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CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS

This thesis is an investigation of chemicals in the flotation of auriferous

pyrite. Gold uranium and sulphur from Anglogold Ashanti’s No 2 Gold

were optimised using SIBX and mixtures of SIBX and TTC.

The effect of conditioning at low-pH (1.9-3.7) prior to flotation, the

activation of pyrite with lead nitrate and copper sulphate in the presence

of cyanide and possible mechanisms contributing to uranium flotation

were studied. The following conclusions have been made:

A steady increase in sulphur, uranium and gold recovery was found in
SIBX doses from 10g/t to 40g/t. The gold grade was unaffected by dosage
between these limits.

Synergism was shown to occur in gold flotation at 25 mole percent Ciz
TTC and 75 mole percent SIBX. Gold recovery improved from 39% to
45.3%. At a similar mole ratio, 15.6% uranium recovery was recorded with
a Cyo TTC/SIBX mixture. This was an increase by a factor of 12% when

compared to 13.92% recorded with the standard.

A re-run of bulk flotation experiments testing fresh SIBX/Ci. TTC
mixtures recorded almost similar mass recoveries for all three collector
mixtures. These were all higher than the standard. Water recoveries
indicated that the higher mass recoveries were due to increased gangue
recovery. Almost similar sulphur recoveries were observed for the
standard and all three SIBX/TTC mixtures. The highest uranium and gold
recoveries were observed at 8 mole percent TTC. This is close to dosages

of 2 - 5 mole percent TTC in SIBX used in commercial operations. The
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results also indicated that SIBX/Ci2 TTC had more effect on gold than on
either sulphur or uranium.

* Based on time/recovery studies, initial rates and final recoveries shown
that the combination of 92 mole percent SIBX and 8 mole percent
commercial Ci2 TTC performed better than SIBX alone. A combination of
SIBX and a diluted and aged 1% wt solution of TTC marginally lost
activity when compared to that of SIBX and fresh commercial TTC. This
was attributed to the hydrolysis of TTC. The product of decomposition
would then be a mercaptan. The mercaptan/SIBX reference sample
showed a distinct reduction in grade recovery and kinetics. The
conclusion therefore is that when dosed as such, mercaptan is detrimental
to flotation activity. The mercaptan on its own is not an effective flotation

agent and exhibits no synergism, but rather has a depressing effect.

* Micro-probe analysis, back-scattered electron images, and EDS analysis
showed that all the uranium recovered in flotation concentrates was
associated with either pyrite, galena or a carbonaceous material (called
karogen). Since the sulphides respond to xanthates and karogen is
naturally hydrophobic, it flotation of the uranium oxide minerals
(brannerite and uraninite) was attributed to these mineralogical
associations. It is however recommended that more work be done to
quantify the distribution of uranium in each of the host minerals using
instruments like the QEM SCAN. Once the mineral that hosts the largest
proportion of uranium is established, further work to maximise recoveries

through flotation of the host can be undertaken.

* A preconditioning step at pH 1.9-3.7 gave higher gold, sulphur and
uranium initial rates. Sulphur and uranium final recoveries were lower
while and gold final recovery was higher than the standard. Grade-
recovery curves indicated that uranium lost flotability considerably after

the low-pH treatment while gold improved significantly.
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* In the presence of 0.001M cyanide, 70g/t copper sulphate (440 mmol/t)
Cu?* failed to activate pyrite at both pH 5.5 and the standard flotation pH
of 7.2. At a similar dosage an equi-molar dose Pb%did not activate the
sulphide at pH 7.2 either. It was only functional at pH 5.5. The lack of
activation at the alkaline pH is contrary to work by Sui et al. (1997) who
observed enhanced xanthate uptake with lead-activated pyrite at pH 10.5.
Since lead does not complex with cyanide, it was expected to aid xanthate
uptake in the present work. The investigation by Miller (2003) that was
used as a precursor to this study was run at pH 4.7. Examination of
speciation diagrams showed at this pH, the Pb?* species is prevalent. In
this view, it is recommended that further work be done to characterise the
lead adsorption onto pyrite in the presence of cyanide in order to
determine whether the cationic state is a requirement for lead to activate

pyrite, and possible reasons for the lack of activation at alkaline pH.

