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Abstract

Flotation of lead as the hydroxide by dodecylamine (in ethanolic solution)
proved to be an effective separation method from germanium ions. The ex-
periments were carried out in dilute aqueous solutions of pH 10, on a laboratory
scale, and at different concentration ratios. Germanium was further concentrated
as a second stage by flotation by using pyrogallol as the activator and dodecyl-
amine as the collector at pH 7. The latter technique was found to float both ger-
manium and lead ions from solution. Germanium separation and its scale-up
is discussed.

INTRODUCTION

Germanium is known to rarely form minerals of its own. It occurs as a
scattered element in different ores such as mixed sulfides; for instance, at
the mineral processing plant in Tsumeb (South Africa) (/). Among the
main recovery methods for germanium from concentrates is a hydro-
metallurgical route (possibly in combination with pyrometallurgy) which
usually results in the production of great volumes of dilute solutions in
which germanium coexists with other metal ions (arsenic, lead, zinc, etc.).
The separation of germanium from arsenic was accomplished elsewhere
(2) by ion flotation, and the method was investigated in depth, but on a
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small scale, for germanium alone (3, 4). Lead and germanium belong to
the same group in the Periodic Table, so they should have similar proper-
ties and behaviors.

The mechanism of germanium ion flotation is described by the follow-
ing simple chemical reactions:

3H,P
HzGeO3 — HzGCP]

28+
GeP; _ S2G6P3

where P stands for pyrogallol (activator) and S for dodecylamine (cationic
surfactant). Metagermanic acid (H,GeO;), the form in which germanium
predominately exists in dilute solutions, is rather undissociated, pk, =
8.585 (5). Therefore, a ligand for complex formation is needed. It is seen
from the reactions that the relationship of reagents at least requires a
stoichiometry for germanium/pyrogallol/dodecylamine equal to 1:3:2.

Lead, on the other hand, has been studied more extensively, notably by
the research teams of Rubin (6, 7) and Wilson (8). The former examined
the foam separation of lead by using the anionic surfactant sodium lauryl
sulfate, and observed maximum removal at pH 8.2. The latter paper ex-
amined the adsorbing colloid flotation of lead in a pilot plant by hydro-
complexes of ferric chloride and the same collector.

The flotation removal of lead ions by dodecylamine (laurylamine) and
the effect of pH in dilute solutions was briefly reported (9) and correlated
successfully to the theoretically expected amount of lead hydroxide pre-
cipitation. It was stated that as lead hydroxide is soluble in aqueous
solutions up to 3.65 X 107* M, precipitate flotation was not expected (6,

7).

EXPERIMENTAL

Batch flotation experiments were conducted in the laboratory with ar-
tifical solutions or mixtures, following the dispersed-air flotation tech-
nique. The apparatus consisted of an air compressor connected to the cell
through a needle valve, a washing trap, and a rotameter. The compressor
outlet excess pressure was set at 1 atm. The flotation cell was a cylindrical
Perspex column with a liquid volume of about 2 L (80 mm i.d. by 420 mm
height), having a Scott No 4 diaphragm (porosity 10-16 um) at the bottom.
A weir was provided at the top for the foam. It was also used as a partof a
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continuous rig in the separation of copper and zinc as sulfides from
solutions by precipitate flotation (/0). The foam layer was removed con-
tinuously throughout the experiments.

Certain small-scale experiments (/) also reported on Ge-Pb ion flota-
tion by the pyrogallol/dodecylamine system. They were conducted with a
microcell of approximately 100 cm® content (34 mm id. by 140 mm
height), connected to a nitrogen cylinder. This flotation apparatus was
earlier used for germanium (3, 4). Nitrogen was later replaced by air. No
selective separation was achieved with these experiments, so they were not
repeated on a larger scale.

Chemical analysis of the solution samples left after flotation was car-
ried out by atomic absorption for lead in the usual manner and for ger-
manium by the colorimetric phenylfluorone method at 520 nm (/2). The
latter was found to be very accurate and specific for solutions with con-
centrations up to 1 ppm germanium. From the technological point of
view, germanium is expected in dilute aqueous solutions during its
recovery. The experimental results were expressed as flotation recoveries
(usually given as average values).

