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Abstract 

 

Todd Fayram, the Gordonsville Operation of Pasminco US Inc., and the Center for Advanced 

Mineral and Metallurgical Processing (CAMP) at Montana Tech studied, developed and 

implemented a pilot scale hydrometallurgical facility for the industrial recovery of gallium. This 

thesis describes the testing and engineering program that culminated in this successful recovery 

of gallium through process described herein. 
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1. Introduction 

The Gordonsville Zinc Mine and Mill, located in Gordonsville, Tennessee has produced 

zinc sulfide (sphalerite) flotation concentrates almost continuously since the early 1960s, when 

zinc was discovered in the Gordonsville, Tennessee area.  The mine typically produces 

approximately 95,000 tons of low iron, extremely high-grade zinc concentrate of 65.5% zinc by 

weight nearly approaching the theoretical sphalerite concentration limits of 67.1% zinc by 

weight per year.  This zinc concentrate is sent to the Clarksville Zinc Refinery where the zinc is 

leached from the sphalerite using a weak acid leach process, electrowon, melted, and poured into 

high purity zinc ingots (>99.99% zinc).   

Within the sphalerite concentrate, several byproduct elements were found to be 

significantly concentrated including gallium.  The gallium concentration in the sphalerite 

concentrate was found to approach approximately 300 parts per million
(1)

 or a quantity of 

approximately 40 tons of gallium per year.  The gallium typically replaced zinc and other metals 

within the crystal lattice structure of the sphalerite
(2)

 and was concentrated in the flotation 

concentrate in the same manner as the sphalerite.   

During the hydrometallurgical zinc-processing at the Clarksville Refinery, a leach residue 

is typically formed that contains a majority of the impurities including the gallium that would 

otherwise contaminate or hinder the zinc refining process.  Approximately 7,000 tons of residue 

is formed annually containing approximately 0.6% gallium
(1)

 along with significant quantities of 

iron (10%), zinc (17%), copper (0.4%), germanium (0.4%), silica (1.0%) and lead (15%).  The 

metals for the residue are typically found as oxides although there are significant unreacted zinc 

sulfides.  This residue was typically sold for the germanium value.  Until recently, no revenue for 

the gallium was obtained from the sale of the residue.     
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The goals of the gallium recovery project were to: 

 Review the feasibility of gallium removal from the refinery residue prior to sale of the 

residue for the germanium values, 

 Identify and lab test a commercial process for the recovery of gallium, 

 Pilot test the commercial process, and 

 Develop a preliminary capital and operating cost estimate for the identified gallium 

recovery process. 

The results of the testwork and pilot study are identified and presented in this thesis. 
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2. Technology Review and Initial Flowsheet Development 

As part of reviewing the feasibility of gallium removal, a technology assessment was 

completed which comprised searching and reviewing associated technology, literature, and 

recovery methods for gallium.  The literature search is listed in its entirety and separately in the 

bibliography
(1-82)

.   

During this assessment, a consultation was held with the Clarksville Refinery personnel 

to identify methods that may or may not be used for recovering the gallium.  Due to 

environmental issues identified by the site personnel relating to Bevill Exclusion requirements, 

(In 1980 RCRA (Resource Conservation and Recovery Act) was amended by adding section 

3001(b)(3)(A)(ii), known as the Bevill exclusion, to exclude "solid waste from the extraction, 

beneficiation, and processing of ores and minerals" from regulation as hazardous waste under 

Subtitle C of RCRA
(3)

).  No Hot Acid Leach scenarios could be developed or used for any 

recovery of gallium from Clarksville residue (in the case of Clarksville, a hot acid leach or HAL 

is any leaching with acid where the leaching process starts at a temperature of 80˚ Celsius or 

higher).  Based on this comment, the following alternatives were identified and researched: 

 Weak acid and alkali hydrometallurgical leaching were identified for gallium 

dissolution. 

 Ion exchange, solvent extraction, cementation, and precipitation methods were 

explored to selectively recover gallium. 

 Electrorefining methods were explored for final recovery of the gallium.     

