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Temporal oscillations in the kinetics of carbothermal reduction of oxides of 10 elements (Al, Bi, Cr, In, Mg, Mn,
PDb, Sb, Sn and Te) have been observed by electrothermal atomic absorption spectrometry. Microgram amounts of
the elements, as their nitrates, were evaporated with slow heating of the graphite tube. With the exception of Al, Cr
and Mn, these oscillations were observed for the first time. Some of the features of this phenomenon are described,
including the effects of sample mass, acidity of the solution, nature of the graphite substrate, the influence of the
presence of Sr and the type of sheathing gas (He and Ar) on the characteristics of Al spikes. Similar results were

obtained in two different laboratories.

The appearance of spikes on absorption signals under con-
ditions of comparatively slow heating (5-20 °C s~ !) of micro-
gram masses of alumina in a graphite furnace (GF) was first
reported in 1981.! This phenomenon was subsequently sub-
jected to a number of studies, mainly by L'vov et al.,>" as a
result of which a gaseous carbide mechanism for the reduction
of oxides by carbon (ROC) was proposed.?!:?> The foundation
of this mechanism is the assumption that the oxide is directly
reduced by gaseous molecules of metal carbides which, in their
turn, form by the interaction of metal vapor with carbon, e.g.
by the reactions:

M(g) +2C(s)>MC,(g) (1)
MC,(g)+2MO(s)—»3M(g)+2 CO (2)

The first of these reactions, initiated by defects in the carbon
structure, occurs on the graphite surface whereas the second
occurs on that of the oxide. Reactions (1) and (2) determine
the boundary conditions for the fluxes of gaseous products
between the solid reactants. Based on this model, many specific
features of the process, in particular, the periodicity of the
spikes noted for Al*! Mn,?"2® Tm,*?"?” and Yb?*!'?* oxides
were explained.?!?> For this reason, it is appropriate to
consider below not only the appearance of fast single spikes,
but more generally, temporal oscillations in the kinetics of
carbothermal reduction of oxides. In the early 90’s, a number
of publications appeared,?®® wherein various groups of
researchers critically discussed details of the gaseous-carbide
mechanism, as applied to reduction of alumina, and questioned
its validity. L’vov3* subsequently responded to all of the
arguments presented against it.

The purpose of this study was to investigate temporal
oscillations for some elements from different Groups of the
Periodic Table (in addition to Al, Cr and Mn) and to examine
the general features of this phenomenon. One may speculate
that the effects noted should also be evident for additional
elements, but are unlikely to arise for those of the iron and
platinum groups, alkali metals or Ag, Au, Cu and Hg. A
second thrust was to compare the experimental results obtained
for the same elements in two different laboratories: the St.
Petersburg State Technical University in Russia (lab 1) and
the National Research Council of Canada (lab 2).

Experimental
Instrumentation and reagents

Measurements made in both laboratories used Perkin-Elmer
(Norwalk, CT, USA) Model 5000 spectrometers equipped
with HGA-500 graphite furnaces and AS-40 autosamplers.
Hollow-cathode lamps (HCL’s), electrodeless discharge lamps
(EDL’s) and a deuterium lamp (D,) were used as light sources.
Absorption signals were registered using personal computers
and laboratory developed programs. Standard pyrolytic graph-
ite coated tubes were employed in most cases. Argon contain-
ing not more than 1 x 1073 % oxygen served as a sheath gas.
Helium was used for the internal purge gas in some
experiments.

Procedures

The first stage of the study consisted of the selection of
optimum experimental conditions for each of the investigated
elements in order to record the absorbance signal during the
process of slow evaporation of microgram masses of metal
oxides. For this purpose, secondary low-sensitivity lines were
used. In some cases, such lines are absent (Mg and Mn) or
are located in the visible part of the spectrum (Cr), incon-
venient for the absorption measurement at high tube tempera-
tures. Because of this, a D,-lamp, in combination with a
narrow slit width, was used in these cases. The second stage
of the study consisted of the selection of optimum conditions
for the generation of temporal oscillations. Several factors
were varied: the concentration, acidity and volume of solution
injected; substrate type (uncoated and pyrolytic graphite
coated, new and old tubes); wall and platform evaporation;
rate of heating during the dry and atomization stages; and
internal flow rate of argon. In some cases, 0.1-10 pug of Sr, as
its nitrate, was added to the sample. All experiments were
repeated at least 5-10 times to obtain a measure of the
reproducibility of the results.

