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ABSTRACT
Separation of sphalerite from copper sulfide minerals is one
problem faced by many concentrators because zinc is a penalty element
in copper concentrates.

Since depression of sphalerite by cyanide is

environmentally damaging and zinc sulfate is most effective only at
high pH, there is a need for alternative depressants.
is beta-mercaptoethanol (BME).

One possibility

The interaction of BME with sphalerite

has been investigated using wettability, electrokinetic, and adsorp
tion techniques.

The wettability studies indicate that BME can render

sphalerite hydrophilic at alkaline pH values.

The electrokinetic

investigations show that BME chemisorbs at the sphalerite-water inter
face.

The results of the adsorption study suggest that the interaction

of BME with sphalerite is not a simple adsorption process.

The feasi

bility of using BME to depress sphalerite from a mixture of sphalerite
and chalcopyrite has been investigated.

The results suggest that BME

is an effective depressant for sphalerite and may have some industrial
applicat ions.

vi i i

CHAPTER 1
INTRODUCTION

One problem encountered in many flotation plants is the rejec
tion of sphalerite from copper concentrates.

This is a major problem

because zinc is a penalty element in the subsequent smelting stage.
Normally, sphalerite responds poorly to thiol collectors, but oxidation
processes and especially dissolved heavy metal cations can activate
this mineral.

According to Krogh, the zinc content of chalcopyrite

concentrate from a complex sulfide orebody can be as high as 20% if
no deactivators are used (1).
The common depressants for sphalerite are alkali metal cyan
ides, zinc sulfate and combinations of various compounds such as
ZnS0j J /Na2C02/NaCN.
tages.

These reagents suffer from a number of disadvan

The cyanides are not selective and many concentrators are

reluctant to use them because of environmental problems.

Zinc sulfate

has been found to be only effective at high pH, when zinc hydroxide
begins to precipitate from solution (2).

Thus there is a need for

alternative selective sphalerite depressants which do not have these
disadvantages.
One possibility is beta-mercaptoethanol (BME) which was found
to be a promising reagent in some preliminary testwork by Phillips
Petroleum Company (3).

The objective of this study was to investigate

1

2
the interaction of BME with sphalerite and to determine the nature and
extent of sphalerite depression.

CHAPTER 2
INDUSTRIAL COPPER AND ZINC FLOTATION PRACTICE
Sphalerite ores are generally treated by flotation at pH 9 to 11
using lime as a regulator, copper sulfate as an activator and xanthates
or dithfophosphates as collectors.

Typical reagent quantities are 2.0-

5.0 lbs per ton of regulator, 0.5 to 1.0 lbs per ton of activator, 0.1
to 0.25 lbs per ton of collector and 0.05 lbs to 0.15 lbs per ton of
frother.
Two basic flotation schemes are used when economically recover
able quantities of both copper and zinc are present in an orebody.
Probably the most common scheme involves selectively floating the copper
minerals with xanthates at pH 9 to 11 with the use of sodium cyanide
and zinc sulfate to depress other sulfide minerals and sphalerite.

The

zinc sulfide is then activated with copper sulfate and floated with long
chained xanthates.

The alternative route appears to be most frequently

used when the sphalerite is naturally activated.

This generally con

sists of an initial bulk copper-zinc float with amyl xanthates followed
by depressing the sphalerite with zinc sulfate, sodium cyanide or a
combination of ZnSO^/Na^Oj/NaCN.

Approximate reagent quantities for

these flotation schemes are 0.5 to 1.0 lbs per ton of zinc sulfate,
0.1 to 0.25 lbs per ton of cyanide, 1.0 to 2.0 lbs per ton of copper
sulfate and 0.3 to 1.0 lbs per ton of collector.

3

CHAPTER 3
THE CHEMISTRY OF BETA-MERCAPTOETHANOL

Beta-mercaptoethanol is a short-chained thiol which has a
chemical formula of HSCH2CH2OH.

This compound is known to complex

with a number of metals and the log equilibrium constants of some
metal complexes are as follows:
$L,
K ,
3, ,
3, ,
B3 ,

20.56
20.13
6.6
1*1.53
17.31

Additionally the dissociation constant of BME (Ka) has been
determined as 1.7 x 10 - 1 0 (^,5).
The oxidation of beta-mercaptoethanol to di-beta-mercapto
ethanol (SCH2CH20H)2 has been investigated electrochemically and
found to have a half-wave potential of —0.5^ v with respect to a
standard calomel electrode (6).
Beta-mercaptoethanol has been determined by a sulfide ion
selective electrode in the concentration range of 10" 5 and 10 _1 M.
The more standard technique is titration with iodine in which the
beta-mercaptoethanol is oxidized to di-beta-mercaptoethanol.

This

method is capable of determining concentrations as low as 10~ 5 M (7)•

1.