Based on the literature and technology review, basic flowsheets were identified for each 

of the processes to use as a template for testing.  The following identifies the results of the 

review. 
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2.1. Weak Acid Leaching/Solvent Extraction 

The literature review identified two gallium recovery processes that had been developed 

based on Clarksville residue
(4,5)

.  Both gallium recovery processes were similar and used the 

following methods: 

 A weak acid leach circuit to dissolve the gallium, typically 

 Ga2O + 3H2SO4 + O2 ↔ Ga2(SO4)3 + 3H2O 

 Conversion of the leached iron from ferric to ferrous iron
(21)

, typically 

 In pH <3.5, 2Fe
+3

 + Zn(metal) ↔ 2Fe
+2 

+ Zn
+2 

  Zn
+2 

+ H2SO4 ↔ ZnSO4 + H2(gaseous) 

 Precipitation and filtration of other metals using, sodium sulfide and sodium 

carbonate  

Germanium Sulfide Precipitation Example:    

 Ge
+2

 + Na2S
 
↔ GeS + 2Na

+
 

Lead Carbonate Precipitation Example:   

 Pb
+2

 + NaCO3- ↔ PbCO3 + Na
+ 

 Recovery of the gallium with a solvent extraction approach using,  

OPAP (Octyl Phenyl Acid Phosphate, C14H23O4P), in the following reactions
(6)

: 

 Ga
3+

 + (3-S1)HM(org) = GaM3·S1HM(org) + 3H
+
 

 Ga
3+

 + (3-S2)HD(org) = GaM3·S2HD(ORG) + 3H
+ 

  Where HM denotes mono-OPAP and HD denotes di-OPAP. 

 Strip of the gallium from the solvent extraction chemical, and 

 Electrowinning of the strip solution to create a crude gallium metal for sale.   

Based on a review of the two processes, a block flowsheet was developed. This included 

an acidic nitrogen species catalyzed (NSC)
(7)

 pressure leach step.  Figure 1 illustrates the 

proposed testing flowsheet.    
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Figure 1:  Weak Acid Leach/Solvent Extraction Flowsheet 

 

2.2. Alkaline Leaching/Precipitation Flowsheet 

The literature review identified two alkaline gallium leaching processes.  The processes 

identified were being developed by Dowa
(8,9) 

and Cominco
(10)

.  Both of the processes were nearly 

identical and included the following: 
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 Alkaline leaching using sodium hydroxide to remove iron and form a jarosite 

(NaFe3(OH)6(SO4)2) residue, 

 Precipitation and filtration of aluminum, cadmium, and zinc from leach solutions with 

calcium hydroxide, 

 Precipitation and filtration of germanium from leach solutions with magnesium 

hydroxide,  

 Neutralization of leach solutions with sulfuric acid and further precipitation and 

filtration of iron lead, and zinc, and 

 Addition of sodium hydroxide to increase alkalinity of solution and recovery of 

gallium by electrowinning. 

The proposed alkaline leach flowsheet follows: 
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Figure 2:  Alkaline Flowsheet 
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2.3. Ion Exchange 

Instead of using Solvent Extraction for removal of Gallium, several ion exchange resins 

that contained iminodiacetic acid (dicarboxylic acid amine - C4H7NO4) as the active component 

were tested to recover gallium
(11,12)

.  Figure 3 illustrates an ion exchange flowsheet. 

 

 

Figure 3:  Ion Exchange and Electrowinning Flowsheet 
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3. Laboratory Testing 

Bench scale testing of the Clarksville residue was used to identify the parameters 

required for pilot testing.  Individual testing of each process 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 was completed using acid/alkaline leaching, 

cementation, solvent extraction, ion exchange, and electrowinning.  Each area of testwork is 

identified below.  The gallium was assumed to be a gallium oxide when testing started. 

3.1. Alkaline Leaching 

Gallium is highly soluble within alkaline solutions and typically forms a gallate in the 

form of Ga(OH)
- 4(13)

.  The Alkaline leaching was dismissed as a viable process due to the 

solubility of lead oxide to soluble hydroxoplumbates (II)
(14) 

within the alkaline solutions.  In a 

review of the literature, lead was found to interfere with the recovery of the gallium in both 

solvent extraction and ion exchange.  Alkaline leaching was also dismissed as a process due to 

the extensive availability of sulfuric acid and acid proof materials and equipment.   