Germanium solutions were prepared from GeO, and lead from
(CH,C0O0),Pb - 3H,0 (both Merck). Sodium hydroxide and hydrochloric
acid solutions were used for pH modification. As surfactant or collector,
dodecylamine, CH,(CH,), NH, (Fluka, purity 99%), in ethanolic solution
was used. In some experiments pyrogallol, CqH;O; (Merck), was also used
as a ligand activator. The key reagent in germanium analysis was 2,3,7-
trihydroxy-9-phenyl-6-fluorone.

RESULTS AND DISCUSSION
lon Flotation of Ge

In small-scale laboratory experiments of germanium ion flotation (3),
the following conditions were used. A tested volume of 100 cm® with an in-
itial concentration of 1 X 10™* M Ge at pH 7, a reagent ratio for pyrogallol/
dodecylamine/Ge equal to 3:2:1 plus 10% excess and 0.5% ethanol
(frother), without any stirring, and flotation (through a D, glass frit) by
3.33 cm®/s nitrogen at a pressure difference of 26.6 kN/m? for 300 s as the
retention time. Germanium removal from the solution was over 90%. The
flotation rate was observed to follow a first-order kinetics equation.

The present, larger-scale experiments on 2-L samples of germanium
alone (i.e., 20 times greater in solution volume) were carried out in a flota-
tion cell scaled up in an area ratio of 5.5 times and a height ratio of ap-
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proximately 3 times. Note that the top of the cell was left for the foam
layer. The initial germanium content was again 1 X 107 M (i.e., of the
order of 7 ppm). Preliminary experiments showed that no conditioning
was needed and that pH modification from the value of 7.0 was not
necessary. Pulse addition of collector did not improve flotation recovery.
Also, when the cell height was doubled, there were similar results. For
bubble columns used in the chemical industry, the ratio of height to
diameter is important.

Figure 1 shows the results at different retention times with gas flow rate
variations. The same reagents ratio was kept (no excess). Generally, ger-
manium recoveries became constant after 1.2 ks with 8.3 cm?/s, but still
they were rather low (60%). The technique was also tested by varying the
initial concentration, but gave similar results, as shown in Fig. 2. The ger-
manium concentration left in solution after flotation was slightly in-
creased, from approximately 3 to 14 ppm. With an increase in pyrogallol
of more than three times (3 X 10™* M), the germanium concentration

Re% Ge

100

1

1 '

0 1 1
0 0.5 1 1.5 2 2.5

Time (ks)
—+—- Q-=-383cc/s O Q=833cc/s ¥ Q=18.33cc/s
F1G. 1. Flotation of germanium: effect of flotation time at various gas flow rates on recovery

(%). Initial Ge concentration 1 X 1074 M, pH 7, pyrogallol 3 X 10™* M, dodecylamine 2 X
10~ M in 0.2% ethanolic solution.
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Re% Ge
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40+
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[Ge] [M x 10(4) ]

FIG. 2. Effect of initial germanium content on germanium recovery. Flotation time 1.2 ks, gas
flow rate 833 cm®/s (other operating conditions as before).

showed a small increase in recovery. An increase of dodecylamine more
than two times (2 X 107 M) the germanium concentration and a change of
ethanol did not affect the process.

The added reagents were therefore increased simultaneously while
keeping the stoichiometric ratio constant. The results are presented in Fig.
3. A 100% excess of reagents was found necessary in this case for total
recovery. Therefore, the experimental conditions found optimum for
small-scale operation needed revamping, mainly in the flotation retention
time and reagent additon, depending on the specific cell.

Preliminary dissolved-air flotation experiments for germanium (and
later lead) alone were then carried out, but the results were unsatisfactory.
It seemed that this technique for bubbles generation could not work in
such dilute solutions without any previous coagulation. Dissoved-air
flotation is, more or less, the conventional flotation technique in effluent
treatment, It has been applied, for instance, in the selective separation of
copper, zinc, and arsenic ions from solution (/4).

Lead alone was earlier reported (13) for the same flotation mechanism,
and it showed effective removal. From simple stoichiometry, a ratio of Pb/
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Re% Ge
100

0 H 1 1 1
0] 0.5 1 15 2

(Pyrogall.}[Collect.] [ M x 10(4) ]

FIG. 3. Effect of increased reagents addition on germanium recovery at a constant 3:2 ratio of
pyrogallol/dodecylamine (in M).

pyrogallol/dodecylamine equal to 1:2:2 is expected. This, however, was
not certified experimentally, possibly due to the fact that lead in aqueous
solution forms polynuclear species [Pbs(OH);* and Pb(OH);" in the pH
range studied], and its removal does not follow a simple model. Increased
foaming was also noticed (/1) in these experiments, and it was usually a
problem in flotation.

