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Abstract: Cupels are generated by mines during the fire asg@y precious group metals. The cupels contain
lead which is a known environmental hazard heneenied to recover it. This work illustrates howchéag
and electrowinning processes can be combined tdupeoa hybrid lead recovery process. Bench scate te
were conducted for the hybrid leaching and eleatirming process using Methane Sulfonic Acid (MSA)a
leaching solvent at a concentration of 200g MSA Igez of water. A glass electrowinning cell fittedth a
9cm x 4cm pure lead cathode and 9cm x 4cm graphitde with inter electrode gap of 15cm and a magnet
stirrer bar was used. Lead laden cupels (contaiBidg lead) were subjected to simultaneous leachirdy
electrowinning and lead recovery after a period®@fminutes was found to be 98%. The hybrid provess
found to require about 20% less solvent than thatired for the convectional leaching process whitjuires
multiple stages to reduce the concentration okthete in the raffinate to the same extent.
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I ntroduction

Platinum and gold mining firms in Zimbabwe whiclewsfire assaying technique known as cupellation
are currently faced with a challenge of disposimg lead laden cupels. During the cupellation preodead is
used as a flux to lower the melting point of thenpkes but the lead diffuses into the cupels heheset used
cupels cannot be disposed into the environfrfertnalyses of the lead laden cupels show that tieeyain
between 50w/w percent and 60w/w percent lead. Zowean laws do not allow disposal of lead into the
environment as it is a poisonous heavy metal. Toblem has also delayed platinum mining companias f
attaining 1ISO 14000 certification as disposal & l&ad laden cupels is often an issue of concern.

L eaching

In the chemical processing industry, leaching hagaaety of commercial applications, including
separation of metal from ore using acid, and sfrgan beets using hot water. In conventional leaghithe
solid is generally a stationary heap or pile of anel solution percolates through the sblolvent and solid
are mixed and allowed to attain equilibrium, and phhases are separated.

http://www.sphinxsai.com/framesphinxsaichemtech.htm
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Depending on the rate controlling step leaching rbay reaction controlled, diffusion controlled or
intermediate controlled. In the latter case boffudion and reaction rate are controlling.

When optimizing the leaching process it is impartanknow if the process is reaction controlled or
diffusion controlled. If the process is reactiomtolled then it will be prudent to give prioritg the parameters
that affect reaction rate during the process opttion stage and if it is diffusion controlled theptimization
must be such that priority is given to parametieas affect rate of mass transfer.

In reaction controlled leaching the limiting or wiest step is the chemical reaction occurring on the
solid liquid interface. The best model for suchragess is the shrinking particle model. The shrigkparticle
model states that the radius of the reacting partiecreases as the reaction progresses

In reaction controlled leaching chemical reactioribe surface is much slower than the diffusion of
reagents through the diffusion layer; this alsoliegpthat the concentration of reagents at theasarbecomes
equal to the concentration in the bulk, i.e=C.

The assumptions made are that the particles tedmhéd are spherical and of equal size and that the
concentration of the reagent is constant duringhieg. This leads to the following derivatfon

Where:
a = fraction leached
k = rate constant
C = concentration of reagent
t = time of leaching
ro = initial radius of particle
p= density of particle

The equation shows that the leaching rate is imherzroportional to the radius of the particle. Thee
constant may be determined by plotting the leftchaidle against time on a diagram. In the case wihere
chemical reaction on the surface is much faster tha diffusion, leaching becomes diffusion-coné&al The
reagent concentration at the surface becomes izer@=0. The leaching mechanism might become diffusion-
controlled when, during leaching, a porous prodager forms on the surface of the particle to ached.
This can for example happen in the case of leacbingulphides where a layer of elemental sulphur loa
deposited on the sulphide surface. The mechanistiffosion-controlled leaching of a spherical pa#iis
often called the shrinking core model.

With the same assumptions as for the shrinkingig@rtmodel i.e. that the reagent concentration is
constant and that spherical and equal sized pestarle leached, an expression for diffusion cdettdeaching
can be arrived at by applying Fick’s faw

2 g gE_2XMXDXC
3a == B X p Xt

Where:
a = fraction leached
B = stoichiometric factor
M = molecular weight of leached mineral
p = density of particle
t = time of leaching
C = concentration of reagent
D = diffusion constant (gram/cnor mole/crf)
ro = initial radius of particle at time zero
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As is evident from the equation, the leach raiavsrsely proportional to the square of the raditthe
particle. The diffusion constant can be determibgdolotting the left hand side against time in agdam.
Given the assumptions that C is constant and tilame changes has not been taken into accounmthdel is
accurate until 80-90% has been leached out.