124



University of Pretoria etd, Makanza A T (2006)

REFERENCES

Agar, G. E., and Barret, J. J., 1983. The use of flotation rate data to evaluate reagents.
CIM Bulletin, 76 (851), pp 157-162

Agar, G. E., Stratton-Crawley, R., and Bruce, T. G., 1980. Optimising the design of
flotation circuits. CIM Bulletin, 73 (824), pp 173

Ackerman P. K., Harris, G. H., Klimpel, R. R. and Aplan, F. F., 1987. Evaluation of
flotation collectors for copper sulphides and pyrite , I. Common sulphydryl
collectors. Int. |. Miner. Process., 21, pp 105-127

Alison, S. A., 1982. Interactions between sulphide minerals and metal ions in the
activation, deactivation and depression of mixed sulphide ores during the flotation
process, Report No M9, Published by Council for Mineral Technology, Randburg,
South Africa

Allison, S., and Finkelstein, N. P., 1971. Study of the products of reactions between
galena and aqueous xanthate solutions. Trans. Inst. Min. Metall., 80, pp C235-C239

Anhaeusser, C. R, Feather, C. E., Liebenburg, W. R., Smits, G., and Snegg, J. A., 1987.
Geology and mineralogy of the principal goldfields in South Africa, in Stanley, G. G.,
(Ed.), The Extractive Metallurgy of Gold in South Africa, Vol. 1, The South African
Institute of Mining and Metallurgy, Johannesburg, pp 1-67

Avotins, P. V., Wang, S. S., and Nagaraj, D. R., 1994. Recent advances in sulphide
collector development, in Mulukutla, P. S., (Ed.), Reagents for better metallurgy,
Society for Mining, Metallurgy and Exploration, Inc., Littleton, USA, pp 81-90

Bellomo, A., 1970. Formation of Copper (11), Zinc (I1), Silver (1) and Lead (I1) Ferrocyanides,
Talanta, 17, pp1109-1114

Benzaazoua, M. and Kongolo, M., 2003. Physico-chemical properties of tailing
slurries during environmental desulphurisation by froth flotation. Int. J. Miner.

Process., 69, pp 221-234

Boschkova, K., 2002, Adsorption and Frictional Properties of Surfactant Assemblies
at Solid Surfaces, Institute of Surface Chemistry, Stockholm, PhD Thesis

Bradshaw, D. J., 1997. Synergistic effect between thiol collectors used in the flotation
of pyrite, PhD Thesis, University of Cape Town

Broekman, B. R., Carter, L. A. E., and Dunne, R. C., 1987. Flotation, in Stanley, G. G.,
(Ed.), The Extractive Metallurgy of Gold in South Africa, South African Institute of
Mining and Metallurgy, Johannesburg, pp 235-276

Brooks, M., 2005, Personal Communication

Browne, B., 2002. Personal Communication

125



University of Pretoria etd, Makanza A T (2006)

REFERENCES

Breytenbach, W., Vermaak, M. K. G. and Davidtz, J. C., 2003. Synergistic effects
among dithiocarbonates (DTCs), dithiophosphate (DTP) and trithiocarbonates
(TTCs) in the flotation of Merensky ores, S. Afr. Inst. Min. Metall., pp 667-670

Bushell, C. G. H., Kraus, G. ] and Brown, G., 1961. Some reasons for selectivity of
copper activations of minerals, Trans. SME/AIME, 46, pp 177-184

Chander, S., 1999. Fundamentals of sulphide mineral flotation, in B. K. Parekh and J.
D. Miller (Eds.), Advances In Flotation Technology, Society for Mining, Metallurgy
and Exploration Inc. Littleton, USA, pp 129-145

Chen, Z., 1999. Electrochemical studies of copper-activation of sphalerite and pyrite,
Virginia Polytechnic Institute and State University, PhD Thesis

Coetzer, G., and Davidtz, J. C., 1989. Sulphydryl collectors in bulk and selective
flotation. Part I: Covalent trithiocarbonate derivatives. J. S. Afr. Inst. Min. Metall., 89
(10), pp 307-311

Critchley, J. K. and Riaz, M., 1991. Study of synergism between xanthate and
dithiocarbamate collectors in flotation of heazlewoodite. Trans. Instn. Min. Metall.,
100, pp C55-C57

Crozier, R. D., 1991. Sulphide collector mineral bonding and the mechanism of
flotation. Min. Eng., 4 (7-11), pp 839-858

Crozier, R.D., 1992. Flotation - theory, reagents, ore testing. Pergamon Press, Oxford,
New York, Seoul, Tokyo