For germanium-lead artificial mixtures at their physical pH (as found
for germanium alone), Fig. 4 presents the initial results for a small-scale
while following the same ion flotation mechanism. In these mixtures the
germanium concentration was kept constant and that of lead was in-
creased. The added reagents (pyrogallol and dodecylamine) were calcula-
ted only for germanium because at this stage only selective separation was
aimed for. It was found that the two metal ions cofloated. Germanium
recoveries decreased, but lead gave high recoveries, over 80%. Germanium
recovery decreased because of the pH, which is a known crucial parameter
in flotation techniques (3).

This series was repeated with the pH modified to the optimum (around
7), and the results are shown in Fig. 5, where germanium recoveries also
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F1G. 4. Small-scale flotation of germanium-lead. Effect of initial lead content in the mixture
on recoveries of both ions (initial Ge 1 X 10~ M, 10% excess of reagents, time 300 s, gas flow
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FiG. 5. Small-scale experiments on Ge-Pb. As in Fig. 4, but pH 7.0 to 7.1.
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increased compared to Fig. 4. Taking into account that the pyrogallol
quantity was only proportional to that of germanium and that lead floats,
it is suggested lead could float without any pyrogallol.

This flotation technique was found satisfactory only as a concentration
method for both germanium and lead from dilute aqueous solutions.
However, in the absence of lead, it is promising in germanium recovery,
for instance, in separation from arsenic. Adsorbing colloid flotation, also
examined, proved ineffective (2). Therefore, it is proposed as a second
stage process following lead separation.

Separation of Pb from Ge

Knowing the aqueous chemistry and metals speciation is a prerequisite
in flotation when applied to solutions. This is particularly the case with
hydrolyzable metals such as lead. For pH values less than about 8, the
main existing species in solution are Pb?* and PbOH*, which makes it
possible to use an anionic flotation collector. For pH values greater than 8,
Pb(OH), is mainly formed and the species HPbO; also exists, so removal
by an aninoic collector is expected to decrease, as reported elsewhere (6,
7). The heterogeneous equilibrium of lead hydroxide in dilute solutions
is

Pb(OH),(s) = Pb(OH),(aq)  pK = 3.44

However, a cationic collector may be used (9) in the pH range 9-11. In
the more basic region, competition occurs with hydroxyl ions, generally
making these separation techniques unsatisfactory. For example, at pH 12
no lead flotation was found.

Nevertheless, attention is also needed to the form of the collector with
the pH of the solution whether flotation is active or not. Above approx-
imately pH 10 the solution concentration of amine cations is reduced due
to the formation of neutral molecules, as explained from the ionization
and the pK = 10.68 of dodecylamine (15):

H{ + OHT
RNH, = RNH, = RNH, + H,0

Large-scale flotation experiments at pH 10 on lead alone are shown in
Figs. 6 and 7 for 1 X 107™* M Pb, initially (of the order of 20 ppm) without
any pyrogallol. The corresponding optimum conditions on a smaller scale
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FIG. 6. Flotation of lead as hydroxide: effect of flotation time at various gas flow rates. Initial
Pb 1 x 107* M, dodecylamine 5 X 10~° M in 0.2% ethanolic solution, pH 10.
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Fi16. 7. Effect of collector (dodecylamine) concentration and flotation time on lead removal.
Gas flow rate 13.33 cm?/s (other operating conditions as in Fig. 6).
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were 300 s flotation time, 3.3 cm®/s gas flow rate, with 2 X 10™* M
dodecylamine in 0.5% ethanolic solution (9). In the present case, as shown
by the figures, a 13.33 cm?/s gas rate for 1.8 ksand a 5 X 107™* M collector in
0.2% ethanol were selected. A 2.5 X 107 M dodecylamine concentration
was also found suitable.

Due to adsorption of lead hydroxide on the bubbles, it was possible for
a large local concentration to occur so the lead hydroxide becomes an in-
soluble precipitate. This is negatively charged at the pH studied, and the
positively charged collector can be attracted electrostatically; the product
is certainly hydrophobic. Hence, a kind of precipitate flotation was
followed.

