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ABSTRACT

A comparative evaluation was
carried out to determine the
trace metallic constituents in
nuclear-grade BeO by D.C. arc
carrier distillation and inductively
coupled plasma atomic emission
spectrometry. D.C. arc carrier
distillation is accomplished by
physical separation of the major
matrix to avoid interference,
while ICP-AES employs the solu-
tion route because chemical sep-
aration of the major matrix is
preferred. The method was opti-
mized for Ca, Fe, Mg, Mn, Si, Na,
Li, Al, B, Cd, Cr, Cu, Ni, and Zn at
minor and trace levels and was
optimized using multiple stan-
dards and validated using syn-
thetic samples. The analytical
performance for both techniques,
including detection limits, sensi-
tivity, linear dynamic range, etc.,
was compared. Though both
techniques were found to be suit-
able for analysis of nuclear-grade
BeO samples, some differences
were observed. ICP-AES provides
better analytical performance,
while D.C. arc requires less sam-
ple handling, minimizes process
pickup, and results in less toxic
expossure in the laboratory.

to physically separate the analytes
from the refractory matrix on the
basis of volatilization. This separa-
tion is a prerequisite for emission-
rich nuclear materials to avoid
matrix effects pertaining to spectral
interference (13-16). Though this
technique is advantageous in some
cases, limitations do exist. The arc
not being an optically thin source,
self-absorption is one of the
predominating factors in reducing
the linear dynamic range of the

analysis; hence, the sigmoid curve
is expected. Each replicate
measurement is associated with a
different arc and indepedent arc
characteristics. Arc wandering is
another major issue resulting in the
reduction of poor precision of the
analysis. In the case of rare earth
element analysis, d.c. arc suffers a
major issue since the rare earth ele-
ments form refractory oxides.
Therefore, not sufficient amount
of these analytes can reach the arc
and as a result, it is practically
impossible to achieve very low
detection limits using this arrange-
ment.

On the other hand, ICP-AES
offers simultaneous multi-element
determination of the analytes with
a wide range of concentrations (17-
20). ICP-AES is known for its analyt-
ical merits such as wide linear
dynamic range, high sensitivity,
very low detection limits, and high
degree of precision. Since the radio
frequency plasma is optically thi
and a stable source, self-absorption
and precision are higher in compar-
ison to D.C. arc carrier distillation.
The high temperature (6000 - 6500
K) of the plasma in the analytical
zone provides more energy for
excitation and atomization of the
analytes, resulting in more emission
lines compared to D.C. arc carrier
distillation. In ICP-AES, the atomic
as well as the ionic lines can be
observed. This provides the option
for choosing multiple analytical
lines for the determination of the
analytes; however, it would also
lead to spectral interference mainly
from emission-rich elements. Pref-
erential separation of these
elements from the actual analytes/
samples is a prerequisite and is

INTRODUCTION

Chemical quality control is an
essential part for the characteriza-
tion of nuclear materials and
includes trace metal assay of base
materials, intermediate and final
products (1-3). Beryllium oxide
(BeO) crystallizes in the hexagonal
wurtzite structure and is used in
rocket engines and as a transparent
protective over-coating on
aluminized telescope mirrors (4-6).
The high thermal conductivity
blended with an electrical insulator
makes BeO useful in many high-
performance semiconductor parts.
BeO has extensively been used as
structural ceramic for high-perfor-
mance microwave devices, vacuum
tubes, magnetrons, and gas lasers.
BeO is also carcinogenic and can
lead to chronic beryllium disease.
However, the ceramic form is not a
hazardous waste under U.S. federal
law. In the nuclear reactor, BeO
has been used as a neutron reflec-
tor (7-8). In view of such techno-
logical importance, stringent
chemical quality control of BeO is
essential to achieve its desired per-
formance either in the nuclear,
semiconductior, and thermo-elec-
tric industries.

In general, D.C. arc carrier distil-
lation is routinely applied for trace
characterization of nuclear materi-
als (9-12). This is a solid state route
involving the least handling of the
samples, which is highly important
in order to avoid process pickup
and radio-toxicity of the nuclear
materials. In the carrier distillation
approach, suitable material is used

Atomic Spectroscopy
Vol. 40(6), November / December 2019



216

achieved by chemical separation
and using solvent extraction or
solid phase chromatographic sepa-
ration.

In view of these differences of
methods, a comparative evaluation
was carried out for the chemical
quality control of nuclear-grade
BeO and its trace metallic impuri-
ties by D.C. arc carrier distillation
and by ICP-AES.

EXPERIMENTAL

Reagents and Standard Solutions

The standard solutions for the
individual elements were prepared
from CertiPUR® ICP standard refer-
ence material solutions (E-Merck,
Germany). Suprapur® HNO3 (E-
Merck, Germany) and quartz dou-
ble-distilled water were used
throughout this study. Multi-point
standardization was carried out for
ICP-AES analysis. The optimized
ICP-AES conditions are listed in
Table I.

