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ABSTRACT 

A detailed investigation has been carried out to 

examine the possibility of separating pyrite from sphalerite 

by flotation using sodium sulfite. Contact angle measure

ments, mineral-sulfite interactions, and flotation tests 

have been conducted. It has been found that sodium sulfite 

very slightly decreases the hydrophobicity of both minerals. 

Sulfite was found to disappear from solution when contacted 

with either mineral; this disappearance, which was linear 

with respect to equilibrium concentration, was about four 

times larger in the case of pyrite. Maximum disappearance 

occurs at pH 8.0 for pyrite and sphalerite and in both cases 

disappearance is larger than the monolayer coverage. The 

flotation tests indicate that sulfite depresses pyrite but 

has little effect on sphalerite flotation. Depression of 

pyrite is likely governed by electrochemical reactions 

which yield a hydrophillic surface product, Fe2 (SO^) 2 "Fe (OH) 3* 

Additional investigations with pyrite:sphalerite blends and 

at high temperatures are recommended. 

viii 



CHAPTER 1 

INTRODUCTION 

Separation of pyrite (FeS2) from sphalerite (ZnS) 

is very important in a wide variety of complex sulfide ore 

flotation schemes. In a majority of commercially important 

complex sulfide ore deposits, sphalerite and pyrite are 

associated with copper and/or lead sulfides such as chal-

cocite (CU2S), covellite (CuS), and galena (PbS)(1). 

Usually copper and lead sulfide minerals are selectively 

floated together in a bulk concentrate leaving pyrite and 

sphalerite in the pulp (2). The selective separation of 

pyrite from sphalerite is then accomplished by activating 

sphalerite with copper sulfate. 

In separating pyrite from sphalerite two schemes 

are commonly practiced. In one approach separation is 

accomplished using hydroxyl ions which cause pyrite de

pression. In the second approach cyanide is used as the 

pyrite depressant. However, the use of cyanide has caused 

much concern. The Environmental Protection Agency and 

various environmental groups have raised guestions regard

ing the problem of cyanide pollution of water released 

from mineral beneficiation facilities (3). 

1 
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The approach considered for this research was to 

substitute a nontoxic substance for cyanide as a pyrite 

depressant. Sodium sulfite has been recommended by 

several authors (2, 3) as a viable alternative. The ob

jectives of this research were to investigate the inter

action of sodium sulfite with pyrite and sphalerite, and 

to determine the optimum conditions for the separation of 

pyrite from sphalerite. 

1.1 Pyrite Flotation and Depression 

It is known that xanthates are excellent collectors 

for pyrite while hydroxides and cyanide serve as effec

tive depressants (4). By careful control of depressant 

and collector schemes, pyrite can be separated from other 

metal sulfides by flotation. Pyrite depression is of 

particular importance in producing marketable grade metal 

sulfide concentrates since pyrite is the major contaminant 

in many complex sulfide deposits. 

Pyrite is the most noble sulfide mineral (5) with 

its surface consisting of a mosaic of anodic and cathodic 

areas (6). Thus electrochemical processes are expected 

at the pyrite/aqueous solution interface. It is postulated 

by many investigators (7, 8, 9, 10) that pyrite, because 

of its mosaic surface, can promote oxidation of xanthate 

to dixanthogen and this oxidized product is responsible 
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for pyrite flotation. Dixanthogen is reportedly adsorbed 

on pyrite surfaces as opposed to the formation of ferric 

xanthate by chemical reaction. Other systems, such as 

galena-xanthate and chalcocite-xanthate, follow the chemi

cal reaction theory whereby lead xanthate and cuprous 

xanthate form and render the surface hydrophobic and 

floatable. The mechanism of dixanthogen formation is 

likely illustrated by the following half-cell reactions: 

Cathodic: 1/2 C>2 (ad) + H20 + 2e" t 20H" 1.1 

Anodic: 2X~ J + 2e~ 1.2 

Overall: 1/2 02 (ad) + 2x" + H20 ? X2 + 20H~ 1.3 

where X" represents a xanthate ion and X2 represents 

dixanthogen. These conclusions were reached by Ball and 

Rickard (4) after they reviewed the work of many inves

tigators . 

