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Introduction

The Pasminco US Inc. (PAS), Gordonsville
Operation, has been producing zinc
concentrate continuously since 1975. Within
the zinc concentrate, several by-product
elements were found to be significantly
concentrated, including gallium and
germanium. The gallium and germanium
replace zinc and other metals within the crystal
lattice structure of the zinc mineral (sphalerite)
and are concentrated in the same manner as
the zinc mineral. This concentrate is then sent
to the Pasminco Clarksville Zinc Refinery for
further processing. Within the hydrometal-
lurgical zinc-processing plant at Clarksville, a
residue is formed that contains a majority of
the impurities that would otherwise
contaminate or hinder the zinc process.
Approximately 5 000 tons of residue is formed
annually containing approximately 0.80%
gallium and 0.60% germanium along with
significant quantities of iron, zinc, silica, and
lead. Pasminco currently sells this residue for
the germanium value. Until recently, no
revenue for the gallium was obtained from the
sale of the residue.

The goals of this project were to:

➤ Review the feasibility of gallium removal
from the refinery residue prior to
germanium recovery

➤ Identify and lab test the commercial
process

➤ Pilot test the commercial process
➤ Develop a preliminary capital and

operating cost estimate.

Technology review

A technology review was completed by both
Pasminco and the Center for Advanced Mineral
and Metallurgical Processing (CAMP) and
comprised searching and reviewing associated
technology and recovery methods for both
gallium and germanium. The literature search
is listed in its entirety as courtesy to the
reader1-68. Both acid and alkali leaching
alternatives were reviewed. Ion exchange was
also reviewed as an option to selectively
recover gallium along with solvent extraction. 

Acid leaching

The review of the literature identified two
gallium recovery processes that had been
developed based on Clarksville
gallium/germanium residue1,2. The gallium
recovery processes used the following
methods:

➤ An acid leach circuit to dissolve the
gallium and germanium

➤ Conversion the leached iron from ferric
to ferrous

➤ Recovery of the gallium with a solvent
extraction approach

➤ Strip of the gallium from the solvent
extraction chemical

➤ Electrowinning of the strip solution to
create a crude gallium metal. 

Based on a review of the two processes, a
block flowsheet was developed. This included
an acidic nitrogen species catalyzed (NSC)69

pressure leach step. Figure 1 illustrates the
proposed flowsheet.
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Alkaline leaching

The two alkaline leaching processes identified were from
Dowa3 and Cominco4. Both of the processes were nearly
identical to each other and include the following:

➤ Alkaline leaching using sodium hydroxide to form a
jarosite residue

➤ Precipitation of aluminum, cadmium, and zinc with
calcium hydroxide

➤ Precipitation of germanium with magnesium hydroxide, 
➤ Recovery of gallium by electrowinning.

The proposed alkaline leach flowsheet is shown in 
Figure 2.

Ion exchange
Several ion exchange resins that contained aminodiacetic acid
as the active component were tested to recover gallium.
Figure 3 illustrates an ion exchange flowsheet.

Bench-scale testing
Bench-scale testing was used to identify the parameters
required for pilot testing. Process testing was completed to fill
in gaps from the available data, confirm previous testing and
ensure specific processes would work under the parameters
given. Initial bench-scale testing by CAMP was completed
using acid/alkaline leaching, cementation, solvent extraction,
ion exchange, and electrowinning.

▲
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Figure 1—Acid leach flowsheet

Figure 2—Alkaline leach flowsheet
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Alkaline leaching
Alkaline leaching was dismissed as a viable process due to
the solubility of lead within the alkaline solutions. Lead was
found to interfere with the recovery of the gallium. 

Acid leaching
In finding the optimum process to extract gallium from the
final Clarksville leach residue, several gallium-laden
materials were leached under varying conditions including:

➤ 1st Primary Filter Leach Cake – Weak acid leach residue
prior to flotation sulfur removal,

➤ Germanium Slag – Slag product after germanium
removal, and

➤ Clarksville Germanium Residue - Final residue created
at Clarksville refinery.