ICP-AES Instrumental Operating
Conditions for BeO Sample Analy-
sis

An atomic emission spectrome-
ter (SpectroArcos, Germany) with
ICP source and coupled with a D.C.
arc system with a charge coupled
device (CCD) as the detector was
used for the impurity analyses (21).
Unlike a photomultiplier tube, dif-
ferent pixels present in the CCD
detector give a 2D image of the
spectra. The cartridge associated
with the detection can provide the
detection in a vacuum or in an Ar
atmosphere to avoid interference
from the environment. Ar flushing
is a prerequisite to open the slit for
any detection, resulting in reduc-
tion of background as well as keep-
ing the detector safe. The detector
system, consisting of linear arrays
of CCD detectors (3648 pixels/
array), thermally stabilized, provides
the ability to choose the alternate
analytical lines. High purity argon
plasma was used for the excitation

source. To establish the calibration
curves for the analytes, the solution
standards in the concentration
range of 1 -100 ppm were prepared
from Specpure solutions. Since
ICP-AES has a large dynamic range,
linear correlations between concen-
trations and intensity were obtained
to establish the calibration curves.
Triplicate measurements were car-
ried out to report each data. The
dilution was done using 1 M HNO3

and the same solution was also
used as a blank.

Sample Preparation for ICP-AES
Analysis

For the ICP-AES analysis of actual
BeO samples, the solid powder was
allowed to dissolve in concentrated
HNO3 under an infrared lamp. After
repeated evaporation to dryness,
the medium was kept 1 M HNO3.
This will lead to complete dissolu-
tion of the matrix along with the
metallic impurities mainly in nitrate
form.

D.C. Arc Carrier Distillation Tech-
nique for BeO Sample Analysis

For d.c. arc carrier distillation,
the same detector system was used.
However, the sample introduction
and the power supply differed. The

ASTM designation E-130-66 type S-2
on a S-1 pedestal was used as the
anode, while pointed electrode of
ASTM designation E-130-66 type C-1
was used as the cathode. Since BeO
has a lower density, a 40 mg charge
was used for the carrier distillation
technique. AgCl of 10% composi-
tion was used as the carrier to phys-
ically separate the analytes from the
matrix elements. The sample charge
was put on anode after complete
homogenization of the samples
with the carrier having almost simi-
lar particle size. Subsequently, the
charge was tapped for proper pack-
ing of the samples inside the anode,
while venting was done to keep the
passage of any gas, if generated,
during arcing. This also helped to
avoid any sample charge going
directly to the arc. After the arc is
generated by the appropriate cur-
rent and arc gap (as specified in
Table II), the electrons from the
pointed cathode collimated
towards the sample charge on the
anode. This impact can lead to exci-
tation of the analytes into the arc.
The arc temperature achieved is
~2500 K and is sufficient only for
excitation of the atomic lines of the
analytes. The analytes in the d.c.
arc can be divided into different
groups depending on the volatility

TABLE I
Optimized Instrumental Parameters for ICP-AES

Optical design 750 mm and P-R mounting
Grating Holographic, ion-etched optical grating
Groove density 1800 and 3600 grooves/mm
Grating size 110 x 110 mm
Wavelength range 120–800 nm
Bandpass 0.0023 nm from 120 to 340 nm

0.0046 nm from 340 to 800 nm
Thermal regulation Controlled to 30 ± 1 oC
Frequency 27.12 MHz
Pump Dual channel (12 roller)
Nebulizer Pneumatic concentric
Ar plasma flow 12 L/min
Integration time 11 s

Sample rate 1 mL/min
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characteristics. It should be noted
that the intensity response with
respect to the concentration is sig-
moid in nature, not linear. There-
fore, the calibration curve must be
in logarithmic scale to establish the
linear dynamic range. Table II sum-
marizes the arc characteristics.

For D.C. arc standard prepara-
tion, a master impurity mixture was
pepared by grinding the metallic
elements, mostly in their oxide
form. An intermediate range con-
centration standard was prepared
synthetically by homogeneous mix-
ing of a certain portion of the mas-
ter impurity mixture, base material
(Specpure BeO), and 10% AgCl as
the carrier. These two standards
were arced for finalizing the pre-
burn and exposure time for each
analyte and using the experimental
procedure adopted earlier for other
matrices. A series of five analytical
standards were prepared by grind-
ing a mixture of graded portions of
the master impurity mixture, 10%
AgCl, and the balance amount of
base material. A blank standard was
also prepared in a similar manner
but without any master impurity
mixture. Repetitive analyses of all
standards using optimized experi-
mental parameters were carried
out, and the data obtained were
used to get the best fit for the cali-
bration curve for each analytical
channel. The data were stored in
the computer in the form of a
slope, intercept, curvature, and
exponent of each analytical curve

for subsequent use in the two-point
standardization procedure for the
analysis of the samples. The inter-
mediate concentration standard
was arced repeatedly using
optimized parameters to obtain
the precision data. Table III summa-
rizes the concentrations of different
analytes in the prepared standards.