Depression of pyrite can be discussed using the 

same electrochemical arguments. The depressant can inter

fere with the cathodic reaction which would prevent the 

anodic production of dixanthogen and result in pyrite 

depression. Hydroxides and cyanide are the well known 

pyrite depressants. Hydroxide easily fits the electro

chemical model as increasing the quantity of hydroxyl 

ions would drive the overall reaction to the left prevent

ing dixanthogen formation. Cyanide was at first thought 

to depress pyrite due to the formation of a reaction 
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product at the pyrite surface such as Fe(CN)2 (11) or 

I^Fedl) Fe(CN)g (12). However, these early investigators 

were concerned with xanthate ion being the collecting 

species rather than dixanthogen, now established as the 

4-responsible species. It appears more likely that Fe (CN), 
O 

(13) is the species responsible for pyrite depression and 

the following electrochemical reaction involving the for

mation of a ferric ferrocyanide compound at the surface 

has been proposed: 

7Fe++ + 18HCN t Fe4tFe(CN)6]3 + 18H+ + 4e 1.4 

Alkali sulfides are known to depress pyrite; how

ever, no electrochemical approaches to its depression 

mechanism have been reported. It is known that there is 

a critical concentration of hydrosulfide ion above which 

no flotation of pyrite will occur (14). The use of sodium 

sulfite as a pyrite depressant has had limited application 

in the United States despite significant progress in 

Japan. Little is reported as to the mechanism of depres

sion by sulfite. Yamamoto (2) reports that sodium sulfite 

depresses pyrite by desorbing xanthate adsorbed on pyrite 

surfaces. Xanthate ions in solution are decomposed by 

both sulfite and oxygen. Yamamoto does not discuss di

xanthogen and appears to regard xanthate adsorption on 

pyrite as the mechanism responsible for flotation and the 

resulting desorption for depression. Work by the 
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Environmental Protection Agency and the University of 

Utah (15) indicates that sodium sulfite reduces the solu

tion oxidation potential thereby preventing the oxidation 

of xanthate to dixanthogen which will inhibit flotation 

of pyrite. 

1.2 Sphalerite Flotation and Depression 

Sphalerite is unique among the base metal sulfides 

as it is not floatable to any extent by short-chain 

xanthates. Flotation separations of copper and lead 

sulfides from sphalerite should be possible using xanthates 

to float the copper and lead leaving the sphalerite in 

the pulp. However, sphalerite can be activated for flota

tion by xanthates if it is treated with copper sulfate 

or other heavy metal salts. Heavy metal cations are often 

present in complex sulfide flotation causing sphalerite 

to be inadvertently activated and floated as an unaccept

able impurity in copper and lead sulfide concentrates (16). 

For this reason, additional reagents are usually needed 

for sphalerite depression. Alkali metal (or alkaline 

earth) cyanides, zinc sulfate, sodium sulfite, calcium 

hydroxide, sodium carbonate, and ferrous sulfate are some 

of the reagents used alone or in combination to depress 

sphalerite. 

Sphalerite flotation is dependent on the presence 

of a heavy metal cation, most often copper. Cations whose 
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sulfides are less soluble than zinc sulfide have been shown 

to be effective activators for sphalerite (1). The 

reaction between sphalerite and the cupric ion is widely 

accepted to be an ion exchange as shown: 

ZnS + Cu++ t CuS + Zn++ 1.5 

The ratio of zinc released into solution to copper taken 

up by the mineral has been measured experimentally by 

several authors to be essentially 1.0 (17, 18, 1) as ex

pected from Equation 1.5. 

Very little work has centered on the flotation 

mechanism of activated sphalerite. It appears that since 

the activated mineral will float readily over a wide pH 

range with minimal xanthate dosages, the mechanism of 

sphalerite flotation has spurred little interest. It 

has been shown that xanthate adsorption on the sphalerite 

surface is increased by the replacement of zinc by copper 

in the surface layer. Whether cuprous xanthate or zinc 

xanthate forms on the surface is unclear; likely both 

metal xanthates are present (1). 