The latter residue is currently processed for germanium
recovery. Testing consisted of weak acid leach (WAL), hot
acid leach (HAL), and a nitrogen species catalyzed leach
(NSC). The test parameters were identified in Table I.

Due to the high Ga recoveries from existing PAS
processes and facilities, NSC testing was not completed due
the need for a pressure vessel. However, NSC testing was
completed on the Germanium slag. Table II summarizes the
gallium recoveries for each test.

Cementation
The cementation step was originally undertaken to do the
following:

➤ Identify zinc dust requirements to convert the ferric
iron to ferrous iron

➤ Raise the pH to 2.1 to allow for solvent extraction or
ion exchange.

Subsequent testwork used parameters shown in Table III,
with the results shown in Table IV.

All ferric iron was converted to ferrous iron. Note: sodium
carbonate was added to bring the pH from 0.5 to 1.0 at a rate
of 75 grams/litre.
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Figure 3—Ion exchange and electrowinning flowsheet

Table I

Acid leaching test parameters

Gallium recovery from leach type

Parameter HAL WAL NSC

Slurry density, % solid by weight 15% 15% 15%
Temperature, °C 90 75 105
Time, hours 5 5 2
Acid strength, gms/l 150 ~5 150
Pressure, atmospheres ambient ambient 6
Mixing, shear w/propeller constant constant constant
Sodium nitrite addition no no yes

Table II

Gallium leach recovery

Gallium recovery from leach type

Material HAL WAL NSC

1st Primary filter leach cake 96% 91% NT
Clarksville germanium residue 92% 90% NT
Germanium slag NT NT 75%

NT: no test

Table III

Initial cementation parameters

Parameters Leach solution

pH, 0.50
Iron content, ferric gms/l 6.5
Acid strength, H2SO4 gms/l 150
Pressure, atmospheres ambient
Temperature, °C ambient
Mixing, shear w/propeller constant
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Solvent extraction
Solvent extraction was identified by the US Bureau of
Mines41 as an extraction technique for recovering gallium
using octylphenyl acid phosphate (OPAP). The initial test
work was on residue material from Clarksville and
subsequently identified a solvent extraction flowsheet to
remove gallium. Solvent extraction test work completed at
CAMP for this project paralleled the Bureau’s work.

In the bench-scale work, four mixing/settlers were used
in counter current to imitate the flow of the pregnant leach
liquor through several mixing settlers. Table V lists the
bench-scale test parameters.

It is important to note that the OPAP was received as a
hardened solid and required heating to melt the material prior
to mixing with isododecanol and kerosene. As a liquid, the
OPAP mixed well to form a coherent organic. The results
listed in Table VI were obtained.

Ion exchange
Ion exchange was not an initial option for recovery. Contact
with resin manufacturers indicated that they had resins that
would possibly work for gallium, but they had limited or no
experience in gallium recovery. CAMP identified a silica based
resin, WP-2, produced by Purity Systems Incorporated70–75

that was subsequently tested. The resin parameters were
identified as shown in Table VII.

Testing consisted of adding zinc powder to the leach
liquor for impurity cementation, pH adjustment and ferric
reduction, precipitant filtration, followed by ion exchange.
Several leach liquors including residue leach liquor, first
primary filter cake leach liquor, and germanium slag leach
solution were tested. The initial ion exchange test parameters
were identified as shown in Table VIII. 

The results listed in Table IX were provided by testing at
Purity Systems labs.

Upon completion of the initial test work, further work
was completed using a hot acid leach solution produced by
CAMP. The ion exchange parameters listed in Table X were
used for this test.

All ion exchange loading and strips were taken to
completion. Based on this test, the results as presented in
Table XI were obtained.

