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INTRODUCTION

Gallium and germanium are
strategic elements used in such
high-technology applications as
computer chips and fiber optic
systems. The use of these metals is
expected to increase significantly
during the next ten years (1,2).
Unfortunately, these metals do not
occur naturally as concentrated
ores. In fact. only one gallium-
germanium ore source, the Apex
Mine near St. George, UT, has been
identified and mined in the last
ten years, and this material con-
tains less than 0.1% germanium
and gallium (3).

To alleviate any future domestic
shortages, the U.S. Bureau of
Mines, Salt Lake City Research
Center (SLRC), has actively sought
new gallium and germanium re-
sources and researched ways of
extracting these metals from me-
dium to low grade ores. Essential
to this work is the ability to accu-
rately measure concentrations of
gallium and germanium down to
0.01%. At SLRC, two analytical
techniques, simultaneous Induc-
tively Coupled Plasma Spectros-
copy (ICP) and Neutron Activa-
tion Analysis (NAA), have been
used for quantitative determina-
tion of these metals. However,
significant problems have been
experienced with both tech-
niques.

A limited detection range along
with common interference prob-
lems associated with high ionic
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ABSTRACT

The US. Bureau of Mines has
developed a rapid microwave
digestion technique for dissofv-
ing both gallium and germanium
in solid matrices that allows for
accurate analysis by flame
atomic absorption spectro-
photometry. Microwave diges-
tion in sealed Teflon vessels is
accomplished in approximately
2 minutes/sample in a two-step
process using HNO ,, HF, H,BO,,
and KNO, . Gallium and germa-
ntum in the produced solutions
are determined with no detect-
able interferences using nitrous
oxide-acetylene flame atomic
absorption spectrophotometry.
With this method, samples
containing as little as 0.01%
gallium and germanium can be
accurately analyzed. Values
obtained for gallium agree with
certified values and neutron
activation analyses. Both gal-
lium and germanium spike
recoveries approach 100%
when taken through the diges-
tion process. The solutions
produced by this method are
also suitable for analysis by
electrothermal atomization

concentrations has curtailed the
usefulness of ICP for gallium and
germanium analyses. Of the many
ores and residues analyzed, spe-
cific quantitative results were
unattainable for material contain-
ing less than 0.03% gallium and
germanium. With these detection
limits, ICP analysis of low grade
ores before or after metal extrac-
tion has been limited for scientific
studies.

Interfering ions, particularly
manganese and rare earths, have
proven detrimental to germanium
and gallium determinations using
ICP. For example, ICP results
indicated a major germanium find
near Moab, UT. Further investiga-
tion using synthetic mixtures
showed that this ore actually con-
tained no germanium. The high
manganese concentration (25%)
of the sample caused an interfer-
ence resulting in high germanium
readings. As another example,
ICP analysis of a rare earth sample
(from a deposit in California)
indicated that the ore contained
0.1% germanium and 0.08% gal-
lium. Synthetic muixtures revealed
that rare earth interferences had
skewed the gatlium and germa-
nium results; the ore actually con-
tained no gallium or germanium.

NAA uses a nuclear reactor to
activate gallium for analysis. Ger-
manjum is not determined in our
lab by NAA because of activation
problems, a short half life, and
managenese interference. Al-
though SLRC has access to a nu-
clear reactor at the University of
Utah, most analytical laboratories
do not. Even with the available
reactor, strict safety standards
have led to an average operaticaal
down time of 50%, making this an
unreliable method of analysic.

Another method used for gal-
lium and germanium determina-
tion is atomic absorption spec-
trometry, both electrothermal
atomization (EAAS) (4-11) and
flame (FAAS) (5, 12). Each me-
thod has advantages and draw-



backs. For example. EAAS can be
used to detect gallium and germa-
nium in the ug/g range, but the
sample preparation techniques
are often labor-intensive, requir-
ing numerous steps. In addition.
EAAS is plagued by many interfer-
ences which frequently can only
be eliminated using the tedious
method of standard additions (11)
or solvent extraction (4.9). Flame
spectrometry is much faster than
EAAS and is suitable for analyses
down to 0.01%. However, previ-
ously developed FAAS techniques
for gallium and germanium deter-
mination require lengthy diges-
tion procedures (5) and solvent
extraction methods (12).

Our laboratory developed a
rapid analytical technique using a
single microwave digestion to
dissolve solids containing gallium
and germanium. Both elements
were determined from the same
digestion solution using nitrous
oxide-acetylene FAAS. A batch of
20 samples takes aproximately
one hour for complete prepara-
tion and analysis. Ores and solids
containing as little as 0.01% gal-
lium and germanium can be
quickly and accurately analyzed
using this technique.