To be a deactivator or to prevent activation, a 

reagent must be able to compete for the copper ions (1) with 

the sulfide ions of the surface. Cyanide is the only 

common flotation reagent that acts as a deactivator as 

it has been shown to remove copper from activated 

sphalerite surfaces. Other reagents are not true deacti-
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vators but rather have the ability to prevent activa

tion. Sulfite, sulfide and thiosulfate fit this category 

(17). Cyanide deactivates copper-activated sphalerite 

due to dissolution of the copper as a complex cyanide 

(19, 20) . 

True depression of sphalerite can be accomplished 

with mixtures of zinc sulfate with alkalis such as sodium 

carbonate, sodium cyanide, and lime. The other common 

reagents are likely not true depressants. Sodium sulfide 

is thought to remove collector from the surface, and sodium 

sulfite and sodium thiosulfate likely prevent activation 

(1). There is considerable disagreement in regard to 

the proposed sphalerite depression mechanisms. Finkelstein 

and Allison (1) have summarized the knowledge thought to 

be most reliable. They conclude that sphalerite depres

sion by reagents containing zinc salts is due to formation 

of hydrophilic zinc complex species at the mineral surface. 

These species are thought to be similar to bulk precipi

tates such asZnfCN^/ ZnfOH^/ ZnCO^, and basic zinc 

carbonates and sulfates. 

Sodium sulfite has been used to depress sphalerite 

(or prevent activation) in several applications (21). 

It is reported to depress sphalerite by deposition of 

hydrophilic zinc sulfite onto sphalerite surfaces (22) or 

by decreasing cupric ion concentration by the reducing 
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action of sulfite (23). Because copper-activated sphalerite 

is not depressed by sulfite alone but only in the presence 

of zinc ions, the deposition of hydrophilic zinc sulfite 

appears to be the most likely depression mechanism (24). 

(Note that the terms depression and "prevention of activa

tion" are used interchangeably by various authors when 

discussing sphalerite.) 

1.3 Aqueous Chemistry of Sulfite 

The previous sections have discussed flotation and 

depression characteristics of pyrite and sphalerite. It 

is also important to discuss the chemistry of the sulfite 

ion in order to understand its possible interactions with 

pyrite and sphalerite. 

When SC>2 dissolves in water a weakly acidic 

solution of sulfurous acid is formed (25). 

S02 + H20 J H2S03 1.6 

Sulfurous acid is dibasic and ionizes in two steps form

ing bisulfite and sulfite. 

H2S03 t H+ + HS03~; K1 = 1.2xl0~2 1.7 

HS03~ :h+ + so32"'' K2 = 6. 2xl0~8 1.8 

Sulfite solutions always contain some sulfate as a result 

of atmospheric oxidation. Sulfites of most metals are 

insoluble or very slightly soluble (26). 
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1.4 Separation of Pyrite from Sphalerite 

Sodium sulfite is often used to depress both 

pyrite and sphalerite while copper and lead minerals are 

floated. It is also reported that sulfite ions alone will 

not depress sphalerite but a combination of zinc and sul

fite ions is essential for good sphalerite depression. 

A rather novel approach for the selective separation of 

pyrite from sphalerite using SC>2 gas dissolved in water 

at elevated temperatures is in commercial use (27). In 

this process, a pulp containing pyrite and sphalerite is 

conditioned by bubbling SC>2 gas into the pulp at 80°C and 

it is claimed that under these conditions sphalerite is 

nearly completely deadened while pyrite retains its float-

ability . 



CHAPTER 2 

EXPERIMENTAL MATERIALS 

The pyrite (FeS2) and sphalerite (ZnS) used in 

these investigations were purchased from Discount Agate 

House, Tucson, Arizona. A few large samples were selected 

for mounting and polishing in preparation for contact 

angle measurements, while the remaining samples were 

stage-ground into size fractions 150 x 75 microns for 

flotation testing and 75 x 45 microns for interaction 

studies. 