For optimization of the method-
ologies, synthetic solid standards
were used in D.C. arc carrier distil-
lation and the same standards were
used for ICP-AES analysis after dis-
solution. The detection limits for
the analytes in the BeO matrix were
calculated based on the expression
<x> + 3 σ, where, <x> is the aver-
age of the blank values for replicate
measurements, and σ is the stan-
dard deviation of that measure-
ment. The slope of the calibration
curves were used as the sensitivity,
which physically meant the
response corresponds to the unit
concentration.

RESULTS AND DISCUSSION

Especially in the nuclear indus-
tries, each BeO batch has to pass
through stringent quality control
before being put into the reactor.
This is essential not only to achieve
the desired performance, but also
for safe nuclear operations. Differ-
ent metallic impurities were found
to have detrimental effects in the
thermo-physical, mechanical, and
chemical properties of BeO. To cite
a few examples, certain trace met-
als with a high neutron absorption
cross-section, such as B, Cd, and
the rare earth elements Eu, Sm, Gd,
and Dy, have to be well below their

maximum permissible concentra-
tions, since the neutron economy is
of utmost importance to sustain the
nuclear reaction in the reactor in a
controllable manner. Refractory
elements, i.e., W, Mo, etc., can
result in creep resistance (22),
while low melting elements, such
as Zn, can lead to liquid-metal
embrittlement. The presence of
common metallic analytes (Fe, Cr,
Ni, etc.) cannot only indicate the
possibility of process pickup but
also can lead to problems during
sintering. Thus, the fuel designer
has prescribed the limits of toler-
ance of these analytes for BeO sam-
ples, also known as specification
limits. As seen from Table IV, the
specification limits for B, Cd, and Li
were found to be very low. The ele-
ments Mn, Cr, and Cu were found
to have specification limits below
100 ppm, whereas for Ca, Fe, Mg,
Si, Na, Ni, and Zn the specification
limits are below 650 ppm. In case
of Al, more than 1000 ppm was
allowed in the BeO matrix.

The analytical performance of
the analytes in d.c. arc carrier distil-
lation and ICP-AES are shown in
Table V. The detection limits for
ICP-AES were found to be almost
an order of magnitude better com-
pared to the D.C. arc carrier distilla-
tion technique, which can be
attributed to the higher tempera-
ture in the analytical zone of the
ICP-AES leading to more excitation
and emission. The sensitivity for
the d.c. arc was also found to be
poorer than that of ICP-AES, mainly
attributed to the same reason. The
linear dynamic range for d.c. arc is
also poorer due to the self-absorp-

TABLE II
D.C. Arc-AES Experimental

Parameters for
Determination of the Analytes

Standard/sample charge
on electrode 40 mg

Carrier 10% AgCl
D.C. arc current 12.5 A
Arc gap 4 mm
Pre-burn time 10 sec

Exposure time 30 sec

TABLE III
Concentration of the Analytes in the Standards

Elements Std. 1 Std. 2 Std. 3 Std. 4 Std. 5
(ppm)

B , Cd, Li 0.1 0.4 1 4 10

Ca, Fe, Mg, Mn, Si, Na,
Al, Cr, Cu, Ni, Zn 5 20 50 200 500
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tion caused by the optically non-
thin source.

Table VI shows the analytical
results for two synthetic samples,
one in the lower concentration
range and the other in higher con-
centration range. Both the D.C. arc
and the ICP-AES techniques were
found to be successful in analyzing
the synthetic samples. However,
the ICP-AES results were more pre-
cise in comparison to the d.c. arc
carrier distilation technique. All of
the values listed are the average of
five replicate measurements and
the values were reported based on
the 99% confidence interval, i.e.,
~ 3 σ, where σ is the relative stan-
dard deviation associated with the
measurement. It should also be
noted that the precision values
calculated from the analyses were
found to be ~ 20% for D.C. arc,
while ~ 5% for ICP-AES. Source
stability and arc wandering are
responssible factors for this differ-
ence (as discussed earlier).