The parameters for atomic absorption measurements and
the heating programs used in both laboratories are given in
Tables 1 and 2 (only those parameters were included which
correspond to the results presented below).
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Fig. 1 Oscillation profiles for Al recorded under conditions given in
Tables 2 (a) and 1 ().

Results and discussion
Atomic absorption spike profiles

Figs. 1-10 contain some typical spike profiles for Al, Bi, Cr,
In, Mg, Mn, Pb, Sb, Sn and Te. For 7 of these 10 elements
(exceptions being Al, Cr and Mn), these temporal oscillations
are reported here for the first time. For all elements, the
oscillation profiles obtained in the two different laboratories
were very similar (see Figs. 3, 4, 6, 7 and 9, for illustration).
From a cursory examination of these data, some general
differences in the shape and position of the spikes becomes
apparent. For Al, Cr, In, Sb, Sn and Te, they are located on
the front of the thermal dissociation pulse, but for Bi, Mg, Mn,
PDb, on its tail. Additionally, two different types of ‘spikes’ arise:
fast and sharp spikes for Al and Mn and smooth oscillations
for the other elements. In some cases (Sb, for example), spikes
of both types occur. Table 3 contains some additional character-

istics of these temporal oscillation profiles: mean values of spike
widths and intervals between the spikes. The scatter in the
values of these measured parameters is in the range 20-30%
and is typical of the reproducibility of these phenomena.

Activation energies

The most convincing argument for the ROC origin of these
temporal oscillations is the apparent value of the activation
energy, E, (summarised in Table 4), associated with the rising
part of the spike®?:

E,=RIn (Az/A1)/(T1_1_T2_1) 3)

Here R is the gas constant and the absorbance and correspond-
ing temperature values used for the calculation of E, (4,, 4,
and T, T,) are taken from the profiles presented in
Figs. 1-10. The error in calculations associated with an uncer-
tainty in temperature calibration of the HGA-500 power
supply (within +100°C) is not higher than 20%. As evident
from Table 4, these apparent E, values for the spikes are much
higher than the theoretical values of activation energies calcu-
lated3® for the process of thermal dissociation of oxides in the
equimolar mode for all the elements investigated. This clearly
demonstrates the accelerating character of the process, which
is typical for the autocatalytic ROC mechanism. A substantial
longitudinal non-isothermality in the temperature of the graph-
ite tube occurs when HGA-type atomizers are used and thus
one must entertain the possibility that the oscillations are due
to analyte condensation/re-vaporisation phenomena. In light
of the element specificity of the effect, however, it is unlikely
that this can be considered as correct. This problem has earlier
been discussed in detail by L'vov.>*

Characteristics of oxides

It is interesting to correlate the differences in spike profiles for
the elements investigated with any differences in the character-
istics of their oxides. In Table 5, the melting points and
enthalpies of formation for these oxides®® are presented. As
can be seen from the comparison of the melting points with
the temperatures corresponding to the oscillation process, only
oxides of Mg, In and Cr remain in the solid state during the

Table 1 Experimental conditions used in lab 1 for observation of spike profiles presented in Figs. 1-10