3.2. 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 for sulfur 

removal, 

 Germanium Slag—Slag product containing gallium after germanium removal, and 

 Clarksville Germanium Residue—Final residue created at Clarksville refinery.  

(This residue was processed for germanium recovery.)  
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Testing consisted of weak acid leach (WAL), hot acid leach (HAL), and a nitrogen 

species catalyzed leach (NSC)
(7)

, all using sulfuric acid as the leachate.  The test parameters were 

identified in Table I (Pasminco Test for Total Acid can be found in Appendix A). 

 

Table I: Acid Leaching Parameters 

 

Parameter HAL WAL NSC 

Slurry Density  (% solid by weight) 15% 15% 15% 

Temperature (  C) 90 70 105 

Time (hours) 5 5 2 

Acid Strength, H2SO4  (gms/l) 150 ~5 150 

Pressure (atm) ambient ambient 6 

Mixing  (shear w/propeller) constant constant constant 

Sodium Nitrite Addition no no yes 

  

Due to the high Ga recoveries from existing Clarksville processes and facilities, NSC 

testing was not completed due to the need for a pressure vessel and the Beville issues associated 

with pressure leaching.  However, NSC testing was completed on the Germanium slag. Table II 

summarizes the gallium recoveries for each test: 

Table II: Gallium Leach Recovery 

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   
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3.3. Cementation 

The cementation step was originally undertaken to do the following: 

 Identify zinc dust requirements to convert the ferric iron to ferrous iron, and 

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

Note that the 2.1 pH level was arbitrarily identified based on a review of the many 

different references. Although no isotherms were able to be identified: gallium, in a 

pH 2.0 sulfate system, was identified as preferentially absorbing on a wide range of 

ion exchange resins or is extracted in solvent exchange solutions over ferrous iron.  

Based on the reference review, testwork arbitrarily used the pH 2.0 value as base 

point. 

Subsequent testwork used the parameters shown in Table III with final cementation test 

results identified in Table IV. 

Table III: Initial Cementation Parameters 

 

Parameters 

Leach 

Solution 

pH 0.50 

Iron Content, Fe
+3

 (gms/l) 6.5 

Acid Strength, H2SO4  (gms/l) 150 

Pressure  (atm) ambient 

Temperature (  C) ambient 

Mixing, shear w/propeller constant 
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Table IV: Final Cementation Results 

 

Parameters 

Leach 

Solution 

pH 2.1 

Iron Content, Fe
+3

 (gms/l) 0.0 

Acid Strength, H2SO4 (gms/l) 3 

Zinc Added (gms/l) 43 

Temperature (  C) 45 

Mixing, shear w/propeller constant 

 

All ferric iron was converted to ferrous iron (Pasminco Test Procedure for Ferrous and 

Total Iron can be found in Appendix B.  Note that sodium carbonate was added to bring pH from 

0.5 to 1.0 at a rate of 75 grams/liter.  Sodium carbonate use was found to minimize the amount of 

precipitant formed over the use NaOH. 

3.4. Solvent Extraction 

Solvent extraction was identified by the U.S. Bureau of Mines
(15) 

as an extraction 

technique for recovering gallium using Octylphenyl Acid Phosphate (OPAP).  The initial test 

work was on residue material from Clarksville and which subsequently identified a solvent 

extraction flow sheet to remove gallium.  Solvent extraction test work completed at CAMP for 

this project paralleled the Bureau’s work. 

The test work consisted of leaching Clarksville gallium residue with hot sulfuric acid and 

completing the cementation work as noted above.  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 (see Figure 4 for the set-up).   
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Figure 4:  SX Testing Flowsheet 

 

In the laboratory, four separatory funnels were placed in a series and the feed solution 

was added to the first funnel with the initial organic.  The flow was then advanced by hand in a 

countercurrent manner so the highest grade feed the highest grade organic.  Table V lists the 

bench scale solvent extraction test parameters. 

Table V: Solvent Extraction Test Parameters 

 

Parameters 

Leach 

Solution 

pH 2.1 

Iron Content, Fe
+3

  (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 
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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.  Both organic and aqueous fractions were hand 

transferred. The results listed in Table VI were obtained (See Appendix C for solvent extraction 

test work results.). 

