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[Total marks = 57]		Total time: 2.5 hours
 (
This exam is 
closed book and closed notes. 
Read all questions carefully before beginning, and work neatly. 
Answer all questions. Calculators are allowed. 
Record all answers in exam booklets.
)







Answer all questions

· This examination has 11 pages (including supplementary material).	
· Formulas and data are included on page 7.
· Marks for each question are shown in square brackets.




1. [7marks] Complete the following phrases or sentences. (Use words and not symbols):

(a) ___________ is the ratio of mass flow of a species in an output stream to the mass flow of the species in the input stream.

(b) When a species gains electrons it is said to be ____________.

(c) __________  _____________  (2 words) is a solution purification method commonly practiced in copper hydrometallurgy.

(d) The ____________ is where oxidation occurs in electrowinning.

(e) The chemical process of wholly or partially dissolving a mineral is called _____________.

(f) The ratio of actual amount of metal produced to the theoretical amount produced in electrowinning is called _________  __________ (2 words).

(g) The tendency of a species to accept electrons is called the ___________  _____________ (2 words).
2. [5 marks] The mineral bornite has the composition Cu5FeS4. In an autoclave it can be leached to form cupric ion, ferric ion and sulfate. The reaction occurs in a sulfuric acid medium using oxygen as the oxidant. Write the balanced chemical reaction for the process in ionic and neutral forms. Include the phases of the reactants and products in the reaction in neutral form.


3. [5 marks] An ore contains gold and copper minerals. The main copper mineral is CuS. It leaches according to the following chemical reaction:

	2CuS + 8CN- + 1/2O2 + H2O = 2[Cu(CN)3]2- + 2SCN- + 2OH-

Cyanide is added as sodium cyanide. The ore contains 0.05% copper (0.5 kg Cu/tonne of ore) as CuS. The ore is processed at a rate of 2000 tonnes/hour and the CuS is 85% leached. How much sodium cyanide is consumed in tonnes/hour just to leach the CuS?


4. An Eh-pH diagram for the Ag-S–H2O system is shown below for 25°C and 1 atm pressure. Silver solute activities are 0.0001 m and sulfur solute activities are 1 m. 

 (
2
) (
1
)
For the line labeled (1) on the diagram the half reaction is:

	2Ag + SO42- + 8H+ + 6e- = Ag2S + 4H2O

The G°f data used for the diagram are provided below: 

	Species
	G°f kJ/mol
	
	Species
	G°f kJ/mol

	Ag+
	77.16
	
	H2O
	-237.2

	Ag2O
	-11.22
	
	H2S g
	-33.56

	Ag2S
	-40.69
	
	HS-
	12.05

	[Ag(OH)2]-
	-260.37
	
	S2-
	86.31

	AgOH aq
	-80.21
	
	SO42-
	-744.63

	 Ag
	0 
	
	HSO4-
	-756.01

	
	
	
	H+
	0



(a) [2 marks] Calculate the equation for the reduction potential for the half reaction as a function of pH, i.e. Eh = constant + slope x pH.

(b) [2 marks] Write the balanced half reaction for the line labeled (2) on the diagram.

(c) [3 marks] For the ferric/ferrous half reaction take E° to be 0.68 V in sulfate solution. Several Eh equations for half reactions are provided in the table below. Calculate the E for leaching of Ag2S at pH 1.0 by ferric when the ferrous-to-ferric activities ratio is 0.1. Is ferric ion able to oxidize Ag2S under these conditions?


	Half reaction 
	Eh = SpH + b

	
	S
	b

	Ag, HSO4-/Ag2S
	-0.06902
	0.4033

	Ag, SO42-/Ag2S
	-0.07888
	0.4230

	Ag2S/Ag, H2S
	-0.05916
	-0.03695

	Ag+, HSO4-/Ag2S
	-0.05176
	0.4433


	Ag+/Ag
	
	0.5631

	Ag2O/Ag
	-0.05916
	1.1711



(d) [2 marks] Over what pH range on the diagram is hydrogen gas at 1 atm pressure able to reduced 0.0001 m Ag+ to silver metal? Explain your answer and include consideration of a suitable E. (No calculations are needed.) 


5. (a) [2 marks] Do you think it is possible to leach PbS in a sulfate solution? 

(b) Below is a simplified flowsheet for a zinc roast-leach-electrowin process. The concentrate is roasted to obtain zinc calcine. The concentrate contains ZnS, FeS2 and perhaps other iron minerals, zinc silicates/carbonates, and low levels of lead and copper sulfides. The calcine is introduced into the neutral leach. This utilizes mild leaching conditions (pH ~4-4.5). Acid used in leaching is produced during electrolysis of the purified ZnSO4 solution. (Water oxidation at the anode forms the acid.) The jarosite precipitation stage forms solid NH4Fe3(SO4)2(OH)6, which is highly insoluble. Suitable conditions for jarosite precipitation are about 95°C and pH ~1.5. (This is not sufficient to leach the zinc ferrite.)

