Cullinan, V. J., Grano, S. R., Greet, C. J., Johnson, N. W. and Ralston, J., 1999.
Investigating fine galena recovery problems in the lead circuit of Mount Isa Mines
lead /zinc concentrator. Part I: Grinding effects. Miner. Eng., 12 (2), pp 147-163

Davidtz, J. C., 1999, Quantification of Flotation Activity by Means of Excess Gibbs
Free Energies, Miner. Eng., 12, (10), pp. 1147-1161

Davidtz, J. C., 2002, Personal Communication
Davidtz, J. C., 2004, Personal Communication
Davidtz, J. C., 2005, Personal Communication
de Donato, P., Cases, J]. M., Kongolo, M., Cartier, A., and Rivail, J. L., 1989. Stability of
the amylxanthate ion as a function of pH: Modelling and comparison with the
ethylxanthate ion. Int. ]. Min. Proc., 25, pp 1-16
de Wet J. R,, Pistorius P. C. and Sandenbergh R. F., 1997. The influence of cyanide on

pyrite flotation from gold leach residues with sodium iso-butyl xanthate. Int. ]. Min.
Proc., 49 (3-4), pp 149-169

126



University of Pretoria etd, Makanza A T (2006)

REFERENCES

du Plessis, R., 2003. The thiocarbonate flotation chemistry of auriferous pyrite. PhD
Thesis, The University of Utah

du Plessis, R., Miller, J. D., and Davidtz, J. C., 2000. Preliminary examination of
electrochemical and spectroscopic features of trithiocarbonate collectors for sulphide
mineral flotation, Trans. Nonferrous Met. Soc. China, 10, pp 12-18

Dumisa, L., 2002. Personal Communication

Elgillani, D. A., and Fuerstenau M. C., 1968. Mechanisms involved in cyanide
depression of pyrite. Trans. AIME, Soc. Min. Eng., 241, pp 437-445

Ford, M. A., 1993. Uranium in South Africa. |. S. Afr. Inst. Min. Metall., 93, (2)., pp 37-
58

Fuerstenau, D. W., and Raghavan, S., 1976. Some aspects of the thermodynamics of
flotation, in Fuerstenau, M. C., (Ed.), Flotation - A. M. Gaudin Memorial Volume,
AIME, New York, pp 1-21

Fuerstaenau, M. C., 1982a, Chemistry of collectors in solution, in King, R. P., (Ed.),
Principles of Flotation, South African Institute of Mining and Metallurgy,
Johannesburg, pp 1 - 16

Fuerstenau, M. C, 1982b, Sulphide Mineral Flotation, in King, R. P., (Ed.), Principles
of flotation, South African Institute of Mining and Metallurgy, Johannesburg.

Fuerstenau, M. C., 1982c. Mineral-water interfaces and the electrical double layer, in
King R. P., (Ed.), Principles of flotation, South African Institute of Mining and
Metallurgy, Monograph Series No 3, Johannesburg pp 17

Fuerstenau, M. C., Kuhn, M. C,, and Elgillani, D. A., 1968. The Role Of Dixanthogen
In Xanthate Flotation Of Pyrite. Trans Am. Inst. Min. Eng. 241, pp 148-156

Jackson, E., 1986. Hydrometallurgical Extraction and Reclamation, John Wiley and
Sons, New York, pp 30

Janetski, N. D., Woodburn, S. I, Woods, R., 1977. Electrochemical investigation of
pyrite flotation and depression. Int. J. Min. Proc., 4 (3), pp 227-239

Jiang, C. L., Wang X. H., Parekh, B. K., and Leonard, J. W., 1998. The surface and
solution chemistry of pyrite flotation with xanthate in the presence of iron ions. Coll.
and Surf. A: Physic. Eng. Aspects, 136, pp 51-62

Kirjavainen, V. M., 1996. Review and analysis of factors controlling the mechanical
flotation of gangue minerals. Int. ]. Miner. Process. 46, pp 21-34.