Heating program

Heating
Wave- Light Current/ Mass/ Volume/  Temperature/ Ramp time/ Hold rate/ Ar flow/
Element length/nm source” mA Slit/nm  pg ul °C s time/s °Cs! ml min ! Solution
Al 309.3 HCL(LSP-1) 15 0.07 11 5 130 20 40 1%HNO,
1500 1 5
2300 80 0 10 50
Bi 227.7 HCL(LSP-1) 20 0.7 4 20 150 10 40 20%HNO,
800 1 5
1700 75 0 12 50
Cr 429.0 HCL(LSP-1) 25 0.07 2 20 150 10 40 10%HNO;
1500 1 5
2300 70 0 11 300
In 410.2 HCL(LSP-1) 20 0.07 3 20 150 10 40 10%HNO;
1200 1 5
1900 60 0 12 20
Mg 285.2 D, — 0.07 11 5 150 10 40 1%HNO;
1500 1 5
2400 60 0 15 20
Mn 2222 HCL(P-E) 20 0.2 2 20 150 10 40 3%HNO;
1300 1 5
2100 80 0 10 10
Pb 205.3 HCL (P-E) 12 0.7 5 20 150 10 40 20%HNO;
600 1 10
1800 70 0 17 30
Sb 231.1 EDL (P-E) 400 0.2 19 20 200 1 5 20%HNO;
110 1 50
1200 5 5
1900 60 0 12 50
Sn 254.7 HCL(P-E) 20 0.2 13 20 150 10 40 5%H,80,
1100 5 5
2200 70 0 16 30
Te 2259 EDL(P-E) 400 0.2 6 20 130 1 3 10%HNO;
150 30 20
800 1 5
2000 60 0 20 50

“P-E: Perkin-Elmer; LSP-1: manufactured in Russia.
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Table 2 Experimental conditions used in lab 2 for observation of spike profiles presented in Figs. 1-14

Heating program

Heating Internal
Wavelength/ Light Current/ Slit/  Mass/ Volume, Temperature/ Ramp Hold rate/ gas flow/
Element nm source” mA nm ng ul °C time/s time/s °Cs™! ml min~* Solution
Al 309.3 HCL(H) 15 1 5 150 1 40 19%HCI
007 (+2pgSr)  (+5piSr) 1700 1 5
2100 60 0 7 20(Ar)
Al 309.3 HCL(H) 15 0.2 9 20 150 1 40 20%HNO;
(+1pgSr)  (+5 pISr) 1950 1 5
2250 50 0 6 40(He)
Cr 357.9 D, — 17 20 150 10 40 4%HNO;
0.07 1500 1 5
1900 30 0 13 300(Ar)
In 410.2 HCL(C) 6 0.2 4 10 150 10 40 10%HNO,
1100 1 5
1800 60 0 12 30(Ar)
Mn 279.5 D, — 19 15 150 10 40 3%HNO;
007 (+1pgSr)  (+5piSr) 1400 1 5
2100 60 0 12 50(Ar)
Pb 205.3 HCL(H) 15 0.2 5 20 150 10 40 5%HNO;
700 1 10
1700 60 0 17 30(Ar)
Sn 254.7 HCL(H) 15 0.7 10 20 150 10 40 30%HNO;
1100 5 5
2200 60 0 18 50(Ar)
Sn 254.7 HCL(H) 15 0.7 10 20 180 1 40 4%H,S0,
300 5 5
500 1 5
2200 50 0 34 20(He)
“C: Cathoden; H: Hamamatsu.
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Fig. 3 Oscillation profiles for Cr recorded under conditions given in
Tables 2 (a) and 1 (b).

Fig. 4 Oscillation profiles for In recorded under conditions given in
Table 2 (a) and 1 (b).
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Fig. 5 Oscillation profile for Mg recorded under conditions given

in Table 1.
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Fig. 6 Oscillation profiles for Mn recorded under conditions given in
Tables 2 (a) and 1 (b).
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Fig. 7 Oscillation profiles for Pb recorded under conditions given in
Tables 2 (a) and 1 ().

oscillation period. Oxides of Pb, Sb, Bi and Te are in a liquid
state from the very beginning of the oscillations and oxides of
Al, Sn and Mn are in a solid state in the beginning, and in a
liquid state by the end of the oscillation period. Despite these
significant differences in the physical states of the oxides during
the oscillation process, no differences in the character of the
oscillations can be noted.