▲
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Table V

Solvent extraction test parameters

Parameters Leach solution

pH, 2.1
Iron content, ferric gms/l 0.0
Acid strength, H2SO4, gms/l 3
O/A ratio, 1:1
Loading time, min 8
Extractant, OPAP molar 0.3
Modifier, isododeconal % by Vol 10
Organic, kerosene 
Mixing shaker

Table IV

Final cementation parameters

Parameters Leach solution

pH, 2.1
Iron content, ferric gms/l 0.0
Acid strength, H2SO4, gms/l 3
Zinc added, gms/l 43
Temperature, °C 145
Mixing, shear w/propeller constant

Table VIII

Initial IX parameters

Parameters Leach solution

pH, 2.1–2.5
Temperature, °C ambient
Iron content, ferric, gms/l 0.0
Acid strength, H2SO4, gms/l 1–3
IX Flow rate, bed volumes/minute 0.5 upflow
Strip solution, gms/l 200
Strip rate, bed volumes/minute 1

Table VI

Solvent extraction test results

Parameters Leach solution

Gallium recovery, % 90+
Zinc recovery, % 8
Iron recovery, % <0.5
Germanium recovery, % 0
Temperature, °C ambient
Mixing, shear w/propeller constant

Table VII

IX resin parameters

Parameters Leach solution

Substrate Silica gel/polyamine composite
Active agent Iminodiacetic Acid
Particle size 60–80 mesh
Pore size 175 (μm)
Ionic form Hydrogen
Swell none

Table IX

Gallium IX recovery (%)

Test Ga Ge Fe Zn 

WAL solution 87.3 1.6 0.75 0.09
1st primary filter cake solution 79.9 7.6 0.44 3.71
(Test 5a)
1st primary filter cake solution – 88.6 NR 0.76 9.55
multiple passes (Test 5b)
Germanium slag 78.7 NR 0.85 14.75
NR – Not recovered
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Solution purification

Because precipitation of gallium and other metals is standard
practice within the Pasminco refinery, no initial bench-top
precipitation and electrorefining work was completed. A
review of the refinery mass balance shows the refinery
currently precipitates almost 100% of the gallium,
germanium, iron, lead, and other contaminate metals
between a pH of 2.5 and 4.5.

Purification consisted of precipitating gallium from the
ion exchange strip solutions at pH 4.1 using sodium
hydroxide. At pH 4.1, the germanium, iron, lead, cadmium,
aluminum, copper, and some zinc will also precipitate but
these elements have mostly been removed in prior
processing. The solution is then filtered and the filter cake
washed. The filter cake, which contains the gallium, is
redissolved using 200 gram per litre sodium hydroxide
solution at 30% solids by weight. Gallium, being 100%
soluble in a hydroxide solution, will go back into solution
along with any remaining germanium, lead, cadmium,
aluminum, copper, and zinc. Iron is insoluble as a hydroxide
and will not dissolve into solution. Zinc is only sparingly
soluble in high pH solutions. What remains is a high gallium
and zinc hydroxide solution ready for electrowinning. 

Electrowinning

Electrowinning of solution purification hydroxide solutions
was tested using purchased gallium and zinc in simulated
process solutions. The parameters of Table XII were used for
testing.

Initial testing identified a large amount of gassing at both
the anode and cathode. This gassing diminished as gallium
started to plate on the cathode. Gallium formed on the
cathode as small droplets of liquid gallium that eventually
grew and dripped off the cathode. Residual gallium was
easily removed from the cathode by brushing. Zinc formed

small dendrites that readily detached and floated within the
solution. The results of the electrowinning test are shown in
Table XIII.

Pilot testing

Pilot testing was completed to confirm the results identified
from the bench-scale testing. Ion exchange, because of its
ease of operation and positive bench-scale test results, was
picked as the process ultimately to separate the gallium from
the leach solutions. Because all the processes except the ion
exchange process used commercially available and viable
processes, the main focus of the pilot was to confirm gallium
ion exchange recovery at larger scale. Additional testing was
not completed unless pilot testing found variations from the
bench-scale testing. The scale factor used for piloting was
approximately 100 to 1. Piloting consisted of testing the
following systems:

➤ Hot acid leaching
➤ Cementation
➤ Ion Exchange
➤ Precipitation
➤ Electrowinning.

Hot acid leaching

Hot acid leaching was completed separately from the pilot
test. The leaching was completed at the Clarksville Cadmium
plant using a 1 500 gallon agitated stainless steel tank
designed for leaching. Hot acid leaching for the pilot test,
used the parameters of Table XIV.