A wet chemical analysis was performed on the 

samples by Copper States Analytical Laboratories. The 

pyrite samples were found to contain 44.3% iron and 4.7% 

silica. The sphalerite samples were found to contain 62.8% 

zinc and 6.0% silica. These analyses show that the ap

proximate pyrite and sphalerite contents of these samples 

are 95% and 93.6%, respectively. 

The sodium isopropyl xanthate used in the flo

tation tests was Aero 343 Xanthate, a product of the 

American Cyanamid Company. Methyl Isobutyl Carbinol 

(MIBC) was purchased from the Minerec Corporation for use 

as the frothing agent during the flotation testing. 

10 



Reagent grade sodium sulfite, cupric sulfate, sodium 

hydroxide, calcium hydroxide, and sulfuric acid were 

used for the contact angle, flotation and interaction 

studies. 

The water used during these investigations was 

double distilled and deionized. 



CHAPTER 3 

EXPERIMENTAL METHODS 

The experimental work consisted of the following 

investigations: 

1. Contact angle measurements on pyrite and sphalerite 

in sodium Ifite solutions; 

2. Interaction studies of sodium sulfite with pyrite 

an- sphalerite; 

3. Flotation studies on pyrite and sphalerite using 

sodium sulfite as a depressant. 

3.1 Contact Angle Experiments 

Contact Angle Measurements were conducted with a 

Rame-Hart Contact Angle Goniometer (Model A-100). Nearly 

cubic samples, approximately l-^ centimeters on edge, of 

sphalerite and pyrite were hand selected from available 

samples. These samples were mounted using a resin in a 

cylindrical aluminum sample holder. The surfaces were 

polished and the contact angles were measured in various 

sodium sulphite solutions. 

The sodium sulphite solutions were varied in con-

-3 -2 
centration from 10 M to 2 x 10 M and the pH was varied 

from 8.0 to 10.3. A mounted and polished sample was 

12 



immersed in sodium sulfite solution. A syringe was used 

to affix an air bubble to the surface of the sample. The 

microscope, with an overall magnification of 15.4 X and 

a mechanical working distance (objective to sample) of 

65 millimeters, was used to align the solid/liquid inter

face with the horizontal crosshair. The contact angle 

was determined by rotating the read-out crosshair to 

tangency with the drop profile as shown in Figure 3.1. 

The contact angle was read directly from the graduated 

goniometer scale. 

3.2 Interaction Tests 

Interaction studies were carried out by agitating 

3 30 cm of a sodium sulfite solution in the presence of 2-

gram samples of pyrite or sphalerite in a Fisher Water 

Bath Shaker (Model 127) . The size fraction of the samples 

2 
was 75 x 45 microns and the surface areas were 0.295 m /g 

2 and 0.393 m /g for pyrite and sphalerite, respectively. 

The surface areas were determined using a one-poing B-E-T 

method (Brunaner, Emmett, and Teller) with COj as the ad-

sorbate. Appendix A summarizes the surface area calcula

tions . 

The variables of the interaction studies were time 

of contact, pH, concentration of sodium sulfite, and tem

perature. Time of contact was varied from five to 120 
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Fioure 3.1. Schematic View of Drop Profile Illustrating 
Contact Angle Measurement. 



minutes, pH from 8.0 to 11.0, concentration from 

-3 -3 
1.0 x 10 to 8.0 x 10 M sodium sulfite, and temperature 

from ambient (25°C) to 80°C. Agitation was performed with 

a shaker stroke length of 1-h inches at a frequency of 

140 cycles per minute. After agitation the suspension 

was filtered to remove the solids and the amount of sodium 

sulfite disappearance was calculated by the difference in 

the concentration before and after agitation. An iodine 

titration was employed to determine sodium sulfite concen

tration. A known volume and concentration of iodine was 

placed in a beaker. The sodium sulfite solution was placed 

in a 50-milliliter burette and run into the iodine, with 

constant stirring, until the color of the free iodine had 

nearly faded. Starch solution was added and the titration 

was continued until complete fading of the blue color. 