EQUIPMENT AND MATERIALS
Apparatus

A Perkin-Elmer® Model 5100*
atomic absorption spectro-
photometer, equipped with a
deuterium arc background correc-
tor. an AS-51 autosampler. and a
Perkin-Elmer 7700 computer with
a PR-310 printer, was used for
analysis.

Perkin-Elmer is a registered trademark of
the Perkin-Elmer Corporation.

*Reference to specific products does not
imply an endorsement by the U.S. Bureau
of Mines.

Savillex Teflon 50-mL pressure
digestion vessels were used in a
Sears Kenmore Mode! #88861
microwave oven having a maxi-
mum output of 700 watts for mi-
crowave dissolution of the sam-
ples. For safety reasons to control
acid fumes, the microwave oven
was modified with an exhaust duct
and vented to a hood.

Reagents

All reagents were of analytical
reagent grade or better. Solutions
were prepared using Barnstead
NANOpure II double-deionized
water. Standard solutions of 10,
20. 50, and 100 mg/L Ga and 20,
50. 100, and 200 mg/L Ge were
prepared in the same matrix as the
samples. i.e. 3% (w/v) HNO,, 3%
(w/v) HF, 25 g/L H ,BO,.and
2g/LK. Stock solutions of HNO,-
HF (1:1) acid mixture, saturnted
H,BO,. andZOg/LofKasKI\O
were prepared for use in the mi-
crowave dissolution procedure.

Samples

The samples used in this study
were a primary gallium and germa-
nium ore from the APEX Mine
near St. George, UT, and a zinc
processing waste residue from
Jersey Miniere Zinc (JMZ) of
Clarksville, TN. The APEX mate-
rial was characterized mineralogi-
cally as goethite, jarosite, and
hematite, with some secondary
copper minerals. The zinc resi-
due consists of sphalerite. gyp-
sum, quartz, and some anglesite.
These samples, which contain less
than 1% gallium and germanium,
were prepared for further analyses
by drying, grinding to -200 mesh,
and thoroughly mixing.

PROCEDURE

The digestion technique devel-
oped for gallium and germanium
determination uses 0.5-g samples
in Savillex Teflon vessels. (A set of
12 vessels was used for the speci-
fied heating times in the micro-

wave oven.) After adding 5 mL of
L1 HNO HF acid mixture and se-
curing the lids with a Savillex
wrench, the vessels were placed
in the microwave oven and heated
at 25% power for approximately
12 minutes. {Avoid heating the
vessels excessively since the Tef-
lon may fatigue and allow leakage
of acid fumes to the interior of the
microwave oven.) To prevent
volatilization of gallium or germa-
nium halides. the vessels were
removed immediately and com-
pletely cooled in a water bath
before opening and adding 25 mL
saturated H,BO, acid and 5-mL
KNO, solution. With the lids se-
curelv replaced, the vessels were
returned to the microwave oven
and heated at full power for ap-
proximately 6 minutes. The ves-
sels were again completely cooled
in the cold water bath prior to
transferring the contents to 50-mL
volumetric flasks and bringing to
volume with deionized water.

Following digestion. the sam-
ples were analyzed by FAAS. Table
I shows the FAAS operating condi-
tions and the working range re-
quired to determine gallium and
germanium. A nitrous oxide-
acetylene flame provided interfer-
ence-free germanium readings.
Gallium ionization was sup-
pressed by adding KNO; to all
solutions to give a final concentra-
tionof2g/LK

RESULTS AND DISCUSSION
Sample Digestion

A principal concern when per-
forming any digestion method for
gallium and germanium is the
presence and/or production of
chloride ion with subsequent
wvolatilization of GaCl, and GeCl ;
GaCl, volatilizes at 201°C white’
GcCl loss occurs at 84°C (13). An
open Teﬂon beaker digestion
process using HNO,, HF, and
HCIO, similar to Vl’mtek $ proce-
dures for germanium (4) and gal-