For the pilot test, approximately 1 050 kilograms of
germanium residue was added to 4 000 litres of water under
high agitation. Approximately 1 000 litres of water was not
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Table XI

Ion exchange HAL recovery

Parameter HAL solution

Gallium recovery, % 85.1
Resin capacity, grams Ga/kg resin 4.8
Attrition none
Strip time, bed volumes 1.5
Note: Iron and zinc loadings were also found to be similar. 

Table X

Hot acid leach ion exchange testing parameters

Parameters Leach solution

pH, 2.1–2.5
Temperature, ºC ambient
Iron content, ferric gms/l 0.0
Acid strength, H2SO4 gms/l 1–3
IX flow rate, bed volumes/minute 0.833 upflow
Strip solution, H2SO4 gms/l 200
Strip rate, bed volumes/minute 0.1 upflow

Table XIII

Electrowinning test results

Variables Parameters

Current density, amps/m2 1000
Cell voltage, volts 3.8
Current efficiency, % 29
Anode deposition None
Cathode deposition Ga Droplets, 
Zn dendrites
Cell temperature, C 34
Flow rate, l/min 1

Note: Gallium was easily removed from the cathode.

Table XII

Electrowinning test parameters

Variables Parameters

Current density, amps/m2 500–1000
Cell voltage, volts 3.0
Current efficiency, % 30–50
Anode material 2 ea - stainless
Cathode material 1 ea - stainless
Cell temperature, °C 30
Flow rate, l/min 1
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added to allow for steam condensation and extra water
addition during leaching. The leach residue was allowed to
mix thoroughly in the leach vessel. Upon agitation, steam
was directly injected into the slurry to bring the temperature
to between 80 and 90°C. Once at temperature, the solution
was leached for 5 hours and then filtered. The results are
listed in Table XV.

Filtration of the solution was completed in a plate and
frame filter using 215 square feet of filter cloth. The cloth
was a 10.5 oz polypropylene with a porosity of 3 to 5 cubic
feet per minute under 1” water pressure. The filter is
designed to trap 1 micron particles or larger. The filter rate of
the material was approximately 20 litres/minute with the
filtrate being slightly cloudy at the beginning of filtration and
clearing in a short period of time after the cake began to
build. A small polishing filter or filtrate recycle will be
required in a full-scale application. Testing identified that
HAL can effectively leach the gallium from the residue with
the pilot test validating the results of the initial bench-scale
testing.

Cementation
Cementation was completed in a 750 gallon stainless steel
open top agitated vessel. Approximately 500 gallons of
filtered HAL solution was added to the vessel. As identified
previously, the main goals of the cementation process was to
convert the ferric iron to ferrous iron, raise the pH to 2.1, and
precipitate as many of the impurity elements as possible. In
testing, the zinc powder was added to the agitated solution at
ambient temperature from the top of the tank. Temperature
and pH were monitored during the entire process. Zinc was
added as needed until pH 2.1 was obtained. The test results
are shown in Table XVI.

Upon completing the test, the cementation product was
filtered through a 2 cubic foot plate and frame test filter.
When initially filtering the material, the cementation product
immediately blinded the filter cloth. At this point, a sample of
the cementation product was sent to Eimco Process
Equipment Company. Testing identified that the material was
finely divided and would filter at a rate of only 0.125
gallons/square foot/hour. 

Eimco identified several processes that would filter the
cementation material. The first process was a vacuum filter
with a precoat. Flow rates of 9 to 11 gallons/square foot/hour
were obtained. The second process was to use a pressure
filter such as a plate and frame filter and add a body-coat
such as diatomaceous earth to the agitated cementation
solution and mixed thoroughly. The diatomaceous earth
builds up against the cloth along the finely divided
cementation product and maintains porosity. Flow rates of 
2 gallons/square foot/hour were obtained. 

In the pilot test, a 7 plate, 56 square feet filtering
capacity, plate and frame filter was purchased and set up to
process the cementation product. A medium porosity,
polypropylene filter cloth recommended by Eimco was
installed. Approximately 25 pounds of diatomaceous earth
was added to the cementation product, mixed and filtered.
Upon filtering, approximately 400 gallons of material was
filtered in 2.5 hours or a rate of 2.8 gallons/square foot/hour.
The cementation product dropped relatively easily from the
plates, although some scraping was required in the back end
of the filter. Some of the material in the back end was
relatively damp. The results of the cementation step are listed
in Table XVII.