The major aspects for the leaching operation ageséhection of process and operating conditions and
the sizing of the extraction equipment. The mairapeeters that must be identified for process aretaiing
conditions are the solvent to be used, the temperathe terminal stream compositions and quastiteaching
cycle (batch or continuous), contact method, amifip extractor choice.

The desirable characteristics of a good solventhagh saturation limit and selectivity for the g to
be extracted, capability to produce extracted matef quality that is unimpaired by the solvenhemical
stability under process conditions, low viscosityw vapour pressure, low toxicity and flammabilitgw
density, low surface tension, ease and economganivery from the extract stream and price. TheiBpgof
each process determine the interaction and relsigyeficance of these characteristics.

The temperature of the leaching process is chasanmanner that balances solute solubility, solvent
vapour pressure, solute diffusivity, solvent selégt and sensitivity of product to thermal degasidn. In
some cases, temperature sensitivity of materialsarfstruction to corrosion or erosion attack may be
significant. The terminal stream compositions andrgities are linked to the production capacitythod
leaching plant (rate of extract production or rateaw-material purification by extraction). Wheptimns are
permitted, the degree of solute removal and thecaamnation of the extract stream chosen are thioge t
maximize process economy while sustaining confoonmada regulatory standards.

The choice between continuous and intermittentaijmer is largely a matter of the size and nature of
the process of which the extraction is a part. dii@ice of a percolation or solids-dispersion teghaidepends
principally on the amenability of the extractionetifective, sufficiently rapid percolation. As isvays true, the
ultimate criteria are reliability and profitability

Depending on whether leaching is diffusion or rigecicontrolled; parameters such as particle size,
temperature, concentration gradient and agitat@ed will influence leaching kinetics differentRarameters
such as particle size can necessitate size redigtioding which has a bearing on the economicshef
process.

In this work, Methane Sulfonic Acid (MSA), was cleosas the leaching solvent because of its superior
leaching and handling characteristics as reponethé literature®”#°° The very high solubility of lead
methane sulfonate in aqueous solutions (approxiyn&@d g/1 as lead) is of particular advantageemching
operations that target lead as the solute of istere

Electrowinning

Electrowinning is the recovery of solute on a dlgeselectrode surface when a direct electric ctirisen
passed through an ionic substance that is eithétiemor dissolved in a suitable solvent. An advgataf this
method is that certain components of the systembearemoved without introducing new contaminantse T
standard potential of the electrode reaction gimasindication of whether a metal can be removed by
electrowinning. The metals with positive standanteptials (noble metals) are easiest to recovetalsl@hose
standard potentials are negative are more diffic¢altrecover because gaseous hydrogen may evolve
simultaneously with metal deposition. Manganesegseistandard potential is —1.18V, is the leastenoistal
that can be deposited by electrowinning in aquesaisitions. The most widely applied electrowinning
processes are the electro-refining of copper, higiwer and zinc. Approximately 53% of the zinmguced
worldwide is obtained through electrolySis

The main components required to achieve electrangnare an electrolyte, direct current supply and
two electrodes. An electrolyte is a substance dointa free ions which is capable of conducting deckic
current. A direct current (DC) supply provides #reergy that is necessary to create or dischargeriseduring
the electrowinning process. Electric current isriedrby electrons in an external circuit. The twectodes
provide the physical interface between the elegtechnd the electrical circuit that provides thergy'2. Metal,
graphite and semiconductor material are widely use@lectrodes. The choice of suitable electrodienmaa
depends on the chemical reactivity between thdrelde and electrolyte and the cost of manufactuititig
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Experimental

Experiments were carried out in order to charamtethe simultaneous leaching and electrowinning
process. All experiments were carried out at a tatpre of 25 C. All solutions were mixed with a Teflon
coated magnetic stirrer (4 cm stir bar, 120 rpmgtine Sulfonic Acid Solution (70% wt in,®) and lead
methane sulfonate solution (50% wt ig®) from Sigma-Aldrich was used.