The next stage was Pb-Ge mixtures. The initial ideas for a possible
selective separation come from a PhD thesis (/7). It was known that ger-
manium does not float in dodecylamine. Even in the presence of pyrogal-
lol at pH 10 it has a flotation recovery of less than 40%. In the range here
examined, germanium exists in dilute solutions mainly in the form of the
GeO(OH); species.

In the first attempt for separation, the initial concentration oflead in the
mixture was kept constant at 1 X 10~ M and the concentration of ger-
manium increased up to 5 X 10~ M at a modified pH. This round of ex-
periments was of theoretical interest because, in practice, germanium is
not expected to exist in higher concentrations in leach solutions than lead.
Lead recoveries decreased dramatically with increased germanium con-
tent as shown in Figs. 8 and 9, possibly due to the increased ionic
strength.

With an increased ionic strength of solution, the surfactant can more
easily form micelles due to a decrease of the critical micelle concentration,
with the final result being a decrease in active concentration of collec-
tor. The zeta potential of the precipitated particles is also reduced because
of the increased ionic strength, and the attachment of the collector to them
becomes less secure.

In Fig. 8 an increase in germanium recoveries is also observed (in more
dilute solutions), which was further improved by using less collector (0.1 X
10~* M dodecylamine rather than 2.5 X 107* M, in 0.2% ethanol) and more
flotation time (1.8 ks) (see Fig. 9). However, the technique seemed to give a
promising selective separation of germanium-lead for solution concen-
tration ratios of 1:1 or perhaps less, leaving germanium in solution and
transferring lead to the surface, from which it can be easily removed. This
is the so-called reverse flotation.

When the initial concentration of lead in mixtures was increased while
maintaining a constant germanium content (1 X 107* M), the amount of
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F1G. 8. Effect of initial germanium content in mixtures on flotation recoveries in the separa-

tion of Pb-Ge. Flotation time 1.2 ks, dodecylamine 2.5 X 1074 M (initial Pb 1 X 1074 M, 0.2%
ethanol, pH 10, gas flow rate 13.33 cm?¥/s).
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25 \\
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FiG. 9. Experiments on the separation of Pb-Ge. As in Fig, 8, but flotation time 1.8 ks,
dodecylamine 0.1 X 1074 M.
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dodecylamine added (in 0.2% ethanol) should be increased at the same
time in order to accomplish flotation. The variation of the ratio of collec-
tor to colligend (here, lead), usually expressed as ¢, was adopted with the
increased initial lead concentration. The results are presented in Figs. 10-
12, with ¢ values equal to 2, 0.5, and 0.1, respectively. The lead concentra-
tion was varied from 1 X 107 M to 5 X 107*M, and the solution pH was
kept at 10-10.3. The flotation time was 1.8 ks, and the gas flow rate 13.3
cm’/s.

The increased germanium recovery at a concentration ratio of [Pb]:{Ge]
equal to 2:1,in M and ¢ = 2 (Fig. 10), was due to increased foaming, hence
entrainment in the foam layer. In this way the quantity of collector used
was reduced. In high [Pb]:[Ge] ratios the separation results were not as
good (see Fig. 11), possibly due to the presence of excess collector. In this
case, less foam was noticed and the solution was turbid.

The phenomenon of the negative effects of an excess of collector in
flotation from solutions is known and has been discussed elsewhere (16).
Finally, the experimental results and separation by ¢ = 0.1 were further
improved as shown in Fig. 12.

Re%
100
O 5 o a
75t
501
25+
a)
8] 0 —n
o 1 1 1 1 1
6} 1 2 3 4 5

[Pb] [M x 10(4) ]
B Re% Ge %~ Re% Pb

FIG. 10. Separation of Pb-Ge. Effect of initial lead content. Ge 1 X 10~* M, pH 10.0-10.3,
collector ratio ¢ = 2.
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FIG. 11. Separation of Pb-Ge. As in Fig. 10, but ¢ = 0.5
Re%
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FIG. 12. Separation of Pb-Ge. As in Fig. 10, but ¢ = 0.1.
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In conclusion, the selective separation of lead from germanium ions

was found satisfactory by flotation at approximately pH 10 and with
dodecylamine as collector.
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