A review of the testing identified that the gallium was not
precipitated. The gallium in the filter cake was soluble
gallium and was not washed from the cake due to ineffi-

▲
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Table XV

Pilot hot acid leach (HAL) results

Element Germanium Filtrate Final Leach Pilot Bench
residue head grade residue recovery, recovery, 

grade, % g/l grade, % % %

Ga 0.83 2.1 0.17 93.3 92.0
Ge 0.61 0.8 0.21 88.8 84.4
Zn 11.91 32.8 4.24 88.4 48.8
Fe 12.76 26.5 3.22 91.7 96.5
Pb 14.87 NS 30.70 32.3 0.03
Cd 0.12 5.2 0.04 98.9 84.6
Cu 1.79 4.43 0.13 97.6 79.7
NS—No Sample. Pb results were back calculated based on residue
grade.

Table XVI

Zinc powder cementation testing result

Parameters Leach solution

pH, <0.5 to 2.0
Zinc usage*, gms/l 240
Temperature, ºC 21 to 54
Iron content, ferric gms/l 0.0
Acid strength, H2SO4 gms/l 200 to 3.0
Color clear to reddish black

Table XVII

Pilot plant zinc powder cementation results

Element Pre cementation Post cementation Filter cake,
solution grade, solution grade, %

g/l g/l

Ga 2.0 1.73 0.19
Ge 0.7 0.049 4.87
Zn 29.7 57 12.63
Cd 7.4 2.3 3.13
Cu 4.23 0.005 32.00
Fe 25.5 20.0 (all as Fe+2) 4.51
Pb NS NS 3.15
NS: No Sample

Table XIV

Acid leaching test parameters

Parameter HAL

Slurry density, % solid by weight 15%
Temperature, °C 90
Time, hours 5
Acid strength, gms/l 150
Pressure, atmospheres 1
Mixing, shear w/propeller constant
Other, sodium nitrite addition no

SAIMM_25-35:Template Journal  6/9/08  11:42 AM  Page 266



ciencies in rinsing. The germanium completely precipitated
along with the copper. The lead in the filter cake was found
to be from the zinc powder used in the test. Clarksville adds
lead to their zinc powder to help in their purification
processes. Most of the cadmium precipitated but the solution
temperatures were not high enough to bring the precipitation
to completion. The zinc level increased due to the
cementation process. Gaseous hydrogen also formed, which
required proper ventilation and monitoring as the hydrogen
levels gassing from the tank were above 1 000 ppm. The iron
level remained relatively the same but all of the ferric iron
converted to ferrous. 

The pilot test was a success in that all of the goals were
accomplished. The ferric iron was converted to ferrous iron,
most of the impurity metals were precipitated, and the pH
was increased to 2.1. But in the test, two issues arose. First,
the amount of zinc consumed was considerably higher than
expected and the germanium precipitated with the zinc. This
did not happen in the bench-scale testing. To tackle the first
problem of the high zinc consumption, several bench-scale
tests were completed. These tests were used to confirm the
pilot plant usage and identify an alternative to zinc to initially
raise the pH to some point around pH 1.0 and still use zinc
for cementation and raise the pH to its final point of 2.1.
Initial tests used both sodium carbonate and sodium
hydroxide to raise the pH. 

In the first test, sodium hydroxide and sodium carbonate
were added to the leach solution to bring the pH to 2.1. This
was done to ensure that the addition of either material would
not have any adverse effects on the solution. Based on this
initial testing, sodium hydroxide was immediately eliminated
as a precipitate started to form at approximately pH 1.3 to
1.5. Sodium carbonate showed no such precipitation. 