Determination of the leaching timefor a given mass of lead laden cupe

A 70 wt. % MSA solution of methane sulfonic acidsadiluted to 200 g MSA/L in a glass beaker and a
magnetic stirrer (4 cm stir bar, 120 rpm) used bo time solution. One lead laden cupel (96 g in nzasgaining
an average lead content of 30g lead each) was addiee acid solution in the leaching cell and $kap watch
started simultaneously. A pipette was used to ekttaml of the solution at 4 minutes intervals. dea
concentration analysis using the Atomic absorptspectrometer was carried out until a constant lead
concentration was reached in the solution. Thega®avas repeated three times and results recandeatch
case.

Effect of particlesize on rate of reaction.

The aim of this range of experiments was to deteemvhether the lead leaching kinetics are reaction
controlled or mass transfer controlled. Lead ladepels were crushed and classified using sievesffefent
aperture sizes (25mm, 19mm, 12mm, 10mm, 8mm and)680ng of each particle size class were measured
and mixed with 500ml of 200g MSA/L in separate trak Samples were taken at 4 minute intervals #aain
beaker and analysed for lead concentration usingAtamic Absorption Spectrometer and results were
recorded.

Effect of initial leachant concentration on the amount of lead leached

Five separate 500ml solutions containing 207.3g MSA45.3g MSA/L, 518.0g MSA/L, 690.7g
MSA/L and 828.8g MSA/L respectively, were prepatsddiluting appropriate volumes of 70 wt. % MSA
solutions, with distilled water. 30g of 19mm padisize were then added to each 500ml solution. &ml
sample were withdrawn from each container afteridute intervals and analysed for lead concentratising
an Atomic Absorption (AA) Spectrometer and resulése recorded.

Therate of electrowinning (deposition of lead on the cathode) at a given initial Pb concentration, current
and voltage.

A glass electrowinning cell fitted with a 9cmx4cmre lead cathode and 9cmx4cm graphite electrode
with inter electrode gap of 15cm was connected ©Capower pack. A one litre electrolyte solutionswa
prepared using 500ml of 100 g/1 lead methane satéoand 500ml of 200g MSA/L solution. The electrely
mixture was placed in a glass electrowinning cedl the power pack connected before the magnetierstiias
turned on. The power pack was switched on and aiaed at a current of 7 amps and a voltage of Bvdhe
mass accumulated on the cathode was measure@egtgr5 minutes and the results recorded.

Therate of deposition of lead on the cathode for a s multaneous leaching and electrowinning operation.

A glass electrowinning cell fitted with a 9cmx4cmre lead cathode and 9cmx4cm graphite electrode
with inter electrode gap of 15cm was connectedBCgpower pack. A 1 litrelectrolyte solution was prepared
using 200 g/1 (18 wt/wt % MSA in water) Methanef8nic Acid. 30g of 19mm particle size lead ladepeiu
powder was added to the electrolyte. The magngtierswas turned on. The power pack was switchedmd
maintained at a current of 7 amps. The mass acedetubn the cathode was measured at 5 minute ahédry
subtracting the final mass from the initial masipette was used to extract 5ml from the electeofgr lead
concentration analysis using an Atomic Absorptipactrometer and the results were recorded.
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Results

The results, analysis and deductions that were mftdleconducting the experiments are detailedvibelo

Determination of L eaching Rate and Leaching Time
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Figure 1. Graphical representation results of experimend&termination of leaching rate and leaching time

The time required to complete batch leaching o ompel containing 30g lead using one litre M.S.A
of a concentration of 200g/l at a temperature®! @ was found to be 52 minutes. 24g of lead wherehleg
out of the cupel within a period of 50min and theses no further leaching taking place after therb2utes. A
yield of (249/30g) 80% lead was obtained from #eching solution in 52 minutes.