TABLE [
Operating Conditions for Gallium and Germanium by FAAS

Ga conditions

Ge conditions

Wavelength 287.4 nm 265.1 nm
Slit setting 0.7 nm 0.2 nm
Lamp type Hollow cathode Electrodeless discharge
Lamp current 10 mA 7 watts, continuous
D,-background corrector Yes Yes
Recommended flame N,0/C H, N,0/C H,
Flame conditions Lean, 5-10 mm cone  Rich, 20-30 mm cone
Working range 0 to 100 mg/L 0 to 200 mg/L
Detection limit 0.5 mg/L 1 mg/L
Standard matrix 5% (w/v) HNO, 5% (w/v) HNO,
3% (w/v) HF 3% (w/v) HF
25 g/LH BO, 25 g/L H, BO;
2g/LK 2g/LK
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Fig. 1. Open Teflon beaker digestion of solids using HNO, , HF, HCIO, acids with

hot plate surface temperature controlled at 200 °

by FAAS.

lium (5) determination, was inves-
tigated using JMZ residue. No
organic extractions were per-
formed after sample digestion for
germanium determination. The
hot plate temperature was con-
trolled at 200°C as prescribed to
avoid the loss of gallium as a chlo-
ride. The solutions were analyzed

Resulting solutions analyzed

by FAAS and the results are shown
in Figure 1.

The data indicate that Mintek's
method was acceptable for gal-
lium determination; however,
most of the germanium was lost
using this procedure. The initial
germanium loss was probably due
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to the presence of chloride in the
sample (0 06%) The additional
loss during heavy fuming of the
perchloric acid to the semi-hard
and baked state was likely due to
chloride production. At heavy
fuming, perchloric acid decom-
poses releasing oxygen (14) and
free chloride according to the
reaction (15) as follows.

HCIO, = HCl + 20,

The chloride then reacts with
germanium to form GeCl . When
these reactions occur in an open
beaker, the germanium is lost and
cannot be recovered.

Mintek also recommended an
alternate microwave digestion for
germanium determination (4)
using HNO, and HF acids: how-
ever, they were unsuccessful in
applying microwave digestion to
gallium determination (5). To test
the applicability of microwave di-
gestion to both gallium and germa-
nium determination in the pres-
ence of chlorides, JMZ residue
was digested using the method de-
scribed under PROCEDURE, ex-
cept that HCI (5 mL) was added
with the initial additions of HNO
and HF acids. The results of this
test (Figure 2) show that both
gallium and germanium can be
accurately recovered using micro-
wave digestion. These results are
significant as well, because they
show that even if chloride is pres-
ent when this procedure is used.
gallium and germanium will not
be lost as volatile chlorides.

Two sets of statistical tests
were run to determine the signifi-
cance of each of the acids, HF,
HNO,, and H BO,, added in the
microwave digestion procedure.
The JMZ residue containing 0.33%
Ga and 0.47% Ge as reported by
JMZ was used for these tests and
the results are given in Tables II
and IIIL



These data show that accurate
gallium and germanmum determi-
nation was obtained using a com-
binauon of HF and H BO, acids
Because HF has the ability to dis-
solve gallium and germanium, the
dissolution process without HF
additions was not tested. Gallium
and germanium precipitate as
tluorides in weak HF acid solu-
tions Therefore, these tests dem-
onstrate the effect of HNO, and
H,BO, to help dissolve prec1p1-
ta[ed fluorides. With HF alone,
the determunation of gallium and
germanium was low. When HNO |
was added with the HF, gallium
and germanium extractions in-
creased. However. when H ;BO,
was added with the HF. gallnum
and germanium were completely
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Fig. 2. Comparison of microwave digestion for gallium and germanium
extraction shoung the effects of hydrochloric acid addition Resulting solutions
analyzed by FAAS.

extracted; the addition of H ,BO, in
the presence of HF helps dissolve
any precipitated fluorides (16),
thus increasing metal extraction.
In addition, H,BO, complexes any

TABLE 11
Microwave Digestion for Gallium Determination

free HF that is present after diges-
tion by the following reaction:

‘ i HF HNO H,BO,

H,BO, + 4HF = HBF, + 3H,0 \ 25 mL 235 mL 25 mL FAAS analyzed
This reaction, which neutral- ’ Yes/No Yes/No Yes/No %Ga
1zes the hazards of HF, is espe- i Yes No No 0.24 = 0011
cially important if the FAAS instru- Yes Yes No 0.31 = 0001
ment contains glass beads in the Yes NO Yes 0.33 £ 0.002
atomuzation chamber. Yes Yes Yes 033 + 0.004

Nitric acid addition is known
to help stabilize dissolved sam-
ples; the HNO, assures that the
gallium and germanium remain in TABLE III

solution. Although HNO, was not
needed in the dissolution of JMZ

residue, it is commonly used in HF HNO H,BO

the dissolution of many solid 25 mL 2.5 m5L 2% mL’ FAAS analyzed

samples. Yes/No Yes/No Yes/No % Ge
Yes No No 0.38 £ 0014
Yes Yes No 0.44 £ 0.013
Yes No Yes 0.47 £ 0.002
Yes Yes Yes 0.46 = 0.001