2-

3 is the formation constant, e.g. 6^ = Cd (SCHjCHjOH)^ .

k

CHAPTER k
EXPERIMENTAL MATERIALS
The sphalerite used in this study was purchased from Ward's
Natural Science Establishment and originated from Ottawa Co. Oklahoma.
Selected samples were ground in a porcelain mortar and pestle into
different size fractions which were analysed by microscopic, chemical
and x-ray diffraction techniques.
The microscopic analysis showed the samples to be composed
almost entirely of translucent, amber colored sphalerite grains.

A

few particles of chalcopyrite, pyrite and quartz were also observed.
The wet chemical analysis of different size fractions of the
sphalerite sample is presented in Table 1.

These show that the average

zinc content of the sample is Sk% of theoretically pure sphalerite and
that there is slight contamination by copper, iron and silica.

Chal-

copyrite, pyrite and quartz were identified as the contaminating minerals
from the x-ray diffraction study.
The minus 150/plus 270 mesh fraction was used in the interaction
studies and flotation tests and minus 400 mesh material was used for the
zeta potential measurements.

The surface area of the minus 150/plus 270

mesh fraction was determined with a Micrometrics 2100 D Surface Area

2

and Pore Volume Analyser to be I.Q m /g.

5
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Table 1.

The Elemental Content of Different Size Fractions of the
Sphalerite Sample.

Size Range

Zn

S

Cu

Fe

Insol

-100 + 270

61

37.8

0.3

0.4

0.1

-270 + 325

62.1

37.1

0.2

0.4

0.2

- 325

61.6

37.4

0.2

0.4

0.4
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The chalcopyrite used in the flotation tests was from Morenci,
Arizona and purchased from Wards Natural Science Establishment.

The

minus 150 mesh plus 270 mesh fraction assayed 29*9% Cu, 29*8% Fe and
34.7% S.
The beta-mercaptoethanol was obtained as a clear liquid from
Phillips Petroleum Company and found to be 91.5% B.M.E.

The sample

was stored in an amber flask and solutions for test were prepared
da i1y.
The potassium amyl xanthate used for the flotation tests was
prepared from a commercial grade product by recrystal1izing from
acetone.
All water in this research was doubly distilled and deionized.

CHAPTER 5

EXPERIMENTAL PROCEDURES
The BME was determined by a standard procedure which involved
titrating with iodine using starch as an indicator.

This reaction

occurs in two stages and is considered spontaneous and irreversible:

I 2 + HSCH 2 CH 2 OH

ISCH 2 CH 2 OH + HI

HSCH 2 CH 2 OH + ISCH 2 CH 2 OH -*• HOH 2 CH 2 CS- SCH 2 CH 2 OH + HI
A series of analyses was conducted to evaluate the effect of
pH and potassium nitrate on this reaction and the results are summarized
in Table 2.

Potassium nitrate which was added to maintain a constant

ionic strength has no effect on the reaction.

However, no end point

was obtained with the titrations performed at pH 11 which suggests
interference by hydroxyl ions.

This may be caused by the hydroxyl ions

displacing iodide from the intermediate according to the following
reaction:

ISCH 2 CH 2 OH + OH" 2 HOSCH 2 CH 2 OH + L"
No interference effects were observed by titrating at pH 5 and
8.

In order to standardize this analytical procedure all solutions

were adjusted to pH 6 prior to analysis and satisfactory results were
thus obtained.

8
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Table 2.

The Effect of pH and Potassium Nitrate on the Titration of
BME.

"b0^"!;)

5.7 X ,0-3

5.7,.0-

Analysis at pH 6

1.0 x 10 - 2

5.2 x 10" 3

5.1 x lO"^

Analysis at pH 8

1.0 x 10~ 2

5.2 x 10~ 3

5.0 x 10 -tf

Analysis at pH 11

No End Point

No End Point

No End Point

Analysis at pH
6
in 5 x 10" 3 M KNO-

2
11 , 0
x 10~
0 x
lu

5 1 x 10" 3
D.i x iu

5 0 x 10 _lt
;>.u x iu

* based on 100?o purity

The precision of this technique was evaluated by repeated
titrations of apureBME solution and a BME solution which has been
shaken with sphalerite for 2 hours and centrifuged before, analysis.
The initial concentration of both solutions was 5.7 x 10~ 3 M.

The

results are presented in Table 3 and indicate that the precision in
both tests 1 and 2 is high because the standard deviation is low.
Zinc in solution was determined by using a Perkin Elmer 3^0
atomic adsorption spectrophotometer.
The contact angle measurements were made with a Rame-Hart
contact angle goniometer on polished sphalerite which was conditioned
for about five minutes in solutions of different pH and BME concen
tration.
The electrokinetic properties of the sphalerite were deter
mined on suspensions with a solid to liquid ratio of .05 to 100.

A

conditioning time of 30 minutes was used in all the experiments and
the ionic strength was controlled with 5 x 10- 3 M KNO^.