Table 1. Results of calculated leaching rate

average concentration change in change in | rate of reaction (change average time in
in g/l concentration in g/l time in in concentration/change minutes
C,+C,., (C,—C..y) minutes in time) t, +t,
2 b, — 1,y E 2
dat
0 6.7 4.0 1.67 2.0

6.6 5.7 4.0 1.42 6.0

12.3 3.3 4.0 0.83 10.0
15.6 3.0 4.0 0.75 14.0
18.6 0.8 4.0 0.20 18.0
19.5 0.7 4.0 0.16 22.0
20.2 0.5 4.0 0.12 26.0
20.7 0.5 4.0 0.12 30.0
21.2 0.1 4.0 0.041 34.0
21.3 1.0 4.0 0.25 38.0
22.3 0.0 4.0 0.00 42.0
22.3 1.0 4.0 0.25 46.0
23.3 0.5 4.0 0.12 50.0
23.8 0.3 4.0 0.08 54.0
24.2 0.0 4.0 0.00 58.0

The initial rate of leaching was about 1.7 (g/lyimihe rate of leaching rapidly decreased untié#iched 0.2
(g/h/min in about 20 minutes and finally reachesazin 58 minutes as shown in figure 2 below ardetd
above.
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Figure 2. Graph of the rate of leaching versus time

Determination of Leaching Kinetics By I nvestigating The Effect of Particle Size on Rate of Reaction
The Shrinking Core Model Analysis

The shrinking core model equation.

L2 2_2xMxDxcC
3 ( @)3 = B xp X1

Where:

a = fraction leached

[ = stoichiometric factor

M = molecular weight of leached mineral

p = density of particle

t = time of leaching

C = concentration of reagent

D = diffusion constant (gram/cror mole/crf)
ro = initial radius of particle at time zero

Taking (2.M.D.C.t)Bp as constant with a value of 2 and plotting the Wated value ot (fraction
leached) in g/l versus r (initial radius of thetjie).
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Figure 3. Graph of concentration versus radius, t=4mins
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Figure 3 above shows that the graph labelled eggertsults compares very well with the graph
obtained from experimental results labelled conegioin of lead. It can be noted that the kineti€¢sthe
leaching of lead using MSA can be modelled afterghrinking core model with reasonable accuracy.

Effect of initial leachant concentration on the amount of lead leached

Calculation using the shrinking core model andrtigkihe constant (2.M.D.B/p as 2 results in the
graph labelled ‘expected results’ which compared wéh the graph obtained by experiment as shown i
figure 4 below.

9.1
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ing/l
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Figure 4. Graph of concentration of lead leached versusairigiachate concentration

Within experimental errors the leaching of leadngsMSA can be reasonably modelled after the
shrinking core model. Since the leaching of lead@§SA can be modelled by the shrinking core matlis
reasonable to take the leaching process to besdifiicontrolled.

According to the law of electrolysis

I wAr
I = —
A8

Where :m = mass deposited (g)
| = current (amps)
t=time (s)
Ar = atomic mass of atom
F= faraday constant (96 500C)
e= metal valance

This equation shows that the electrowinning rateasstant if all other variables are maintained
reasonably constant, that is, mass or time is &epstant in the case for lead assuming a cellteesie of 1
ohm and using a voltage of 7 volts and a currert amps and time in minutes, the ratio mass accateul
/time is 0.44. It can be noted that approximatély $ame theoretical ratio of 0.44g/min was obtaifnech
experiment. Figure 5 below shows that for a sopregnant solution containing 24g lead, the appraxm
amount that can be obtained from leaching one ¢upelould take 54 minutes to extract all the 24gni
solution assuming that the conditions specifiedvatare maintained.
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Figure5. Graph of mass accumulated versus time

The Simultaneous L eaching and Electrowinning Process

The products of the simultaneous leaching and rel@tning process are shown in pictorial view in
figure 6 below.

Figure 6. Photo showing the lead recovered from the solutdark grey) and the part of the cathode (light
grey)

For the simultaneous leaching and electrowinnirgggss the amount of lead deposited on the cathode
was observed to be constant until after 38 minates which it increased but at a much slower cat@pared
with the first 38 minutes as shown in figure 7 lelo
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Figure 7. Concentration of lead in g/l versus time

Concentration of lead in the solution increasedtlier first 25 minutes and reached a highest value o
10g after which it decreased in 16 minutes to Oa®ig remained constant for 40 more minutes. Thérmanr
recovered amount of lead out of the total 30g lead 29.5g = 98% recovery.
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Figure 8. Graph of leaching rate versus time