A test using zinc was completed in the laboratory to see if
the results could be duplicated. Parameters recorded included
Eh, pH, temperature, free acidity, and zinc addition. In the
test, the amount of zinc used was approximately 230
grams/litre of zinc powder. This was equivalent to the pilot
cementation testing. The results are shown in Table XVIII.
The increase in Ga and Fe grades was due to a slight decrease
in solution volumes upon completion from taking samples.
These results were similar to the pilot cementation results.
The lead increase was due to the lead in the zinc powder.

Upon achieving the same results as the pilot, sodium
carbonate was added in various amounts until the amount of
zinc use was cut in half. Ultimate test runs at 180 grams/litre
sodium carbonate, dropped the zinc usage to about 120
grams/litre. Germanium would be recovered from the zinc
precipitant cake as needed. The results are identified in 
Table XIX and indicate that the cementation products stayed
relatively the same but the zinc usage was cut in half. Sodium
carbonate use was therefore incorporated into the final design.

Ion exchange
The main focus of the pilot testing was to test gallium
recovery with ion exchange. Final filtered solution from
cementation was used to run the ion exchange tests. The
design parameters of the pilot ion exchange columns are
listed in Table XX.

Pilot testing consisted of having three columns operating
in series and with one strip column. The highest Ga loaded
column would then be stripped and readied for loading again.

The strip solution consisted of 200 gram/litre H2SO4 running
upflow through the column at approximately 1/10 of a bed
volume per minute. The solution was recycled until stripping
was complete. Typically, stripping was extremely fast, taking
only 1/10 the time of loading. Upon completion of stripping,
the column was drained of strip solution (which was added
back to the strip solution container) and rinsed with water.
The water was added back to the leach solution make-up
circuit. The strip solution was not changed during the entire
process to build the gallium tenor. 

Initial testing focused on the ability of the resin to collect
gallium and identify its characteristics. During these tests,
the resin did not react quickly enough requiring all tails
solutions from the ion exchange columns to be captured for
re-circulation (see Table XXI). 

In the initial testing, the gallium solution concentration
would start at some level, then increase, and finally drop
back to some lower level at which point the gallium solution
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Table XVIII

Cementation results—zinc only

Element Pre cementation Post cementation
solution grade, solution grade,

mg/l mg/l

Ga 812 867
Ge 131 0.9
Zn 15469 228011
Cd 102 41
Cu 979 2
Fe 8095 10814
Pb 0.8 7.5

Table XX

Pilot plant ion exchange column parameters

Variables Parameters

Columns 4
Recovery columns (in series) 3
Strip columns 1
Size H –1.3 m

D – 0.20 m
Flow Upflow, countercurrent
Expansion, % 100
Flow rate (all), bed volumes/min 1/10

Table XIX

Cementation results (with 180 gram/Litre sodium
carbonate addition)

Element Pre cementation Post cementation
solution grade, solution grade,

mg/l mg/l

Ga 812 732
Ge 131 59.2
Zn 15469 127248
Cd 102 29.2
Cu 979 2.0
Fe 8095 10884
Pb 0.8 0.9
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level would stay relatively constant for several hours. The
solution was being recirculated from the cementation head
tank back at this time. After several tests with the same
results, and some success with loading and stripping, the
loading curve showed gallium loading at a rate of approxi-
mately 2 to 3 grams of gallium per kilogram of resin. This
was well below the bench testing and at times there was no
gallium to strip. 

A review identified the problem as the recycled
cementation solution dropping below pH 1.8 and essentially
stripping the resin of gallium as fast as the gallium loaded.
Sodium carbonate was added to the solution to ensure the pH
was maintained between 2.1 and 2.5. Table XXII identifies
typical results using pH control. Loading rates for this test
were approximately 12 grams per kilogram of resin. This was
well above the loading rates identified in the testwork.

Upon redesigning the pilot system for recirculation and
pH control, a test was completed with the remaining fresh
cementation solution. The test used approximately 200
gallons of fresh solution recirculated through the ion
exchange columns maintaining a pH at 2.1. Three columns
were on line at one time while one column was stripping.
Approximately 60 to 70 gallons of strip solution was used for
the test. Final results shown in Table XXIII identified gallium
recovery at 94% with good selectivity towards zinc, cadmium
and iron. The amount of copper, germanium, and lead were
insignificant. These tests identified that the ion exchange
process could be effectively used and incorporated into the
final design.