Table VI: Solvent Extraction Test Results 

 

Parameters 

Leach 

Solution 

Gallium Recovery (%) 90+ 

Germanium Recovery (%) 0 

                  ambient 

Mixing (shear w/propeller) constant 

 

3.5. 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 Incorporated
(11,12)

 that was subsequently tested (Test report performed by Purity 

Systems is identified in Appendix D).  The resin parameters were identified as shown in Table 

VII. 
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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 

  

Testing consisted of adding zinc powder to the leach liquor for impurity cementation, pH 

adjustment and ferric reduction.  Following precipitant filtration, ion exchange was performed.  

Several leach liquors including residue leach liquor, 1st 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 with the results listed in Table IX provided by testing at Purity 

Systems labs. 

Table VIII: Initial Ion Exchange Parameters 

 

Parameters 

Leach 

Solution 

pH 2.1 - 2.5 

Temperature (  C) ambient 

Iron Content, Fe
3+

 (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 
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Table IX: Gallium Ion Exchange Recovery 

 

Test 

Ga 

Recovery 

(%) 

Ge 

Recovery 

(%) 

Fe 

Recovery 

(%) 

Zn 

Recovery 

(%) 

WAL Solution 87.3 1.6 0.75 0.09 

1st Primary Filter 

Cake Solution (Test 

5a) 

79.9 7.6 0.44 3.71 

1st Primary Filter 

Cake Solution – 

Multiple Passes 

(Test 5b) 

88.6 NR 0.76 9.55 

Germanium Slag 78.7 NR 0.85 14.75 

NR – Not recovered. 

 

Upon completion of the initial test work, further work was completed using a hot acid 

leach solution of the leach residue 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 

and the results are listed in Table XI. 

Table X: Hot Acid Leach Ion Exchange Testing Parameters 

 

Parameters 

Leach 

Solution 

pH 2.1 - 2.5 

Temperature (ºC) ambient 

Iron Content, Fe
+3

  (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 
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Table XI: Ion Exchange HAL Recovery 

 

Parameter 

HAL 

Solution 

Gallium Recovery (%) 85.1 

Resin Capacity  (grms Ga/kg resin) 4.8 

Attrition none 

Strip Time (bed volumes) 1.5 

 

3.6. 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
(1)

. 

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 re-dissolved using 200 gram per liter 

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-

zinc-minor metal hydroxide solution ready for electrowinning.  
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3.7. Electrowinning 

Electrowinning of solution purification hydroxide solutions was tested using purchased 

gallium and zinc in simulated process solutions (See Appendix E for testing report).  The 

parameters of Table XII were used for testing.  Parameters for testing were identified from US 

Patent 3,966,568
(16) 

and 6319483
(9)

.  Testwork was repeated and confirmed by CAMP. 

Table XII: Electrowinning Test Parameters 

 

Variables Parameters 

Current Density (amps/m
2
) 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 

  

Based on the reference review, high current densities and voltages are normal in the 

gallium industry.  The high current densities support higher purity gallium forming.  In the 

testing, a single cathode was placed between a two anodes.  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.  No pitting was identified on either the anodes or cathodes.  The results of the 

electrowinning test are shown in Table XIII. 
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Table XIII: Electrowinning Test Results 

 

Variables Parameters 

Current Density (amps/m
2
) 1000 

Cell Voltage (volts) 4.0 to 4.1 

Gallium Recovery (%) 93 to 99 

Anode Deposition None 

Cathode Deposition Ga Droplets, 

Zn Dendrites Yes, floating 

Cell Temperature (  C) 31 to 38 

Flow Rate (l/min) 1 

Note:  Ga was easily removed from the cathode 

 

Current efficiency was not identified in the above testing due to the fact that with amount 

of gallium to be produced (approximately 7,000 kg/year), high or low current efficiencies would 

have limited effect on the operating cost to produce a kilogram of gallium.  The test was 

completed to ensure that gallium would indeed plate on stainless and be effectively removed. 
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4. 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 to ultimately 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 100:1.  Piloting consisted of testing the 

following systems: 

 Hot Acid Leaching, 

 Cementation, 

 Ion Exchange, 

 Precipitation, and 

 Electrowinning. 