In the first 18 minutes the leaching rate was gnetitan the electrowinning rate as shown in figire
above. During the first 18 minutes the electrowngnrate was constant at 0.44g/min but the leacratgwas
decreasing until it reached a value of 0.44g/l/rGiaon after the first 18 minutes the electrowinaig became
higher than the leaching rate. After 30 minutethmsimultaneous process the leaching and electning rate
was found to be constant at a value of 0.3 g/mirabmut 40 minutes and finally dropped to zero. €alty, for
the simultaneous leaching and electrowinning pmcée rate of leaching was found to be faster thahof
normal leaching. Overall electrowinning time foethimultaneous process increased to about 70 rsirote
recovery of 24g lead, compared with 104 minutesiired for the sequential leaching and electrowignin
process. The yield of lead was higher for the siamdous process (98%) after a period of 80 minutes.
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Discussions

The higher leaching rate in the simultaneous poesm be attributed to the concentration gradient
being maintained by continuous removal of lead frilra solution by the electrowinning process that is
occurring simultaneously with the leaching. Thet fitat the leaching rate increased in the simutiage
process further strengthens the fact that thelksazhing process is diffusion controlled as indidah previous
deductions. High recovery of lead from the cupslpassible using the simultaneous process dueettigin
concentration gradients created by electrowinnihgivallow complete leaching to take place.

Conclusions

Methane sulphonic acid can be used as an envirdaihefriendly solvent for the leaching of lead
from lead laden cupels in the mining industry. Highecovery of lead over a shorter period of tirma be
realised by the simultaneous leaching of lead widthane sulphonic acid and electrowinning ontora pead
cathode.

References

1. Bayley, J. and Eckstein, K., Silver refining — puotion, recycling, assaying, in A. Sinclair, E. A.
Slater, and J. Gowlett (edshrchaeological Sciences 1995, Proceedings of a €enfe on the
Application of Scientific Techniques to the StudiyArchaeology, Oxbow Monographs 64, Oxford,
Oxbow, Liverpool, July 1995107-111.

2. Bayley, J., 2008. Medieval precious metal refiniagchaeology and contemporary texts compared, in
M. Martindn-Torres and Th. Rehren (eds), Archaeglddistory and Science: Integrating Approaches
to Ancient MaterialfUCL Institute of Archaeology Publications), Waln@teek: Left Coast Press,
2008, 131-150.

3. Free, M.L. Chemical Processing and Utilization igu&ous Media, " Edition, Ann Arbor, MI:

XanEdu Original Works, 2004.

Seader, J.D. and E.J. Henley, Separation ProcassgRes, John Wiley, 1998, 198-201.

Capelato M.D., Nobrega, J.A., Neves, E.F.A., Coxiplg power of alkanesulfonate ions: the lead-

methanesulfonate system, Journal of Applied Elebemistry 25, 1995, 408-411.

6. Gernon, M.D., Wu, M., Buszta, T., Janney, P., Emwvnental benefits of methanesulfonic acid:
Comparative properties and advantages, Green Clngndisne 1999, 127-140.

7. Jordan, M., Electrodeposition of lead and leadyallChapter 8), in Schlesinger, M., Paunovic, M.
(editors), Modern Electroplating {&Edition), John Wiley & Sons Inc., 2010.

8. Rosenstein, C., Methane sulfonic acid as an elgtgrfor tin, lead and tin-lead plating for electrcs,
Metal Finishing, January 1990, No. 1, 17-21.

9. Felicita Florence, N., Rajendran, S., SrinivasafN.KJohn, S., Studies on electrodeposition of eopp
from methanesulphonic acid bath, International daluof ChemTech Research, July-Sept. 2011, 3(3),
1318-1325.

10. Leung, P.K., Ponce-de-Ledn, C., Low, C.T.J. andsiaF.C. (2011) Zinc deposition and dissolution in
methanesulfonic acid onto a carbon composite @éetas the negative electrode reactions in a hybrid
redox flow battery. Electrochimica A¢ta6(18), 6536-6546.

11. Gupta C.K., Mukherjee T.K., Hydrometallurgy in eadtion processes, CRC Press, 1990, vol. Il, 185.

12. Houlachi, G.E., Edwards, J.D., and Robinson, T.@pger Electrowinning and Electrorefining,
Toronto, Metsoc Publication, vol. V, 2007.

13. Watt A., Electro-Deposition: A Practical Treatigead Books, 2008, 395.

ok

*kkkk*%x