Klimpel, R. R, 1980, Selection of chemical reagents for flotation, in Mular, A. and
Bhappu, R. (Eds), Mineral Processing Plant Design, 2nd Edition, AIME, NY, pp907-
934

127



University of Pretoria etd, Makanza A T (2006)

REFERENCES

Klimpel, R. R, 1984a, Froth flotation: A kinetic approach, Proceedings of the
International Conference on Mineral Science and Technology, Sandton, South Africa,
Vol. 1, pp 385-392

Klimpel, R. R, 1984b, Use of chemical reagents in flotation, Chem. Eng. (September
1984), pp 75-79

Klimpel, R. R., 1999. A review of sulphide mineral collector practice, in Parekh, B. K.
and Miller, J. D (Eds.), Advances in Flotation Technology, 1st Edition, Society of
Mining, Metallurgy and Exploration Inc., Littleton, USA, pp 115-127

Leppinen, J. O., 1990. FTIR and flotation investigation of the adsorption of ethyl
xanthate on activated and non-activated sulphide minerals. Int. ]. Miner. Process, 30,
pp 245-263

Leppinen, ., Laajalehto, K., Kartio, I and Souninen, E., 1995. FTIR and XPS studies of
surface chemistry of pyrite in flotation, Int. Miner. Process Congr. XIXth Soc. Min.
Metal. Explor., Littleston, Vol. 3, pp 35-38

Levin, J., and Veitch, M. L., 1970. Laboratory tests on the flotation of pyrite from
Witwatersrand gold ores by a cationic collector. . S. Afr. Inst. Min. Metall., 70, pp 259-
271

Livshits, A. K., and Dudenkov, S. V., 1965. Some factors in flotation froth stability.
Proc. 7t Int. Min. Proc. Congress, New York, pp 367-371

Lloyd, P. J. D., 1981. The flotation of gold, uranium and pyrite from Witwatersrand
ores. |. S. Afr. Inst. Min. Metall, pp 41-47

Majima, H., and Takeda, N., 1968. Electrochemical studies of the xanthate-
dixanthogen system on pyrite. Trans. Amer. Inst. Min. Metall. Engrs., 241, pp 431-436

Marsden, J., and House, 1., 1992. The chemistry of gold extraction. Ellis Horwood,
New York, London, Toronto, Sydney, Tokyo, Singapore, pp 183-185

Mellgren, O., 1966. Heat of adsorption and surface reactions of potassium amyl
xanthate on galena. Trans. Am. Inst. Min. Engrs., 235, pp 46-60

Miller, J. D., 2003. Thiocarbonate collectors for pyrite flotation. Presented during a
seminar on Developments in Flotation at The University of Pretoria on June 17, 2003,
Pretoria, South Africa

Mitrofanov, S. I., Kuz’kin, A. S. And Filimonov, V. N., 1985. Theoretical and practical
aspects of using combinations of collectors and frothing agents for sulphide flotation,
Proceedings of 15t Congr. Int. Metall., St. Ettienne, france, Vol. 2, pp 65-73

O’Connor, C. T., and Dunne, R. C., 1991. The practice of pyrite flotation in South
Africa And Australia. Min. Eng., 4, (7-11), pp 1057-1069

128



University of Pretoria etd, Makanza A T (2006)

REFERENCES

O’connor, C. T. and Dunne, R. C., 1994, The flotation of gold bearing ores — A review,
Miner. Eng., 7, (7), pp 839-849

O’Connor, C. T., Botha, C., Walls, M. J., and Dunne, R. C., 1988. The role of copper
sulphate in pyrite flotation, Min. Eng., 1 (3), pp 203-212

O’Dea, A. R, Prince, K. E., Smart, R. C., and Gerson, A. R., 2001. Secondary ion mass
spectrometry investigation of the interaction of xanthate with galena. Int. |. Min.
Proc., 61, pp 121-143

Parnell, J., 2001. Paragenesis of mineralisation within fractured pebbles of the
Witwatersrand conglomerates. Mineralium Deposita, 36, pp 689-699

Plaskin, I. N., Glembotskii, V. A. And Okolovich, A. M., 1954. Investigations of the
possible intensification of the flotation process using combinations of collectors.
(Mintek translation Feb. 1989). Naachnye Soobshcheniya Institut Gonnogo del Imeni
AA Skochinskogo, Akademiya Nauk SSSRm No. 1, pp 213-224

Robb, L. J., and Meyer, F. M., 1995. The Witwatersrand basin, South Africa:
geological framework and mineralisation processes. Ore Geology Reviews, 10, pp 67-94

Robbins, G. H., 1996. Historical development of the INCO SO2/AIR cyanide
destruction process. CIM Bulletin, 89, pp 63-69