Figure 4 is the flowsheet as developed and used for the pilot testing at Clarksville. 
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Figure 5:  Ion Exchange and Electrowinning Pilot Plant Flowsheet 

 

4.1. 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. 

 

 

 

ZINC/IRON METAL 
IRON REDUCTION (FERRIC/FERROUS) 
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Table XIV: Acid Leaching Test Parameters 

 

Parameter HAL 

Slurry Density (% solid by weight) 15 

Temperature (  C) 90 

Time (hours) 5 

H2SO4 Acid Strength (gms/l) 150 

Pressure (atm) 1 

Mixing (shear w/propeller) constant 

Other  (Sodium Nitrite Addition) no 

 

For the pilot test, approximately 1,050 kilograms of Clarksville residue was added to 

4,000 liters of water under high agitation.  Approximately 1,000 liters of water was not 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 in H2SO4 for 5 hours and then filtered.  The results are listed in Table XV. 

Table XV: Pilot Hot Acid Leach (HAL) Results 

 

Element 

Residue 

Head 

Grade 

(%) 

Filtrate 

Grade 

(gms/l) 

Final 

Leach 

Residue 

Grade (%) 

Pilot 

Recovery 

(%) 

Bench 

Recovery 

(%) 

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. 
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Filtration of the solution was completed in a plate and frame filter using 215 square feet 

of filter cloth.  Filter cloth used was a 10.5 oz polypropylene with a porosity of 3 to 5 cubic feet 

per minute under 1-inch water pressure designed to trap 1-micron particles or larger.  The filter 

rate of the material was approximately 20 liters/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.  

4.2. 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, 

zinc powder from the Clarksville refinery 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 powder was added as needed until pH 2.1 was obtained.  The test results are 

shown in Table XVI. 

Table XVI: Zinc Powder Cementation Testing Result 

 

Parameters Leach Solution 

pH <0.5 

Zinc Usage* (gms/l) 240 

Temperature (ºC) 21 to 54 

Iron Content, Fe
+3

  (gms/l) 0.0 

Acid Strength, H2SO4 (gms/l) 200 to 3.0 

Color clear to reddish black 



24 

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.  Flowrates 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.  Collected cementation material is removed and sent to the Clarksville refinery 

impurity section for further processing of salable elements. 

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. 
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Table XVII: Pilot Plant Zinc Powder Cementation Results 

 

Element 

Pre 

Cementation 

Solution 

Grade 

(gms/l) 

Post 

Cementation 

Solution 

Grade 

(gms/l) 

Filter 

Cake (%) 

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 

 

A review of the testing identified that the gallium was not precipitated.  Gallium in the 

filter cake was soluble gallium and was not washed from the cake due to inefficiencies 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 out 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 1000 ppm.  

The iron level remained relatively the same but all of the ferric iron converted to ferrous iron.  

Pilot testing 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 out, and the pH was 

increased to 2.1.  But in the test, two issues arose.  First, the amount of zinc consumed was 
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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 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 a 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 Clarksville 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/liter of zinc powder, which was 

equivalent to the pilot cementation testing.  Laboratory test 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 with 

the lead increase was due to the lead in the zinc powder added by the Clarksville Refinery to 

their powered zinc. 
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Table XVIII: Cementation Results – Zinc Only 

 

Element 

Pre 

Cementation 

Solution 

Grade 

(mg/l) 

Post 

Cementation 

Solution 

Grade 

(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 

 

Upon achieving the same results as the pilot test, sodium carbonate was added in various 

amounts until the amount of zinc use was cut in half.  Ultimate test runs at 180 grams/liter 

sodium carbonate, dropped the zinc usage to about 120 grams/liter.  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. 
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Table XIX: Cementation Results 

With 180 Gram/Liter Sodium Carbonate Addition 

 

Element 

Pre 

Cementation 

Solution 

Grade 

(mg/l) 

Post 

Cementation 

Solution 

Grade 

(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 

 

4.3. Ion Exchange 

The main focus of the pilot testing was to test gallium recovery with ion exchange using 

Purity Systems WP-2 ion exchange resin. 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. 
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Table XX: Pilot Plant Ion Exchange Column Parameters 

 

Variables Parameters 

Columns 4 

     Recovery columns (in series) 3 

     Strip columns 1 

Size, Height (m) 1.3 

Size, Diameter (m) 0.20 

Flow 
Upflow, 

countercurrent 

Expansion (%) 100 

Flowrate, all  (bed volumes/min) 1/10 

 

Pilot testing consisted of three columns operating in series followed by one strip column.  