Five separate

mobility measurements were made with a Riddick zetameter at pH values
ranging from k to 11.
The interaction sutdies were conducted with kO cm 3 of BME
solution in the presence of 5 x 10" 3 M KNO^ to control the ionic
strength.

The solutions were shaken for two hours with 3 g of

sphalerite in a wrist action shaker after which the solids were
removed with a centrifuge before analysis.
The rest potential of the sphalerite was measured with the
apparatus which is schematically shown in Figure 1.

The working

11
Table 3.

Determination of the Precision of BME Analysis by Repeated
Titrations at pH 6.

SAMPLE NO.
1.
TREATMENT
Titration
Result 1)
2)
3)
4)
5)
MEAN
STANDARD DEVIATION

2.

None

Contact with Sphalerite

10- 3
10- 3
10- 3
10- 3
10- 3

2.1
1.8
2.1
2.2
2.0

5.2 x 10~ 3
1.48 x 10- 1 *

2.0k

5.2
5.k
5.2
5.3
5.0

x
x
x
x
x

x
x
x
x
x

10 _tt
10- 4
10- 4 *
10- 1 *
10- 1 *

x 10-^
1.37 x 10" s

12

MULTIMETER
High

SALTBRIDGE (0.5M KCI)
ARGON
PURGING
Ag/AgCl
Electrode

Saturated
KCI
Solution
Solution Under Test
V (0.1M KCI)

L, Luggin probe
Wj Working Electrode tn epoxy
Figure 1.

Experimental Apparatus for the Measurement of the Rest
Potential of Sphalerite.
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electrode was prepared by drilling a small hole in polished sphalerite
which was then coated with a thin layer of gold.

The specimen was

mounted in resin and connected to the multimeter terminals by
platinum wire which was inserted in the hole.
sured by filling any spaces with mercury.

Good contact was in

Rest potentials were deter

mined in distilled water and in BME solutions at pH 7-

A11 measurements

were made in the presence of 0.1M KC1 to minimize the effect of KC1
leaking from the Luggin probe.
The flotation tests were performed in a AOO cm 3 Denver flota
tion cell using 10 g of sample with conditioning and flotation times
of 10 and 5 minutes respectively.

MIBC was used as a frother.

The

following tests were conducted at pH 5, 7, 9 and 11:
a)

Flotation of unactivated sphalerite with 6.2 x 10 -lt M, 1.2x

10 _1+ M and 6.2xl0- 5 M potassium amyl xanthate.

These concentrations

are equivalent to 10 lbs, 5 lbs and 1 lb of reagent per ton of zinc.
b)

Depression of sphalerite conditioned in 6.2 x lO^M

xanthate by 1.6 x 10* 3 M and 1.6 x lO-^M BME.

These concentrations

of depressant are equivalent to 10 lbs and 1.0 lb per ton of zinc
respectively.
c)

Flotation of sphalerite conditioned in a 1.3 x 10~ 5 M

(1.0 lb/ton) copper solution by 6.2 x 10" 5 M xanthate.

Additionally,

the deactivating characteristics of BME were evaluated by floating
sphalerite conditioned in 1.3 x 10~ 5 M Cu and 6.2 x 10~ 5 M X by 1.6 x
JO-^M BME.

]k
d)

Flotation of chalcopyrite with 6.2 x 10~ 5 M xanthante and

effect of 1.6 x 10 _lt M BME on the flotation of chalcopyrite conditioned
in 6.2 x 10" 5 M xanthate was also investigated.
e)

Flotation of sphalerite conditioned in 1.6 x lO-^M BME

with 1.3 x 10~ 5 M copper and 6.25 x 10" 5 M xanthate.
f)

Flotation of different mixtures of chalcopyrite and

sphalerite by the scheme outlined in Figure 2.

The sphalerite:

chalcopyrite ratios tested were 9:1, 8:2 and 7:3.

15

CuFeSg
AND
ZnS MIXTURE

CONDITION IN
6.2 x lO-^M KAX
AT pH 9
DECANT AND
WASH TWICE
CONDITION IN
1.6 x lO-'+M BME
AT pH 9

FLOAT

FLOAT

NON
FLOAT
CONDITION IN
CuSOfj AT pH 9

CONDITION IN
6.2 x lO-'+M KAX
AT P H 9

FLOAT

FLOAT

ZnS CONC.

TAILS
Figure 2.

Schematic Representation of Chalcopyrite and Sphalerite
Separation Scheme.

CHAPTER 6
RESULTS
The results of the contact angle measurements are shown in
Figures 3 and k.

The results show that there is a reduction in con

tact angle with increasing pH in both distilled water and BME solu
tions.

In distilled water, the angle decreases from 35° at pH 2 to

20° at pH 12.