Microwave Digestion for Germanjum Determination

10
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Sample Analysis ' TABLE IV
Certified standards (i.¢. from . Gallium Recoveries From Spiked Solids

the National Institute of Standards

5 |
and Teclhnology) or reter[cncct:h - Ga added Ga determined Ga recovered
materials containing greater thai o,
001% gallium and germanium ] . o e mg )
were unavailable. However. other | 000 175 £ 004 A NA
reliable methods were used to test . 050 220001 045 20
the accuracy of the Bureau's pro- I 1.00 273003 098 98
cedure. These include recovery of 200 370 £ 004 195 975
spikes and comparison with other

\

methods of analyses. ? NA - Not applicable
Recovery of Spikes )
|

In the recovery of spikes. solu-
tions prepared from 1000 mg/L ! TABLE V
Ga and Ge liquid standards were i : ’
aileled o Ong of JMZ residue. The Germanium Recoveries From Spiked Solids

solids were then taken through

the Bureau's digestion sequence l Ge added Ge determined Ge recovered
before analysis by FAAS. Tables [V i mg mg mg %
and V show the recovery results i 000 240 + 0.02 NA NA
e galtiuat At germig, ter ] 0.50 290 £ 002 050 100
Seovely: : 1.00 338 =001 098 98
As seen, the recovery of spiked ‘ 2,00 439 = 0.04 1.99 99.5
gallium using the developed pro- ;
cedure ranged from 90% to 98%. NA - Not applicable.
The recovery for spiked germa-
nium was higher. ranging from
98% to 100%. This is an indication
that the method is indeed reliable. —_mo
Comparison With Other Methods Comparison of Various Methods for Gallium Determination
A variety of samples including i
JMZ residue (samples before and % Gallium
after leaching), Apex ore, an NBS Sample source Known  FAAS NAA EAAS ICP
gallium standard (<0.01% Ga), MZ. 033 033 032 0.33 032
and symheti.c mixtures of_ gal_lium Ape 003 003 0032 0033 <005
ey, et bk 8 NBS 1633a 0.0058 001 00059 0006  NT
i g‘;‘l‘hﬂ:‘nmag;“ e Synthetic 1 0055 006 006 NT <003
she Tl towing IS the © Synthetic 2 0500 052 0.49 NT 058
Bureau's FAAS procedure' Em‘ Samplc A NK 0.08 0.086 0080 <012
ICP. and NAA. The results are Sampie B NK 035 0.35 0.37 0.3~
shown in Tables VI and VIL
The data show that the devel- E :o« ::tm
oped procedure provided quick AR~ EHREROOWE:
and accurate analyses by FAAS. In
addition, the prepared solutions
yielded accurate results when
EAAS was used. (A detailed de-
scription and discussion of the

11



determination of gallium and ger-
manium by EAAS is beyond the
scope of this paper and would
require more expensive equip-
ment and tedious procedures.)
Finally. the test data show that
samples containing minor
amounts of gallium and germa-
nium (in the range of 0 03% to
012%) were not accurately or
dependably determined using
simultaneous ICP.

CONCLUSION

The U.S. Bureau of Mines has
developed a digestion technique
using FAAS for determining gal-
lium and germanium down to
0.01%. The advantages of the mi-
crowave technique over other
digestion procedures are:

1 Both gallium and germanium
can be accurately determined
from the same digestion solu-
tion by EAAS and the more
rapid FAAS,

No long, tedious digestion
method is involved.

~

3. Any chloride present in the
ore/residue can be tolerated.

4 No solvent extraction to re-
move interferences is used.

In addition. the technique has
the following advantages over
NAA and ICP:

L No nuclear reactor or other
equipment for storing and
counting radioactive decay
products is needed.

The FAAS method has been
shown to be both accurate
and rapid for the determina-
tion of gailium and germa-
nium down to 0.01%.

I~

Recetved December 1, 1989.

TABLE VII
Comparison of Various Methods for Germanium Determination

% Germanium

Sample source Known FAAS EAAS ICP
MZ 046 047 047" 046
Apex 009 0.09 0.090 0.09
Synthetic 1 0055 0.05 NT <0057
Svathetic 2 0.500 049 NT 046
Sample A NK 0.08 0.080 0.07
Sample B NK 0.36 036 030

NT - Not tested.
NK - Not known.
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