The highest Ga-loaded column would then be stripped and readied for loading again.  The strip 

solution consisted of 200 gram/liter 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).  
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Table XXI: Typical Ion Exchange Results 

 

Time 
Ga Conc 

(gms/l) 
Strips 

Ga Conc 

(gms/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 

 

In the initial testing, the gallium solution concentration would start at a level, then 

increase, and finally drop back to some lower level at which point the gallium solution 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 

approximately 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 of the problem identified that a hydrogen ion was being released back into the 

recycled solution as the gallium replaced the hydrogen ion on the hydrogen based ion exchange 

resin.  This hydrogen ion effectively lowered the recycled solution pH below the absorption 

threshold for gallium for this particular ion exchange resin causing the recycled cementation 

solution to drop below pH 1.8.  Essentially, the gallium was stripped from the resin of gallium as 

fast as the gallium loaded.  To minimize the potential for precipitation, sodium carbonate was 
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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. 

Table XXII: Typical Ion Exchange Results 

 

Time 

(minutes) 

Ga Conc 

(gms/l) Strips 

Ga 

Conc 

(gms/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 > pH to 2.1 

**Added H2SO4 to maintain 200 gm/l free 

acidity. 

 

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. 
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Table XXIII: Final Pilot Ion Exchange Test Results 

 

Element 

Cementation 

Solution 

Head Grade 

(gms/l) 

Ion 

Exchange 

Solution Tail 

Grade 

(gms/l) 

Final Strip 

Solution 

Grade 

(gms/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 

 

4.4. Precipitation 

Upon completion of the pilot ion exchange testing, approximately 60 to 70 gallons of 

final strip solution was obtained for gallium recovery and contained approximately  

200 grams/liter free acidity of H2SO4 that needed to be neutralized to basic conditions to allow 

for gallium electrowinning.  Following the Clarksville refinery practice as identified in Section 

3.6: 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 with the initial process testing various reagents included lime, 

sodium carbonate, and sodium hydroxide.  Lime use was discontinued because of the 

overwhelming amount of unidentified 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 used was not excessive, and the 
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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/liter 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 Clarksville refinery and literature. 
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Table XXIV: pH 4.1 Precipitation Results 

 

Element 

Final Strip 

Solution 

Grade 

(gms/l) 

pH 4.1 

Filtrate 

Grade 

(gms/l) 

pH 4.1 

Filter 

Cake 

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 

 

The next step was to leach the gallium from the filter cake using a pH 13 sodium 

hydroxide solution and create a Ga electrowinning electrolyte.  Initial leaching of the precipitate 

cake was at ambient temperature for one hour.  The solution was filtered and assayed. 

Approximately 12 liters of solution were used to bring the gallium back into solution and 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%.  
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Table XXV: pH 13 Gallium IX Strip Solution Precipitate Releach 

 

Element 

Initial pH 

13 Filter 

Cake 

Grade 

(%) 

Final EW 

Solution 

Grade 

(gms/l) 

Final pH 13 

Filter Cake 

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 

 

4.5. 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 with the 

anode placed between the two cathodes.  The testing cell was set up similar to that in Figure 6. 
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Figure 6:  Electrowinning Test Set-up 

 

The parameters listed in Table XXVI were used to run two tests: one using 1000 

amps/square meter current density and all subsequent tests using 1500 amps/square meter.  Test 

1 was run for 12 hours.  Test 2 was run for 45 hours.  Table XXVII outlines the results of the 

tests. 