Precipitation
Upon completion of the pilot ion exchange testing, approxi-
mately 60 to 70 gallons of final strip solution was obtained
for gallium recovery. This solution contained approximately
200 grams/litre free acidity of H2SO4 that needed to be
neutralized to basic conditions to allow gallium
electrowinning. The first step of the precipitation process
involved some laboratory work to bring the pH of the strip
solution to a pH of 4.2. The initial process tested various
reagents included lime, sodium carbonate, and sodium
hydroxide. Lime use was discontinued because of the
overwhelming amount of solids precipitated. Sodium
carbonate use was also discontinued because of the amount
of chemical required to achieve pH 4.2 and the excessive
amount of precipitate formed. Sodium hydroxide was
ultimately chosen because the amount of precipitate formed
was not excessive, the amount of chemical use was not
excessive, and the reaction readily created heat that improved
precipitation. Although a hydroxide cake was formed, it was
readily filtered.

In the pilot test, approximately 10 gallons of 50% sodium
hydroxide was slowly added to the strip solution in an
agitated tank. This was equivalent to adding approximately
110 grams/litre of 100% NaOH. As the solution was added,
the solution temperature increased to approximately 70°C
with a precipitate forming at ~ pH 2.5. The pH was slowly
increased to 4.1 where sodium hydroxide addition stopped.
At this point the solution was filtered through a plate and
frame filter. The filtrate was clear with approximately 2 kg of
reddish brown precipitate formed. Table XXIV illustrates the
results of the precipitation. As expected, the gallium
completely precipitated while a majority of the other elements
stayed in solution. This was consistent with what had been
identified in the PAS refinery and literature.
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Table XXII

Typical ion exchange results

Time Ga conc, g/l Strips Ga conc, g/l

0 1.30 3.10
2.0 0.92 1 3.45
3.5 0.60 2 3.60
5.5* 0.50 3 4.14
7.5 0.35 4** 4.00
8.5 0.24 5 4.50
Notes: *Added sodium hydroxide to increase pH to 2.1
**Added H2SO4 to maintain 200 gm/l free acidity

Table XXI

Typical ion exchange results

Time Ga conc, g/l Strips Ga conc, g/l

0 .704
1 .721
2 .815 1 .365
3 .986
4 .965 2 .508
5 NS
6 .811 3 .637
7 .782 4 .892
8 .681 5 .812
9 .713 6 .955
10 .759 7 .934

Table XXIII

Final pilot ion exchange test results

Element Cementation head Ion exchange Final strip solution
grade, g/l tail grade, g/l grade, g/l

Ga 1.73 0.135 3.68
Ge 0.05 0.05 0.04
Zn 57 52 22
Cd 2.3 1.9 1.01
Cu 0.005 0.005 0.018
Fe 20 22.8 5.8
Pb ns .002 .003

Table XXIV

pH 4.1 precipitation results

Element Final strip pH 4.1 filtrate pH 4.1 filter
solution grade, cake

grade, g/l g/l grade, %

Ga 3.68 0.061 13.9
Ge 0.04 0.023 0.07
Zn 22 9.6 4.49
Cd 1.01 0.47 0.19
Cu 0.018 0.068 0.06
Fe 5.8 2.79 6.35
Pb .003 0.006 <0.01
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The next step was to leach the gallium from the filter cake
using a pH 13 sodium hydroxide solution. This would create
a Ga electrowinning electrolyte. Initial leaching of the
precipitate cake was at ambient temperature for one hour.
The solution was filtered and assayed. The amount of
solution used to bring the gallium back into solution was
approximately 12 litres. The amount of precipitate obtained
was 1.2 kilograms. Table XXV shows the results of the initial
filter cake leaching. As expected, almost all the impurities
were removed from the final electrowinning solution. Further
tests increased the leaching time and temperature and
removed the gallium level in the filter cake to below 0.5%. 