In BME solutions of equivalent concentration, the

contact angle is reduced approximately 10° between pH 6 and pH 10.
Figure k, shows that BME also significantly reduces the contact angle.
At reagent concentrations above 5-7 x 10" 3 M at pH 8 and 10, the
sphalerite surface is rendered so hydrophilic that an air bubble
fails to stick to the surface.
The effects of different concentrations of BME on the electrophoretic mobility of sphalerite is shown in Figure 5.

The results

show that sphalerite has zero mobility at pH 6.8 in solutions con
taining no reagent.

This value is taken to be the pzc of the sample.

The effect of increasing concentrations of BME is to reduce and shift
the point of zero electrophoretic mobility of sphalerite.

The reduc

tion is illustrated by the change in point of zero electrophoretic mo
bility to 5.6 by a solution containing 2.3 x 10" 3 M BME.
Figure 6, shows the effects of copper sulfate which is a
common activator for sphalerite and BME on the electrophoretic mobili
ty of the sample.

The results show that copper sulfate reverses the
16
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The Change in Contact Angle of Sphalerite with pH.
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The Change in Contact Angle of Sphalerite with BME Concentration.
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Figure 5.

The Electrophoretic Mobility of Sphalerite in BME Solutions.
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Figure 6.

The Effect of BME and Copper Sulfate on the Electrophoretic Mobility of
Sphaleri te.
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mobility of sphalerite below a pH of 6.8.

However the mobility of

BME coated sphalerite appears to be unaffected by copper sulfate
since the results are similar to those present in Figure 5.

Addi

tionally, it appears that the mobility of sphalerite conditioned with
copper is slightly reduced by BME.
»

A number of experiments were conducted to determine the
interaction characteristics of BME with sphalerite.

Table k shows the

change in BME concentration with time and the corresponding quantity
of zinc liberated.

The results show that the BME-sphalerite inter

action is complete after two hours.

The data also suggests that the

amount of zinc liberated increases to a maximum after two hours and
then progressively decreases.

This result is not thought to be

significant because no relationship could be found between zinc
liberation and reduction in BME concentration from later experiments.
Figure 7 shows the relationship between the initial concentra
tion of BME and the reduction in BME concentration at different pH
levels.

An ANOVA statistical test was used to determine whether

there was a significant difference in the mean quantity of reagent
reacted at different

pH values.

The calculations are shown in Appen

dix A and strongly suggest that the interaction of beta-mercaptoethanol
is independent of pH.

The results of the linear regression analysis,

shown in Appendix B, suggests the data is most accurately interpreted
as a slight downward curve.

This is because the derived equation has

poor extrapolation at low BME concentrations.

22
Table 4.

The Change in Concentration of BME and Quantity of Zinc
Liberated with Time.

REACTION TIME
(Hrs)

REDUCTION IN
BME CONC. (M)

BME EQUIL.
CONC. (M)

1 hr

5.51 x io- 3

1.9 x 10-"

5.1

2 hr

5.52 x IO" 3

1.8 x 10'"

6.7

7 hr

5-52 x io- 3

1.8 x 10-"

5.6

13 hr

5.52 x io- 3

1.8 x 10-"

3-7

18 hr

5.52 x io- 3

1.8 x 10-"

3.2

hr

5.52 x IO" 3

1.8 x 10-"

2.9

2k

ZINC LIBERATED
(vM)
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10-1

pH of Test
X 11.5

0

9.5

• 7.0
10-2

A

5.5

SPHALERITE-BME
10-3

-150 + 270 Mesh
2 Hours Conditioning

10
10

10-

10-2

1 0 -1

INITIAL CONCENTRATION OF BME

Figure 7.

The Reduction in BME Concentration as a Function of Initial
Concentration.
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A PH 5 .5

o

10-h
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io- 3 •
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Figure 8.

The Reduction in BME Concentration as a Function of
Equilibrium Concentration.
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The relationship between the equilibrium concentration of BME
and the reduction in concentration is shown in Figure 8.

The data has

been interpreted as a smooth curve which levels off at a BME equili
brium concentration of about 10~ 3 M.
Figure 9 shows the zinc liberated as a function of the reduc
tion of BME concentration at different pH values.

The data shows con

siderable scatter and no apparent relationship between the amount of
zinc liberated and disappearance of BME from solution.

A t-test was

used to determine whether there is a significant difference in the
mean quantities of zinc liberated at different pH values.

The calcu

lations shown in Appendix C and strongly suggest that there is no
difference at pH 11.5, 9.5 and 7.0.

However, a significantly

greater amount of zinc is liberated at pH 5.5.
The results of the electrochemical study are shown in Figure
10.

The potential of sphalerite decreases from a value of +1^3 mv

in distilled water to +76 mv in a solution containing 5.7 x 10~ 3 M
BME.

The resistivity of the sphalerite was also measured by a four

point probe and found to be of the order of 10 5 fi cm.
Figure 11 shows the effect of potassium amyl xanthate and BME
on the flotation response of sphalerite.