Very significant differences in the enthalpies of formation
for these oxides also exist. For Al,O; (the most stable) and
PbO (the most unstable), the enthalpies (per one metal atom)
differ by about 4-fold. This explains, firstly, the difference in
the appearance temperatures of the spikes for these elements
(2000 K and 1100 K, respectively) and, secondly, the dramatic
difference in associated activation energy values (Table 4). It
is also possible to relate this enthalpy distinction to the
difference in the width of the spikes (Table 3). Nevertheless,
this last correlation does not appear to be very reliable or, in
any case, unambiguous. As shown later, the width of the
spikes, to a large extent, is a function of sample mass and
graphite substrate conditions.

1022 J. Anal. At. Spectrom., 1999, 14, 1019-1024
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Fig. 8 Oscillation profile for Sb recorded under conditions given
in Table 1.

Table 3 Spike characteristics

Mean*
Mean* temperature
Heating spike interval
Mass/ rate/ Ar flow/ width/ between
Element pg °Cs™! mlmin~' °C spikes/"C Reference
Al 1 10 20 12 89 Fig. la
Bi 4 12 50 29 67 Fig. 2
Cr 2 11 300 20 57 Fig. 3b
In 3 12 20 35 88 Fig. 4b
Mg 11 15 20 30 60 Fig. 5b
Mn 2 10 10 17 38 Fig. 6b
Pb 5 17 30 47 75 Fig. 7a
Sb 19 12 50 9 30 Fig. 8
Sn 13 16 30 26 72 Fig. 9b
Te 10 20 50 42 107 Fig. 10
“Typical reproducibility is +20-30% RSD.
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Fig. 9 Oscillation profiles for Sn recorded under conditions given in
Tables 2 (a) and 1 (b).

Effect of sample mass

As an illustration of the effect of analyte mass on the width
of the spikes, Fig. 11 and Table 6 present the results obtained
for aluminium. In all cases, the width of the first spike was
utilized. It is clear that the width varies nearly proportionally
to the analyte mass in the range 10 to 200 pg Al.
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Fig. 10 Oscillation profile for Te recorded under conditions given

in Table 1.

Table 4 Activation energies for the elements investigated
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1700
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E¢ E}/
Element T,/ K T,/K Ay A, kJ mol ™! kJ mol ™!
Al 2059 2064 0.05 1.71 25000 651
Bi 1301 1307 0.66 0.87 650 257
Cr 1783 1848 0.05 0.55 1010 537
In 1523 1583 0.02 0.30 900 394
Mg 1783 1938 0.02 0.81 690 489
Mn 1400 1803 0.02 0.76 700 436
Pb 1057 1103 0.02 0.35 600 268
Sb 1378 1403 0.04 0.66 1800 329
Sn 1618 1626 0.13 1.28 6250 432
Te 1638 1663 0.54 0.91 470 233

“E,: apparent activation energy; "E, : calculated for thermal dissociation (e-mode).>®

Table 5 Thermal characteristics of oxides®

Effect of solution acidity

In some cases an increase in solution acidity stimulated
temporal oscillations. Therefore, practically all solutions were
acidified to contain up to 20-30% HNO; or H,SO, (for tin).
This effect may be associated with the activation of the graphite
surface and, as a result, with formation of gaseous carbides.’

Effect of graphite substrate

Graphite substrate conditions are of primary importance
among other parameters which affect the generation of tem-
poral oscillations. Pyrolytic graphite coated tubes are prefer-
able in all cases. For most of the elements tested, new tubes
(up to 20-30 firings) promote better results than used ones.

In some cases, the influence of the graphite substrate on the
width of the spikes was evident. The width of spikes generated
in the process of carbothermal reduction of MnO from a
pyrolytic graphite platform (Fig. 12) is about 6-fold less than
those from a pyrolytic graphite coated tube wall (Fig. 6).
Additionally, a difference in the position of spikes on the front
(Fig. 12) and on the tail (Fig. 6) is evident. Unfortunately,
temporal oscillations for samples deposited on the platform
are more difficult to generate, likely as a result of a difference
in the structure of the pyrolytic graphite. This difference in
the spike shapes requires further consideration.