Table XXVI: Electrowinning Test Parameters 

 

Variables Parameters 

Current Density (amps/m
2
) 1000 

Cell Voltage (volts) 3.0 

Current Efficiency (%) 25 to 50 

Anode Material (stainless) 2 ea 

Cathode Material (stainless) 1 ea 

Electrolyte, NaOH (gms/l) 150 

Cell Temperature (ºC) 30 

Flow Rate (l/min) 2 
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Table XXVII: Electrowinning Test Results 

 

Element 

Test 1-2 

Head 

(gms/l) 

Test 1 

Tails 

(gms/l) 

Test 2 

Tails 

(gms/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 

 

Upon completion of the testing, approximately 249 grams of gallium were obtained from 

the solutions.  The current efficiency in the tests was approximately 27% with substantial gassing 

at both the anodes and cathodes.  Cathode gassing occurred 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 lead hydroxide 

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.  Ultimately, this material would be 

added back to the HAL and reprocessed. 
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Table XXVIII: EW Precipitate Analysis 

 

Element 

EW 

Precipitate 

(%) 

Ga 0.72 

Ge <0.05 

Zn 2.52 

Cd 0.04 

Cu 0.08 

Pb 92.5 

Fe 3.91 

 

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.   
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5. 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
(15)

 

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. 
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6. 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 Mines
(15)

.  Main changes to 

the flowsheets from previous work include the switch to hot acid leaching and the change to ion 

exchange from solvent extraction.  A detailed flowsheet and mass balance can be found in 

Appendix F.
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Figure 7:  Proposed Gallium Recovery Flowsheet 
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7. Cost Estimates 

Cost estimates to build a gallium facility were completed based on the conceptualized 

flowsheet and mass balance. Both a capital and operating cost estimate were completed. 

7.1. Capital Cost Estimate 

A capital cost estimate was completed using the mass balance for general design size and 

plant requirements.  The following estimating materials were used: 

 Plant Design and Economics for Chemical Engineers, Peters and Timmerhaus using a 

1990 cost basis
(17)

. 

 Mine Cost Service – Costmine – 2010
(18)

. 

 Internal Pasminco Quotes 

All costs were brought to 2012 dollars using the Marshall and Swift Equipment Cost 

Index.  The process industry average was used for this estimate. 

 2010 cost factor—129.9 and 

 2012 cost Factor—165.5 

Based on this index difference, all costs developed using 2010 factors were increased by 

approximately 27%.  The following established assumptions were used when developing the 

capital costs: 

 All costs are estimated at +/- 35%,  

 Estimated costs used the high value when multiple values were available, 

 Because of the small size of the pumps associated with this estimate, all pump and 

associated equipment were valued at $8,700, 

 All material used for this project would be 316 carbon steel unless otherwise noted, 

 Agitator horsepower was estimated based on experience, 

 IX column design was based on similar chemical exchange towers and hardware, 

 Installation cost is estimated at 43% of the equipment cost, 

 Piping and Instrumentation is estimated at 35% of the installed equipment cost, 
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 Auxiliaries are estimates at 7.5% of the installed cost, 

 Engineering was estimated at 35% of the total cost and included freight, 

 Building cost was estimated at 29% of the equipment cost and is an installed cost, and 

 Contingency was estimated at 35%. 

Table XXIX identifies the capital costs associated with this project.  

  Table XXIX: Estimated Capital Costs 

 

