inhomogeneous emission primarily caused by the
demixing effect.!® The shape and maximum position of the radial radiation density
distribution depend dominantly on the ionisation energy of the elements. The non-easily
ionised elements are excited in the centre of the plasma core while the easily ionised
elements are excited at distances further from the arc axis.
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Fig. 1. Radial distributions of a) temperature and b) electron number density of the arc burning without and
with ethanol.

Therefore, the temperature in the region 2 mm from the arc axis is estimated from
theoretical calculations of the equilibrium plasma composition. The equilibrium number
densities of various species in dependence on the temperature are presented in Fig. 2. Thus,
the temperature distribution in the plasma core corresponding to the electron number
densities measured from the Stark broadening are taken from theoretical calculations.
These values are presented in Fig. 1a. It is evident that the decrease in temperature obtained
in the plasma core is on average lower than in the plasma periphery.
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TABLE IV. Excitation temperatures with absolute errors of determination

Radial distance/mm 3 5
Aqueous solution Toxe = 5790 K AT=T70K Toxe=3450K AT=90K
Aq.-ethanol mixt.; 10 % (v/v) T =4090 K AT =90 K Toxe= 2280 K AT=120K

It should be added that although the optimal conditions for arc burning were attained
with an aqueous solution containing 10 % (v/v) of ethanol, the stability of the arc burning
was higher without ethanol. The error of the slope of the Boltzmann plot is higher in the
temperature determinations of the arc burning in the presence of ethanol than without
ethanol, for both thermometric species. This is illustrated in Table IV, for two different arc
radial positions.

Radial distribution of the electron number density

Under the employed experimental conditions and by application of the Stark broad-
ening method, the electron number densities could be determined only in plasma core re-
gion, up to 2.5 mm from the arc axis and the obtained results are presented in Fig. 1b. In the
plasma periphery, the electron number density was estimated on the basis of the equilib-
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rium plasma composition and experimental measurements of the temperature, considering
LTE concept prevails in the U-shaped arc plasma.!¢ The decrease in temperature causes a
decrease in the electron number density, this effect being more pronounced in the plasma
periphery when 7> 4 mm.

The equilibrium plasma compositions as a function of temperature with ethanol addi-
tion are presented in Fig. 2 for ionic a) and atomic b) components. The addition of ethanol
slightly changes the relative ratio of the main components, i.e., Ar, H, O and C. Considering
the neutral species, it can be concluded that in the high temperature region the main compo-
nent (besides Ar) is atomic hydrogen while in the plasma periphery it is molecular hydrogen.
Due to the high thermal conductivity of hydrogen (compared to Ar), the increase in the num-
ber density of hydrogen may decrease the plasma temperature. If ionic species are consid-
ered, it can be concluded that in the high temperature region the main source of electrons is
ionisation of Ar (plasma gas). In the plasma periphery (7'< 5500 K), the electrons come from
the ionisation of K (spectrochemical buffer). In this region the lowering of the electron num-
ber density is more pronounced with decreasing temperature.

Influence of ethanol load on spectral line intensities

The addition of 10 % of ethanol into the investigated solution caused the enhancement
of the emitted intensities of the spectral lines. The scanned emitted spectra of titanium, in
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spectral region from 320 to 324 nm, is presented, as an illustration, in Fig. 3a without and b
with ethanol addition. Both spectra were recorded at a radial distance of 3 mm from the arc
axis, under the same experimental conditions. The enhancement of the emitted radiation
densities depends not only on the amount of added ethanol but also on the physical
parameters of the element analyzed and on the radial distance from the arc axis. Such a
complex dependence is a consequence of the numerous elementary processes that take
place during ethanol loading.

In order to investigate the influence of the quantity of ethanol loaded to the plasma on
the emitted radiations, the relative spectral line intensity of V 1437.9 nm was measured in
the presence of ethanol in concentrations up to 40 % (v/v) and the results are presented in
Fig. 4. It is obvious that the addition of ethanol causes an enhancement of the spectral line
intensity. If the concentration of ethanol in water is increased above a certain limit (above
40 %), the plasma is unstable and is extinguished.

2.5 4
Ia/IO
2.0
1.5 4
1.0
0.5 T T T 1
0 10 20 30 40 Fig. 4. Influence of the ethanol concen-
ethanol concetration (%) tration on the enhancement factor of the
V1437.9 nm line.

The dependence of the enhancement effect of ethanol addition on the physical param-
eters of the analysed element was investigated by the determination of the enhancement
factors of both the atomic and ionic lines of elements with different ionisation energies. The
observed results are given in Table V for the atomic and ionic lines of trace elements such
as V, Ti, Mn, Fe and Be and of H and Ar which are present in the plasma in higher concen-
trations. It can be concluded that the enhancement factors for both atomic and ionic lines of
similar excitation energies (3.2 — 4.8 eV) of trace elements are approximately constant,
ranging from 1.6 to 2.2. The radii of the emission maximum are generally further from the
arc axis when the first ionisation energy of the element is lower. The maximum of the en-
hancement factor is not always at the same radial position as the maximum of the spectral
line without addition of ethanol. In the case of elements with higher ionisation energies, i.c.,
H and Ar present in higher concentration in the plasma, there is slight enhancement for H
and decrease for Ar when ethanol is added to the plasma.
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TABLE V. The enhancement factors of the spectral line intensities due to the presence of ethanol in the
analysed solutions

Element E;/eV Type of line A/nm E./eV Fmax/Mm  Enhancement
\% 6.74 I 296.28 4.28 3.5 2.1
11 294.46 4.58 2.5 1.85
Ti 6.82 I 365.35 3.44 2.5 1.58
I 323.9 491 2.0 1.87
Mn 7.43 I 280.11 4.43 1.5 1.69
1I 260.57 4.75 1.0 1.99
Fe 7.87 I 302.58 4.21 2.5 2.18
I 261.19 4.79 2.0 1.88
Be 9.39 I 234.86 5.28 1.0 1.7
H 13.59 I 434.05 13.84 0 1.1
Ar 15.75 1 433.35 14.68 0 0.7

The specific effect of ethanol addition was observed in the case of the OH radical. The
enhancement factors of the OH band head are presented in Table VI for different radial
distances from the arc axis. The intensity of the head of the OH band is increased in the
presence of ethanol in the peripheral arc zones. This low temperature zone is obviously
convenient for OH band excitation, especially in the presence of ethanol.