Effect of sheath gas

Experiments on the observation of temporal oscillations were
performed using helium as a sheath gas for Al and Sn. For
Al, the spike width in He (Fig. 13) is less than that in Ar
(Fig. 1b). In contrast, for Sn, the spike width in He (Fig. 14)
is larger than that in Ar (Fig. 9b). An interesting feature of
this trace is the appearance of a very sharp spike at 2000 °C.
In both cases, the shift of oscillations in He to about 200—
300 °C higher apparent tube wall temperature is connected
with the much higher thermal conductivity of He and, as a

Group Oxide T/K -AH" 505 /kJ mol ™!
Ila MgO 3100 601.5 1.5
e ALO, 2327 1675.7
Ila In,0, 2186 926.3
IVa SnO, 1903 557.6
IVa PbO 1160 218.6
Va Sb,0; 928 699.6
Va Bi,0; 1090 578.2 o 1}
VIb Cr,0, 2705 1140.6 g
Vla TeO, 1006 322.0 <
Vila MnO 2058 385.4 =
§
o <05
Table 6 Dependence of spike width on mass of Al*
Mass/pg Width/s u
10 1.5 0
20 2.8
n 6o 1600 1700 1800
80 11.0 Temperature/°C
100 14
300 ) o . 2 Fig. 12 Oscillation profile for 3.5 ug Mn evaporated from a pyrolytic
Typical reproducibility is 20-30% RSD. graphite platform at 10 °C s~ ! heating rate and 300 ml min ! internal
flow of Ar.>’
2.0 2.0
(@ (©
o 15F 1.5}
<
£
2
= 1O} 1O}
2
<
0.5 | 0.5
0 1 1 1 O I 1 1
21 27 33 39 21 27 33 39 45

Time/s

Fig. 11 First spike of aluminium for (a) 10; (b) 40 and (c) 100 pg Al
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Fig. 13 Oscillation profile for Al recorded under conditions given in
Table 2 (in He).
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Fig. 14 Oscillation profile for Sn recorded under conditions given in
Table 2 (in He).

result, with the difference in the real tube temperature in
different gases at the same input power.

Effect of Sr addition

As noted earlier,** addition of Sr greatly stimulates temporal
oscillations in the process of carbothermal reduction of Al
and Mn oxides in a spatially isothermal transverse-heated
graphite atomizer (THGA). The frequency of oscillations and
their regularity in the presence of a small addition of Sr (as
its nitrate) were much higher than those in the absence of Sr.
Such comparative experiments were repeated with all the
elements using non-isothermal HGA tubes. The same stimula-
tion of oscillations was observed for Al (Fig.1) and Mn
(Fig. 6) but no effect of Sr on oscillations for other elements
was evident. No reasonable explanation for this can be
advanced at this time.

Conclusions

The most significant result of these investigations is the obser-
vation of temporal oscillations in the kinetics of carbothermal
reduction of oxides of different elements from several Groups
of the Periodic Table. The mechanism of gaseous carbide
reduction, which was applied to Al,O; reduction, can thus be
extended to the oxides of many other elements (Bi, In, Mn,
Pb, Sb, Sn, Te, etc.), suggesting that the formation of gaseous
carbides is a much more typical phenomenon than generally
accepted. The most efficient approach to verify this implication
is the investigation of the gas phase composition by means of
mass spectrometry, as so clearly demonstrated more than 10
years ago by Styris et al. with oxides of Al Be,* Se,* Ga
and In,*! and Mg, Ca, Sr and Ba.*> The observation of an
over-equilibrium concentration of gaseous carbides in the
process of carbothermal reduction of metal oxides is a result
of fundamental importance and deserves further and more
intensive investigation.

It is recognised that this study has been primarily a descrip-

1024 J. Anal. At. Spectrom., 1999, 14, 1019-1024

tive or phenomenological investigation, with little comprehen-
sive interpretation of the data. The primary purpose of this
report was to stimulate further research into this effect by the
analytical community.
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