Table VII summarizes the com-
partive characterization of the

TABLE IV
Specification Limits for the Ana-

lytes in BeO Matrix

Element Specification Limit
(ppm)

Ca 500
Fe 600
Mg 600
Mn 36
Si 600
Na 360
Li 7
Al 1100
B 1
Cd 1.5
Cr 90
Cu 36
Ni 360

TABLE V
Comparative Evaluation of Analytical Performance of

D.C. Arc Carrier Distillation and the ICP-AES for BeO Samples

D.C. Arc Carrier Distillation ICP-AES

Linear Linear
Ele- Anal. Sensitivity Dynamic Sensitivity Dynamic
ment Line D.L. (counts/ Range D.L. (counts/ Range

(nm) (ppm) ppm) (ppm) (ppm) ppm) (ppm)

Ca 396.8 2 7.6 10-400 0.1 41 0.1-500
Fe 261.7 4 8.3 5-450 0.08 32 0.08-500
Mg 280.2 3 11 7-350 0.06 45 0.06-500
Mn 257.6 4 14 5-500 0.05 29 0.05-500
Si 288.1 5 2.9 10-400 0.5 24 0.5-500
Na 588.9 5 4.1 5-450 0.08 39 0.08-500
Li 670.7 0.2 11 0.2-8 0.05 31 0.05-500
Al 308.2 5 14 10-400 0.08 49 0.08-500
B 249.7 0.1 12 0.15-10 0.04 40 0.04-500
Cd 228.8 0.1 9 0.1-10 0.04 38 0.04-500
Cr 357.8 6 8.7 10-350 0.1 28 0.1-500
Cu 324.7 5 10 10-500 0.2 29 0.2-500
Ni 231.6 4 9.1 10-450 0.09 27 0.09-500

Zn 213.8 6 7.7 10-400 0.08 30 0.08-500

Table VI
Comparison of Analytical Results for Synthetic Samples

by D.C. Arc and ICP-AES (in ppm)

Ele- Actual D.C. Arc ICP-AES Actual D.C. Arc ICP-AES
ment Estimated Estimated Estimated Estimated

Ca 20 18±4 19.5±0.5 200 220±31 195±9
Fe 20 19±3 20.1±0.4 200 213±24 207±8
Mg 20 22±4 18.7±0.7 200 170±41 192±8
Mn 20 20±4 19.0±0.5 200 250±40 195±9
Si 20 19±3 20.3±0.5 200 162±32 201±10
Na 20 17±4 19.7±0.8 200 178±29 206±9
Li 0.4 0.29±0.05 0.37±0.02 4 4.2±0.4 3.9±0.2
Al 20 16±4 19.4±0.7 200 233±38 190±9
B 0.4 0.50±0.09 0.41±0.02 4 3.4±0.5 4.3±.2
Cd 0.4 0.47±0.09 0.38±0.01 4 3.8±0.6 4.0±0.1
Cr 20 18±4 21.0±0.9 200 177±27 204±6
Cu 20 22±4 19.1±0.5 200 190±30 197±8
Ni 20 23±4 19.6±0.5 200 220±25 192±8

Zn 20 18±3 20.4±0.6 200 197±20 204±7
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actual BeO samples by d.c.arc and
ICP-AES. In the first two samples,
B and Cd were found to be less
than 0.3 ppm, while for the 3rd
sample, these two elements are less
than 1 ppm. The Li values for these
samples are less than 6 ppm. These
three elements are described sepa-
rately, since their specification lim-
its are very low. S1 and S2 were
found to be of similar purity. Mg,
Mn, Al, Cr, Ni, and Zn were present
in the range 10-15 ppm, while Si,
Fe, and Ca were present in the
range 20-30 ppm. However, S3 was
found to have more metallic impuri-
ties. Si, Na, and Al were found to
be in the range of 150-250 ppm.
These three samples were found
to have impurities lower than the
specification limits of the individual
elements as seen from both the
D.C. arc and ICP-AES techniques.
Apart from the precision, the ana-
lytical results from both methods
were in good agreement.

CONCLUSION

A comparative evaluation was
carried out for the determination of
Ca, Fe, Mg, Mn, Si, Na, Li, Al, B, Cd,
Cr, Cu, Ni, and Zn at minor and
trace level in a nuclrear-grade BeO
matrix by D.C. arc carrier distilla-
tion and ICP-AES. The former
method used solid samples and 10%
AgCl as the carrier gas to sweep
away the analytes into the arc,
while the latter method requires
dissolution of the samples. The d.c.
arc is associated with less sample
handling, resulting in less process
pickup and less chemical as well as
radio-toxic expossure to indiviuals.
However, the linear dynamic range
of the d.c.arc is less wide compared
to ICP-AES due to the self-absorp-
tion phenomena pertianing to the
non-optical thin source. The arc
wandering and stability of the
plasma were found to be responssi-
ble for poorer precision in the
d.c.arc carrier distillation tech-
nique. The analytical results

obtained from both methods were
found to be in good agreement.
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