The amount of sphalerite

floated with 6.2 x lO'^M xanthate decreases from Sk% at pH 5 to 56%
at pH 11.

A similar trend was obtained with 1.2 x 10 -l4 M xanthate

because the recovery decreases from

at pH 5 to 20% at pH 11.

has a marked effect on the amount of sphalerite floated.

A BME

BME

100
SPHALERITE

pH of Test

150 X 270 HESH
2 HOURS CONDITIONING

* 11.5
O 9.5
• 7.0
A 5.5

1.

o

£
m
CO

10.

x

S

A

o

» O

z

o

o

•

*

e

M

io-

10-3

10-2

10-1

THE REDUCTION IN BME CONCENTRATION (mols/1itre)

Figure 9.

The Zinc Liberated as a Function of the Reduction In BME Concentration at
Different pH Levels.

ro

ON

140

SPHALERITE

120
ui
o

w 100

UJ

60

Figure 10.

10-3
10CONCENTRATION OF BME (mols per litre)

10-*

The Rest Potential of Sphalerite in Water and BME Solutions Containing 0.1M KCl. After
Argon Purging.

too

80

SPHALERITE
-150 + 270 MESH
10 mins. conditioning
5 mins. flotation

u
cc

UJ

a.
>-

TREATMENT

60

XANTHATE
ONLY

DC

LU
>

o

o
X

z
—

1.2x10" M
Xanthate

XANTHATE (6.24xio
FOLLOWED BY BME

u
o

.2xlO -tt M
Xanthate

ko

<
o

.2 X10" 5 M Xanthate

20

JQ.

o

1.6xl0 -lt M BME

1.6xl0 "3M BME

-X-

8

10

11

pH
Figure 11.

The Effect of Xanthate and BME on the Flotation Response of Sphalerite.

to

CD

29
concentration of 1.6 x lO'^M depresses 9*»% of the ZnS which was pre
conditioned in 6.2 x lO-^M xanthate.
The effect of BME on the flotation response of chalcopyrite
is shown in Figure 12.

The results of this test suggest that a BME

concentration of 1.6 x 10 _1+ M lowers the recovery of sphalerite by
approximately 10%.
The results of the deactivation and activation experiments
are shown in Figures 13 and 14.

The deactivation test was conducted

by conditioning sphalerite with copper sulfate followed by amyl
xanthate and BME respectively.

The results suggest that BME is a

poor deactivator because little sphalerite is depressed.

The activa

tion experiment involved conditioning sphalerite with BME, followed
by copper sulfate and amyl xanthate respectively.

Since good recover

ies of ZnS were obtained, it appears that sphalerite can be readily
activated and floated following depression by BME.
The results of the mixed mineral experiments are presented in
Table 5.

The copper concentrates contained at least 95% chalcopyrite

and about 5% ZnS which suggests significant depression of sphalerite
by BME.

Approximately 10% chalcopyrite was also depressed which

indicates some interaction with this reagent.

Figure 15 shows that

the amount of sphalerite in the copper concentrate increases from k
to 5% as the sphalerite content of the feed increases from 10% to
30%.

This suggests that depression of sphalerite by BME is relatively

independent of the quantity of ZnS in the feed.

Sphalerite concen

trates containing between *»9 to 71% were obtained by activation and
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Table 5.

The Zinc and Copper Assays of the Mixed Mineral Flotation Experiments.

Mineral
Ratio
(CuFeS 2 /ZnS)

Total
wt(g)

COPPER CONC.
%
%
CuFe$2 ZnS

ZINC CONC
ZnS*
Ratio

Total
wt(g)

CuFeS2

%

TAILS
ZnS

Total
wt(g)

CuFeS2

ZnS

%

%

%

9:1

8.M

96

U

• 31*

1.37

51

49

0.22

77

23

8:2

7.09

96

k

J h

2.71

*»1

59

0.20

50

50

7:3

6.26

95

5

.10

3.59

29

71

0.15

7

93

*ZnS ratio = Zns in Cu conc.
Zns in feed
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30.

The Sphalerite in the Chalcopyrite Concentrate as a Function of the Sphalerite in
the Feed.
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flotation with copper sulfate and amyl xanthate.

Finally, the results

shown for the tailings were calculated since their weights were small.
The chalcopy rite and sphalerite assays vary from 11% to 1% and 23%
to 33% respectively.

CHAPTER 7
DISCUSSION
The results of this investigation will be explained in terms
of the surface chemical investigations and the flotation tests..
The Surface Chemical Investigations
The contact angle measurements show that sphalerite becomes
more hydrophilic as the pH is increased.

A number of authors, for

example, Konev and Rozgaj have obtained similar results and have sug
gested that this may be caused by various zinc hydroxide species form
ing at the mineral surface (8, 9).