TABLE VI. Enhancement factor of the band head 306.357 nm of the OH radical

7/mm 0.5 1.5 2.5 35 4.5 5.0
Enhancement 0.90 0.89 0.89 1.0 1.29 1.55

It can be concluded that the explanation of spectral line intensity enhancement caused
by ethanol addition in thermal plasma is not simple. Its explanation requires the si-
multaneous consideration of the processes of sample transport, nebulization, evaporation,
atomisation, excitation and ionisation.

Namely, on the one hand, the addition of ethanol causes changes in the plasma
parameters, i.e., decrease in temperature and in electron number density. This is convenient
for the excitation of some analytes. On the other hand, the addition of ethanol also changes
factors which determine the introduction of the aerosol into the plasma and transport
processes in the plasma. Our measurements (which are in accordance with literature
data>7-14) show that due to the higher viscosity of a 10 % (v/v) ethanol-water mixture than
that of water, the sample is introduced more slowly into the plasma.!4 However, as the
surface tension of the ethanol-water solution is lower and evaporation is higher than in the
case of water, the efficiency of nebulization of the ethanol-water solution is enhanced by
about 20 %. The difference in the physical parameters of the solution also causes a
difference in the distribution of the aerosol drop size.® Therefore, in spite of the lower
uptake rate of the solution on addition of ethanol, the atomisation is enhanced and analyte
concentration in the plasma is generally higher in the presence of ethanol.
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Influence of ethanol load on the analytical parameters of V and Mn

The observed enhancement effect of ethanol addition on the spectral line intensities
was applied for the quantitative determination of trace elements in solutions containing
ethanol. Calibration graphs for the V 1437.9 nm and Mn 1403.1 nm lines with and without

ethanol addition are presented in Fig. 5a and b.
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Fig. 5. Calibration lines for a) V 1437.9 nm and b) Mn [ 403.1 nm : (O) aqueous solutions, (m) solutions
with 10 % of ethanol.

TABLE VII. Relative standard deviations and detection limits of the V1437.9 nm and Mn 1403.1 nm spectral
lines without and with the addition of 10 % (v/v) of ethanol

Element VI Mn 1

Solution ~ 0.5%KCI 0.5%KCI+10%EtOH 0.5 % KCl 0.5 % KCI1 + 10 % EtOH

RSD/% 0.2 0.3 0.8 0.9
DL/(ug/mL) 2.0 x1072 1.0 x102 1.5 103 1.0 x1073

It can be concluded that addition of ethanol results in a higher slope of the analytical
graphs, i.e., causes an increase in the sensitivity of the determination of both elements. The
relative standard deviations (RSD) of the background emission and the detection limits
(DL) with and without ethanol are presented in Table VII. Although the RSD of the back-
ground is higher in the presence of the ethanol-water mixture, the detection limit is
impoved with ethanol addition. This fact can be practically applied for the analytical deter-
mination of trace elements.
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n3BOJN

EKCHUTAIVWOHE 1 AHAIIMTUYKE KAPAKTEPHMCTHUKE JETHOCMEPHOT JIYKA
U-OBJIMKA Y ITPUCYCTBY ETAHOIJIA

MAPUJA PAIIKOBUE ', UBAHKA XOJNLIAJTHEP-AHTYHOBWR |, MUPJAHA TPUTTKOBUR2 i IPATAH
MAPKOBWR2

1 Daxyaitieiti 3a pusuuky xemujy, Ynusepsuitieiti y beozpaoy, . iip. 137, 11001 Beozpao u ZI/IHctﬁmﬂym 3a pusuxy, i. up. 57,
11001 Beozpao

HcnuruBal je yTunaj eraHoja Ha KapaKTEPUCTHKE MPAXKHkEmha U aHAIUTUYKE MapaMeTpe
aproHOM CTaOWJIMCAHOT jefHOCMepHOr ayKa U-o6mmka. Mepema pagujaHAX pacrofiesia TeMIle-
patypa 1 OpojuaHe I'yCTUHE eJIEKTPOHA JIy4He IIa3Me Cy IoKa3ana fia JofaTak eTaHosa JOBOJU 0
CHIDKEHa 00a IOMeHyTa napamerpa. ITpoMeHe y KapakTepucTiKama Ijia3sMe Kao U 'y TPaHCIOPT-
HUM ¥ TIpOIecHMa aTOMU3ALHje, TeHePaTHO MEHajy MHTEH3UTETe CIeKTpaIHuX JuHuja. OBe mpo-
MeHe 3aBHce Off (PUBUUKUX KaPAaKTePUCTHKA aHAJIUTa U KONUUKMHE YBEJeHOT eTaHoJIa Y IiasMy. 3a-
naxkeHu egekar je uckopuuiheH 3a NOOObLIABE AHATUTUUKUX KapAKTEPUCTUKA WCIUTUBAHOT
nyka. [JoOujeHe cy HIDKe TpaHMIe fieTekuje 3a V 1 Mn Kajja ce y IU1a3My pachpiilyje BOJEeHU
pactBop eranoina KoHneHTpammje 10 % (v/v).

(TTpumbeno 26. jyna 2002)
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