	The hot acid leach stage runs at about 90°C and requires quite high concentrations of acid to leach zinc ferite. In addition to acid from spent electrolyte, concentrated H2SO4 may also be added at this stage. Fortunately, the jarosite precipitate previously formed dissolves very slowly and thus survives the hot acid leach. 

(i) [4 marks] Is the leaching process an example of co-current or a counter-current leaching? Explain your answer.

(ii) [2 marks] Is the jarosite precipitation step principally a leaching step or a solution purification step? Briefly explain your answer.


6. Nickel may be produced by leaching of laterite ores. These are oxidized, near-surface deposits containing oxides, hydroxides and aluminosilicates. Ores are leached in autoclaves at high pressures and temperatures (250°C) using strongly acidic H2SO4 solution. After leaching and cooling the slurry is typically subjected to solid-liquid separation via counter-current decantation. There are a total of 5 thickeners in the CCD circuit. The aqueous solution flow rate associated with the feed slurry to CCD washing is 1500 m3/h with 36% solids. The feed nickel concentration is 3 g/L. The solids content associated with the underflows from each thickener is 45% by weight. The wash water flow rate is 2145 m3/h. Assume the solution densities are 1 t/m3. Determine the following quantities and also report appropriate units:

(a) [3 marks] The solids flow rate, the underflow solution flow rate and the wash ratio.

(b) [3 marks] The clarified solution flow rate and the recovery of nickel.

(c) [2 marks] The concentration of nickel in the clarified solution.


7. A copper solvent extraction circuit has 2 extraction stages and one stripping stage. The extractant is 8.5% LIX 984N in a kerosene diluent. The PLS contains 2.5 g/L copper. The stripping isotherm data fit moderately well to the equation:

	[Cu+2]aq = 25.13[Cu+2]org + 2.453

Assume 98% copper extraction from the PLS. The loaded organic copper concentration is 4.09 g/L. The rich electrolyte Cu+2 concentration is 40.15 g/L.

(a) [1 mark] Calculate the A/O ratio.

(b) [4 marks] Two copies of the extraction isotherm are provided below (pages 7 and 8). 

(i) Plot the extraction McCabe-Thiele diagram. 
	
(ii) Label the axes, including units. 
	
(iii) Indicate the stage numbers on the plot. You may use one copy for rough 	work if you wish. Tear one copy out of the exam paper and include it with your answer booklet. 

*** MAKE SURE YOU PUT YOUR NAME ON THE SHEET! ***

(c) [2 marks] If the PLS flow rate is 3000 m3/h. What will the annual copper production rate be assuming the plant runs 365 days a year?


8. A copper electrowinning plant has 190 cells. Each cell has 69 cathodes with immersed dimensions of 1.2 m by 1 m. The current efficiency for the process is 90%. The current density is 298 A/m2. The cell voltage is 2.02 V. 

(a) [2 marks] What is the annual copper production, assuming operating 365 days per year?

(b) [2 marks] What is the energy consumption in kWh/kg Cu? 

(c) [2 marks] Cathodes will be plated to a thickness of 5 mm. How much time in days is required to plate a single cathode sheet? The copper density is 8.92 g/cm3.

(d) [2 marks] What is E° for nickel electrowinning from a chloride solution where the anode half reaction is chloride oxidation to chlorine gas?
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Formulas and Data

R =       F/U + x -1 where x = O/U

F/U + x –xn+1-x

xn+1-1    

For the generalized half reaction: aA+ bB+ mH++ ne-= cC+ dD

Eh = -

D

G°-2.303RTlog  a

C

ca

D

d -2.303RTmpH

nF nF a

A

aa

B

b nF

For the generalized hydrolysis reaction:  aA+ bB+ mH+= cC+ dD

pH =   -

D

G° -1log  a

C

ca

D

d

2.303RTm m        a

A

aa

B

b

D

E = 

D

E°-2.303RTlogQ

nF

q = n

M

nF(n

M

= theoretical moles of metal plated)

M = It AW

nF Constants:

CE = 100nF M R = 8.314 J/mol K = 0.08206 L atm/mol K

It AW

F = 96485 C/mol e-

EE = 

D

E

rev

CE

D

E

appl

Conversions:

-w’

e

= 100nF

D

E

appl

CE 1 kWh = 3.6 x 106J

dn

M

= jA

c 

NCE 0°C = 273.15 K

dt       100nF
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