This explanation is supported by

Harris and Marsicano who showed that Zn (OH)^ exists above pH 6.5
and predominates above pH 7 (10).
The contact angle is

also significantly reduced by BME.

This

suggests that this reagent is adsorbing on the mineral surface with
its polar hydroxide group oriented into solution.
The electrokinetic studies indicate that the sample has a pzc
of 6.8 and that BME reduces and shifts the point of zero electrophoretic mobility.

It is difficult to compare this pzc result with

the results of other investigations because values ranging from pH
3.0 to pH 7.5 have been obtained (11, 12).

The pzc of sphalerite,

therefore, appears to vary considerably from sample to sample.

The

reduction and reversal of the electrophoretic mobility suggests that
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BME is specifically adsorbed inside the slipping plane of the elec
trical double layer.

Armanet and Martin have found that zinc can

react with BME to form a ZnfSCt^Ct^OtO^ complex.

This has an equili

brium constant of 2.05 x 10 1 7 which indicates that i t is very stable.
Formation of this compound at zinc sites on the mineral surface may
account for the lowering and reversal of the electrophoretic mobility
of sphalerite.
Copper sulfate appears to reverse the mobility of ZnS between
pH 4.0 and 6.8 and lower the mobility above pH 6.8.

This is probably

caused by a layer of CuS which can form on the surface by an ion
exchange reaction as indicated below:
Cu 2+ + ZnS t CuS + Zn 2 +
The pzc of copper sulfides have been determined as approximately 3.0
in a number of studies and formation of such a product on the sphal
erite surface would explain the results (13).
Beta-mercaptoethanol slightly reduces the mobility of copper
coated sphalerite which suggests that there is only a little adsorp
tion inside the slipping plane of the electrical double layer.

Copper

ions appear to have a small effect on the mobility of BME coated
sphalerite.

These findings indicate that the interaction between

BME and copper is not strong which is somewhat anomalous to the
expected results.

This is because Knoblock and Purdy have found that

copper can also react with BME to form the CulSCt^CI^OH)^ complex.
This

product has a stability constant 1.35 x 10 2 0 which indicates

that i t is more stable than the Zn-BME complex.

Thus i t would be

expected that BME should interact with copper even more strongly
than with zinc.

A possible reason for this poor interaction may lie

in the differing solubilities of zinc and copper xanthates species.
The solubility products of zinc amyl xanthate and cuprous amyl
xanthate are 1.6 x 10" 1 2 and about 10~ 2 1 respectively (1*0.

Beta-

mercaptoethanol is therefore thermodynamically capable of displacing
xanthate from zinc but not from copper.
The interaction experiments indicate that large amounts of
BME are reacting with the sphalerite and that this reaction is
independent of pH.

Additionally, there appears to be little corre

lation with the amount of zinc liberated into solution.

Although i t

has been suggested that BME may be forming a complex with zinc on the
sphalerite surface, this mechanism can not account for the large
reduction in BME concentration.
The sphalerite was found to have a rest potential in dis
tilled water of +143 mv with respect to an Ag/AgCl electrode which
decreased to +76 mv in a 5.7 x 10~ 3 M solution of BME.

A similar result

was obtained by Rao, Moon and Leja who determined that the rest poten
tial of ZnS in a 10" 5 xanthate solution was +200 mv with respect to
a standard calomel electrode (15).
10" 3 M solution of xanthate.

This increased to +240 mv in a

Sphalerite therefore appears to be a

relatively noble mineral with a rest potential considerably greater than
BME half-wave potential of -0.54 v.

Consequently, i t is possible that

sphalerite may be oxidizing the beta-mercaptoethanol to di- betamercaptoethanol which may also physisorb on the sphalerite.

39
Figure 16, shows the reactions which may occur at the anodic and
cathodic sites of the sphalerite.
The above mechanism is based on the idea that sphalerite is a
semi-conductor and can take part in electrochemical reactions.

The

resistivity of the ZnS was measured as 10 5 ficm which indicates that
it is a poor semi-conductor and as a result the proposed mechanism
may be open to improvement.

Further electrochemical testwork using

techniques such as linear sweep voltammetry could provide the addi
tional information that is required to substantiate this mechanism.
The Flotation Tests
The results of the flotation tests show a good correlation
with the findings of the surface chemistry experiments.
Beta-mercaptoethanol seems to be a strong sphalerite depres
sant between pH 5 and 11 and this is probably caused by the formation
of the hydrophilic ZnteC^Ch^OH)^ complex at the mineral surface.
Less sphalerite was also floated with xanthate alone at high pH.
This is an analogous result to the contact angle measurements and
may be caused by the formation of zinc hydroxide at the mineral
surface.
Some chalcopyrite was also depressed by BME between pH 5 and
11 which suggests that a weak hydrophilic species is forming on the
mineral surface.

It is not very clear why BME is a poor depressant

for chalcopyrite because the Cu-BME complex is highly stable and
negatively charged.