Salamy, S. G., and Nixon, J. C., 1952. The application of electrochemical methods to
flotation research, in Recent Developments in Mineral Dressing, Institute of Mining
And Metallurgy, London, pp 503-516

Seke, M. D., 2005. Optimisation of the selective flotation of galena and sphalerite at
Rosh Pinar Mine, PhD Thesis, University of Pretoria

Simpson, P. R, and Bowles, J. F. W, 1977. Uranium mineralisation of the
witwatersrand and dominion reef systems. Phil. Trans. R. Soc. Lond. A. 286, pp 527—
548

Slabbert, W., 1985. The role of trithiocarbonates and thiols on the flotation of some
selected south african sulphide ores. MSc. Dissertation, Potchefstroom University,
South Africa

Sui, C. S., Brienne, S. H. R., Xu, Z. and Finch. J. A., 1997. Xanthate adsorption on lead
contaminated pyrite, Int. J. Miner,. Process., 49, pp 207-221

Sutherland, K. L., and Wark, I. W., 1955. Principles of flotation, Australian Institute of
Mining and Metallurgy (Inc.) Melbourne

The Nuclear History Site, 2002,
http:/ /nuclearhistory.tripod.com /images/diagrams/decay_chain.jpg

129



University of Pretoria etd, Makanza A T (2006)

REFERENCES

Tolun, R., and Kitchener, J. A., 1963. Electrochemical study of the galena-xanthate-
oxygen flotation system. Trans. Inst. Min. Metall., 73, pp 313-322

Usul, A. H., and Tolun, R., 1974. Electrochemical study of the pyrite-oxygen-xanthate
system. Int. . Min. Proc., 1, pp 135-140

Valdiviezo, E. and Oliviera, J. F., 1993. Synergism in aqueous solutions of surfactant
mixtures and ita effect on the hydrophobicity of mineral surfaces. Miner. Eng., 6, (6),
pp 655-661

Viljoen, G. P., 1998. The Development and Implementation of New TTC Flotation
Chemicals, MENG Thesis, Potchefstroom University

Voigt, S., Szargan, R. and Souninen, E., 1994. Interaction of cooper (II) with pyrite
and its influence on ethyl xanthate adsorption, Surf. Int. Anal. 21, pp 526-536

Wang, X. H., 1994. Interfacial electrochemistry of pyrite oxidation and flotation II.
FTIR studies of xanthate adsorption on pyrite surfaces in neutral pH solutions. J. Coll.
Int. Sci. 171, pp 413-428

Wang, X, Forssberg, E. and Bolin, J. N., 1989. The aqueous surface chemistry of
activation in flotation of sulphide minerals — A Review Part I: An electrochemical
model, Miner Process and Extr. Metall. Review, 4 (3-4), pp 134-165

Westwood, R. J., Stander, G. P and Carlisle, H. P., 1970. Recovery of pyrite at
Government Gold Mining Areas Ltd. J. S. Afr. Inst. Min. Metall., 70, pp 213-228

Woods, R., 1976. Electrochemistry of sulphide flotation, in Fuerstenau, M. C., (Ed.),
A. M. Gaudin Memorial Volume, Volume 1, American Institute of Mining and
Metallurgical Engineers, New York, pp 298-333

Yarar, B. (Section Ed.), 1985. Flotation, in Gerhartz, W., (Exec. Ed.), Ullmann’s
Encyclopedia Of Industrial Chemistry, 5 Completely Revised Edition, Volume B2,
Unit Operations I, VCH Publishers, New York, pp 23-1 to 23-30

Zhang, Q., Xu, Z., Bozkurt, V. and Finch, J. A., 1997. Pyrite flotation in the presence
of metal ions and sphalerite, Int. |. Miner. Process., 52, pp 187-201

130



University of Pretoria etd, Makanza A T (2006)

Appendix A — Back - Scattered Electron Images

meo 3 C0;

Element
Al
Si
S
Ca
Ti
Fe
Pb
U
Cl

1900, T1

i Fh Pb
13.500

Figure A1 (a) BEI of a uranium-bearing particle and (b) corresponding EDS spectra showing its elemental composition
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Figure A2 (a) BEI of a uranium-containing particle and (b) corresponding EDS spectra showing its elemental composition
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Figure A3 (a) BEI of a uranium-containing particle and (b) corresponding EDS spectra showing its elemental composition
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Figure A4 (a) BEI of a uranium-containing particle and (b) corresponding EDS spectra showing its elemental composition
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