AREA
Equipment Description Number

Price FOB 

Fabricator
Total Cost Cost Data Info

Leach Pulping Tank 12x12  Agit 2 54,400 138,176 Costmine

$1,681,988 Vertimill 18" Mill 1 194,000 246,380 Costmine

Pumps Rubber lined 4 8,700 44,196 Costmine

Leaching Tanks 17x17 SS 2 61,600 156,464 Costmine

Thickeners 50 dia 1 115,000 146,050 Costmine

Floc System System 1 10,000 12,700 Estimate

Zinc Cementation Cone Bottom 2 61,600 156,464 Costmine

Cementation Filter Lorax Type 1 509,000 646,430 Costmine

Polishing Filter Bag Type 1 25,000 31,750 Estimate

Holding Tank 17 x 17 2 40,700 103,378 Costmine

Germanium Precipitation Tank 17 x 17 2 40,700 103,378 Costmine

$358,902 Pumps Rubber lined 4 8,700 44,196 Costmine

Filter Press Plate and Frame 2 30,000 76,200 Costmine

Polishing Filter Bag Type 1 25,000 31,750 Estimate

Holding Tank 17 x 17 2 40,700 103,378 Costmine

IX Surge Tank 17 x 17 3 40,700 155,067 Costmine

$765,277 IX Columns 1,000 3 133,000 506,730 Costmine

Acid Storage Tank 10 x 10 SS 1 51,480 65,380 Costmine

Pumps centrifugal 6 5,000 38,100 Costmine

Purification Surge Tank 17 x 17 5 40,700 258,445 Costmine

$632,587 Filter Press Plate and Frame 4 30,000 152,400 Costmine

EW Cells 10 2.5':2.5':5' 1 35,000 44,450 Costmine

Misc Collection System 1 50,000 63,500 Costmine

Feed Tank 10x10 1 20,000 25,400 Costmine

Pumps Rubber lined 8 8,700 88,392 Costmine

3,438,754

Equipment Costs $3,438,754

Installation 43% $1,478,664

Piping & Instruments 35% $1,721,096

Auxiliaries 8% $239,982

Engineering 35% $2,323,480

Building 29% $997,239

Sub Total $9,201,976

Contingent 35% $3,220,691

TOTAL CAPITAL COSTS: $12,422,667

AREA Equipment Installation

Piping, 

Instrumentati

on Auxiliaries Engineering Buildings Sub Total Contingent

43% 35% 7.5% 35% 29%  35%

Leach $1,681,988 $723,255 $841,835 $117,382 $1,136,477 $329,578 $4,500,937 $1,575,328

Germanium $358,902 $154,328 $179,630 $25,047 $242,501 $70,325 $960,408 $336,143

IX $765,277 $329,069 $383,021 $53,407 $517,078 $149,953 $2,047,851 $716,748

Purification $632,587 $272,012 $316,610 $44,147 $427,423 $123,953 $1,692,779 $592,473

 

Column Totals $3,438,754 $1,478,664 $1,721,096 $239,982 $2,323,480 $673,809 $9,201,976 $3,220,691

8/22/2013 13:35 TOTAL CAPITAL COSTS: $12,422,667
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7.2. Operating Cost Estimate 

The operating cost estimate was based on the flow sheet mass balance and, where 

necessary, good operating practice.  The following assumptions were used in developing the 

cost: 

 All chemical costs were based on outside purchase of materials.  No change in cost 

was made for internal availability and incremental costs of, for example, sulfuric acid 

and zinc powder, 

 Personnel requirements were based on having 2 operators 24 hours per day with part 

time supervision of the area, 

 Power was estimated by adding the required motor horsepower of the different 

equipment, lights, and electric steam generation.  The cost per kilowatt was 

$0.04/kilowatt hour (2012), 

 Diesel cost for the loader was estimated at $2.95/gallon using off-road diesel, and 

 General maintenance costs were developed from Plant Design and Economics for 

Chemical Engineers, Peters and Timmerhaus using a 1990 cost basis
(17)

.  The 

maintenance cost was estimated at 9% of the capital cost per year. 

Table XXX lists the operating cost estimate for this project. 
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Table XXX: Estimated Operating Costs 

 

Item 

$USD/tn 

Residue 

Processed 

$USD/Kg 

Gallium 

Produced 

Chemical Costs 427.6 58.6 

Personnel 172.7 23.7 

Power 1.7 0.2 

Diesel 3.6 0.7 

General Maintenance 39.0 5.3 

Total Op Cost 644.6 88.5 

Zinc recoup 234.7 32.2 

Total Cost 409.9 56.3 
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8. Conclusion 

The current price of Gallium is approximately $US 1,000 (2012) per kilogram.  The 

residue is estimated to contain 0.6% gallium or approximately 6 kilograms of gallium per ton of 

Clarksville residue.  Based on an estimated gallium recovery of approximately 85%, the value of 

a ton of residue is approximately $US 4,600.  As the processed cost is approximately $US 410 

per ton, there is a potential for a very significant profit associated with the recovery of gallium 

using the process herein. 

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 economically recover gallium.  
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Appendix A: Sulfuric Acid Content Procedure 
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Appendix B: Ferrous Iron and Total Iron Procedure 



58 

 



59 

 



60 

 



61 

 

 

 

 

 

 

 

 

 

Appendix C: Solvent Extraction Bench Scale Results 
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Appendix D: Purity Systems Test Results 
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Appendix E: Electrowinning Test Results 
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Appendix F: Final Mass Balance and Flowsheets 
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