This, however, may be related to the density

of Cu sites on the surface and the lower stability of the Fe-BME

sites

c * th0<l,c

anodic
sites
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complex {^2 = 4 x 10 6 }.

Additionally, the higher stability of the

cuprous amyl xanthate product compared to the cuprous-BME complex
may also partly account for the weak interaction.

Experiments with

pure (^S and CuS may be able to provide insight into the precise
BME-chalcopyrite interaction.
Beta-mercaptoethanol was found to be a poor deactivator for
sphalerite conditioned with copper sulfate.

This result indicates

that BME has little industrial potential in this capacity.
Sphalerite conditioned with BME was readily activated with copper
which suggest that sphalerite could be recovered by flotation after
initial depression.
The ZnS content of the chalcopyrite concentrates from the
mixed mineral tests was reduced to approximately 5% by BME for all
feed ratios.

This result suggests that BME may have some industrial

application because considerable sphalerite is depressed.

One dis

advantage of this reagent, however, is the slight interaction with
chalcopyrite since about 10% is also depressed.

Sphalerite concen

trates containing between kj and J\% ZnS were obtained by copper
activation and flotation with amyl xanthates.

This suggests that a

reasonable zinc product can be produced after using BME to depress
sphalerite from a chalcopyrite concentrate.

CHAPTER 8
CONCLUSIONS
1.

Sphalerite becomes more hydrophilic as high pH levels.

This nay be caused by the formation of zinc hydroxide on the
mineral surface.
2.

Beta-mercaptoethanol is a strong sphalerite depressant

between pH 5 and 11.

This may be caused by BME reacting with zinc

sites on the mineral surface to form the ZnfSC^CI^OH)^ complex.

The

equilibrium constant of this complex is 2.05 x 10 1 7 which indicates
that i t is very stable.
3.

Sphalerite

may oxidize some beta-mercaptoethanol to di-

beta-mercaptoethanol, since its rest potential of 80 mv is considera
bly greater than the BME half wave potential of -0.54 v.
4.

Beta-mercaptoethanol appears to interact only slightly

with copper and chalcopyrite.

This appears to be an anomalous result

because the equilibrium constant of the CulSCt^Ct^OH)^ complex is
1.35 x 10 2 0 which suggests that i t is very stable and should be a
strong depressant.

The higher stability of cuprous amyl xanthate

compared to the cuprous-BME complex may partly explain this finding.
5.

Sphalerite conditioned in BME solutions appears to be

readily activated by copper sulfate.

This indicates that on an in

dustrial scale ZnS may be recovered by flotation after initial
depression by BME.
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6.

Chalcopyrite concentrates averaging about 5% sphalerite

were produced from mixtures of chalcopyrite and sphalerite contain
ing up to 30% ZnS.

The recovery of chalcopyrite was approximately

90% which reflects the slight interaction with BME.

Sphalerite

concentrates containing between kS and 1\% ZnS and 51 and 23% CuFeS2
were obtained by copper activation and flotation with amyl xanthate.

APPENDIX A
STATISTICAL ANALYSIS OF THE RELATIONSHIP BETWEEN
THE INITIAL CONCENTRATION OF BME AND
REDUCTION IN CONCENTRATION
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The object of this test is to determine whether there is a sig
nificance in the mean quantity of BME adsorbed at different pH values.
One appropriate technique is an ANOVA test.
The results of the adsorption test for different initial concen
trations of BME are shown in Table A1.
Table A1.

The Results of the Adsorption Test.

Initial BME Cone. (mM)
pH

33-0

11.0

5.7

2.3

0.6

TOTAL

5.5

26.0

9.3

5.2

2.2

0.5

43.2

7

30,0

10.0

5.5

2.0

0.5

48.0

9.5

32.0

11.0

5.7

2.3

0.6

51.6

11.5

32.0

11.0

5.4

2.1

0.4

50.9

Total

120.0

41.3

21.8

8.6

2.0

193.7

Correction factor =

v

20

7) 2

= 1875*98

Corrected total sum of squares = 4190.99 - 1875.98 = 2315.01
Corrected sum of squares between pH = 1884.72 - 1875.98 = 8.74
Corrected sum of squares between initial BME concentrations = corrected
corrected total sum of squares - corrected sum of squares between pH =
2315.01 - 8.74 = 2306.27.
Source of variation
between pH
within pH
Total
Now F99,3,16

sum of squares
8.74
2306.27
2315.01

"

5'23

D.F.
3
16
19

Mean Square
2.91
144.14

F
0.020
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Thus the observed value of F is not significant which strongly
suggests that there is no real difference in the mean quantity of BME
adsorbed at different pH values.

APPENDIX B
THE USE OF LINEAR REGRESSION TO FIT AT EQUATION
TO THE DATA ON THE REDUCTION OF BME AS A
FUNCTION OF INITIAL CONCENTRATION

1*7
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The data for this calculation is shown below.