Electrowinning

Electrowinning tests were conducted with a small rectifier
using three 7” x 5” stainless steel plates. Two of the plates
were used as anodes and one plate was used as a cathode.
The parameters listed in Table XXVI were used. Two tests
were run using 1 000 amps/square metre current density 
and all subsequent tests using 1 500 amps/square metre.
Test 1 was run for 12 hours. Test 2 was run for 45 hours.
Table XXVII outlines the results of the tests.

Upon completion of the testing, approximately 249 grams
of gallium were obtained from the solutions. The current
efficiency in the tests was approximately 27%. There was
substantial gassing at both the anodes and cathodes. The
cathode gassed until gallium started to form. Gallium formed
as liquid balls on the cathode and dripped off the cathode.
Minor amounts of zinc formed as dendrites. These dendrites
broke from the cathode and floated in the solution. Filtering
will be required to collect this material as it leaves the cell.
Temperature was maintained using the joule heat from cell
inefficiency. The solution temperature reached 35°C and

remained there during both tests. Upon increase of the
temperature, a precipitate formed. Table XXVIII is an
elemental analysis of the electrowinning precipitate. Small
amounts of gallium found in this material were from the
electrowon gallium being pumped into the collection tank and
collected with the precipitate. This precipitate was a lead
hydroxide and is only sparing soluble in low temperature and
insoluble at elevated temperatures. This material would be
ultimately added back to the HAL.

Both precipitation and electrowinning testing went as
expected. The final flowsheet will recycle most of the
materials from this section to ensure maximum recovery from
the final plant. 

General testing issues

Testing of the gallium pilot was designed to review the ion
exchange capabilities of the resin, prove the validity of
previous work, and prove the validity of the U.S. Bureau of
Mines testwork. Although several tests were run on the
material available and a number of problems were worked
out of the system, only one HAL batch was completed due to
the environmental issues associated with doing a hot acid
leach at Clarksville and the Bevill implications. Although all
the piloting work results were similar or exactly as the
bench-scale predicted and previous work predicted, some
unforeseen problems might arise in the full-scale plant
because of the small scale of the test work.

Proposed flowsheet

The proposed flowsheets for gallium recovery were developed
based on previous and current verification test work and are
similar to that of the Bureau of Mines41. The main changes to
the flowsheets from previous work include the switch to hot
acid leaching and the change to ion exchange from solvent
extraction.
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Table XXVI

Electrowinning test parameters

Variables Parameters

Current density, amps/m2 500–1000
Cell voltage, volts 3.0
Current efficiency, % 25–50
Anode material 2 ea—stainless
Cathode material 1 ea—stainless
Electrolyte, NaOH, g/l 150
Cell temperature, ºC 30
Flow rate, l/min 2

Table XXV

pH 13 gallium IX strip solution precipitate releach

Element pH 13 filter Final EW pH 13 filter
cake solution cake

grade, % grade, g/l grade, %

Ga 13.9 18.1 8.0
Ge 0.07 <0.010 <0.05
Zn 4.49 0.328 16.7
Cd 0.19 0.003 0.80
Cu 0.06 <0.005 0.61
Fe 6.35 0.004 28.20
Pb <0.01 0.002 0.08

Table XXVII

Electrowinning test results

Element Test 1 head, g/l Test 1 tails, g/l Test 2 tails, g/l

Ga 18.1 13.4 3.31
Ge <0.010 <0.010 <0.010
Zn 0.33 0.19 0.06
Cd 0.003 0.003 0.001
Cu <0.005 <0.005 <0.005
Fe 0.004 0.002 0.003
Pb 0.002 0.001 0.001

Table XXVIII

EW Precipitate Analysis

Element EW Precipitate, %

Ga 0.72
Ge <0.05
Zn 2.52
Cd 0.04
Cu 0.08
Fe 3.91
Pb 64.50
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The development and implementation of industrial hydrometallurgical gallium

Conclusion

Based on information previously identified and data
confirmed through lab and pilot-scale testing, an acidic leach
ion exchange gallium recovery plant could be engineered and
installed to recover gallium and germanium. For treatment of
5 000 tons per year of feed, the CAPEX was estimated in
2003 to be $5 M USD and the OPEX to be $55 USD/kg of Ga
produced.
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