C0NC.
REACTED (mM/1)

INITIAL
C0NC. (mM/1)

33
10.6
5.44
2.05
0.89
0.65
0.385
0.05
30
10
8.8
7.7
5.5
2.0
0.79
0.45

33
11
5.7
2.28
l.l
0.855
0.57
0.23
33
11
9.1
8.0
5.7
2.3
0.91
0.57

CONC.
S0RBED (mM/1)
26
9.3
8.9
7.8
5.2
2.2
0.8
0.46
32
10
8.8
7.8
5.5
2.1
0.9
0.56

INITIAL
CONC. (mM/1)
33
11
9.1
8.0
5.7
2.3
0.91
0.57
33
11
9.1
8.0
5.7
2.3
0.91
0.57

The coefficients for the general formula y = a^x + a^ are defined by:
*

1

n

S*y " S*Ey
nEx 2 - (.Ex) 2

and the correlation coefficient is given by the formula:
_

n Exy - ZxEy
/ (nix 2 - (Ex) 2 ) ((nEy 2 - (Ey) 2 )

These values have been calculated as:
a 1 - 0.910
a Q = 0.098
r

= 0.995

r 2 = 0.990

Thus the best equation that can be fitted to the data is:
y = 0.91 x 0.098
where y = concentration of BME reacted.

X = initial BME concentra

tion.
This equation becomes invalid with initial

BME concentration

below about 10" 3 M because the relationship shows that some BME is
produced from the reaction.

This suggests that the data is best

interpreted as a slight downward curve and not a perfectly straight
1 ine.

APPENDIX C
STATISTICAL ANALYSIS OF THE RELATIONSHIP
BETWEEN THE AMOUNT OF ZINC LIBERATED
AT DIFFERENT pH LEVELS

50

51
Table CI shows the quantity of zinc liberated (yM) at different
pH levels for particular initial BME concentrations (M).

Since there

is no significant difference in the concentrations of BME adsorbed at
various pH values, any difference in the amount of Zn liberated must
be due to the pH.

Table CI.

The Quantity of Zn Liberated at Different pH Levels.

pH 11.5

BME(M)

Zn(yM)

pH 7..0

pH 9.5

BME(M)

Zn(yM)

BME(M)

3.3xl0- 2

9

3.3xlCr 2

4

l.lxlO" 2

3

l.lxlO - 2

5

9.lxlO" 3

10

9.1xl0- 3

8.0xl0- 3

5

3.3x10-2

pH 5.5

Zn(yM) • BME(M)

Zn(yM)

13
1 .lxlO" 2

12

9

9.1x10-3

22

8.0x10-3

3

8.0xl0- 3

15

5.7xlO- 3

2

5.7xlO- 3

7

5.7x10-3

7

5.7xl0- 6

18

2.3xl0~ 3

5

2.3xl0- 3

4

2.3x10- 3

4

2.3x10-3

18

9.1x10-"

5

9.1x10-"

16

5.7x10"''

4

5.7x10-"

29

Sexier4

14

5.7x10-"

7

18.6

X

6.6

5.5

7.2

a

4.41

1.94

3.29

5.12

s

4.93

2.07

3.60

5.53

n

5

8

6

7

A t-test can be used to determine if there is a significant
difference between the mean quantities of zinc liberated at different
pH levels.

The t statistic is defined by:
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X

""X

—

2^

^

tV",

+

where

J(n-1) (S A ) 2 +(n - i ) ( s B ) 2

St

n2

+

V

"2

+ 2

The difference between pH 11.5 and pH 9.5

6.6 - 5.5 _

t =

r k ( k 93)2

s

3.*v* + *

V

1.1

=

T7W
0.57

t 95,11

=

+ 7 (2.07)

5

"

/ 97.22 + 29.99
11

=

3.*»

2-201

Thus there is substantial evidence that there is no signifi
cant difference in the mean amount of zinc liberated at pH 11.5 and
pH 9.5.
The difference between pH 7.0 and pH 9.5
7*2 ". 5.5
*

-

«

y

1.7

/

F

c
S.

T

Ic.lt
(n n-]\2
= .^5(3.60Y
+, i
7(2.07Y
V

'

=

64.8+29.99

1.52
1.12
t 95|12

=

2-179

12
=

2.81

This result strongly suggests that there is no significant
difference in the mean amounts of zinc liberated at pH 7-0 and pH
9.5.
The difference between pH 7.0 and pH 5.5

t =

18.6-7.2

''

s

~

•75vT*T
11•

*95,11

=

A.32

=

2,201

t
r

=

S. =

)J5(3.6) 2 + 6(5.53) 2
' 11

4.75

Therefore, there is substantial evidence that there is a si
nificant difference in the mean quantities of zinc liberated at pH
5.5 and pH 7.0, 9.5 and 11.5.
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