The reaction of iodine and sodium sulfite is as follows: 

Na2S03 + I2 + H20 t Na2S04 + 2HI 3.1 

All titrations were conducted at 7.0 pH to avoid possible 

interference by hydroxyl ions. 

Analysis was also performed on several samples of 

pyrite and sphalerite before and after agitation (Agitation 

-3 
conditions: pH 8.0, 2.0 x 10 M, sodium sulfite, 25°C, 

and one hour contact time) by X-Ray diffraction techniques 

to determine possible compounds formed at the surfaces. 
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The solutions from these tests were sent to Copper State 

Analytical Laboratories for sulfate and dissolved iron and 

zinc analyses. During agitation reduction-oxidation (redox) 

potentials were measured as a function of time at pH 6.0, 

7.0, and 9.0. 

To further understand the interaction of sodium 

sulfite with pyrite and sphalerite, potential-pH (Pourbaix) 

diagrams were constructed with the use of a computer 

program (28). The program has the ability to predict the 

stable thermodynamic phases under a given set of potential 

and pH conditions. Appendix B lists the stable reactions 

that make up the constructed diagrams. 

3.3 Flotation Tests 

3 
The flotation tests were performed in a 450 cm 

Denver Laboratory Flotation Cell (Model D), using 10 grams 

of sample. The size fraction of the samples was 150 x 75 

microns. Calcium hydroxide and sulfuric acid were used 

as pH regulators, cupric sulfate was used as an activa

tor for sphalerite, sodium sulfite was used as a depressant 

for pyrite, sodium isopropyl xanthate was used as the col

lector for both minerals, and MIBC was used as the frothing 

agent. The tests were performed in the following manner: 

a) 10 grams of mineral was placed in the cell with 

an amount of calcium hydroxide that would 
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approximate the desired pH. 

b) Water was then added, the slurry agitated 

and the pH fine adjusted. 

c) The desired amount of depressant, sodium 

sulfite, was added and conditioned for two 

minutes. 

d) The desired amount of activator, cupric 

sulfate, was added and conditioned for two 

minutes. 

e) The desired amount of collector, sodium 

isopropyl xanthate, was added and conditioned 

for two minutes. 

f) The pH was readjusted (usually there was no 

need); the frother, MIBC, was added as 

required. 

g) Flotation was then performed for five minutes. 

Flotation of pyrite and sphalerite dealt first 

with finding the lowest concentration of sodium isopropyl 

xanthate that would recover all of the floatable pyrite 

and sphalerite at pH 8.0. In all cases, 4.5 x 10 ^ M 

cupric sulfate was added as the activator for sphalerite. 

(It was used during flotation of pyrite to simulate con

ditions during a pyrite-sphalerite separation.) Tests 

-3 
were then carried out in the presence and absence of 10 M 

sodium sulfite solutions at pH values of 6.0, 8.0, 9.0, and 
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using 10 M sodium isopropyl xanthate. The next series 

of tests were conducted at increasing sodium sulfite con

centrations from 10 ̂  M to 10 ^ M at pH 8.0 and 10 ^ M 

sodium isopropyl xanthate. Next, tests were conducted at 

-2 -3 a sodium sulfite concentration of 10 M, 10 M sodium 

isopropyl xanthate, and pH values of 6.0, 8.0, 9.0, and 

10.0. Tests were then conducted on a synthetic mixture 

of pyrite and sphalerite with a feed ratio of 1:1. These 

-3 mixture tests were conducted at pH 8.0, 10 M sodium iso

propyl xanthate, and at sodium sulfite concentrations from 

- 3 - 2  
10 M to 1.2 x 10 M. Tables 3.1 and 3.2 summarize most 

of the flotation tests performed at ambient temperature. 

Several additional flotation tests were performed 

at high temperatures. The sodium sulfite concentration 

_3 was 10 M, the sodium isopropyl xanthate concentration 

— 3 
was 10 M, and the pH was 8.0. The minerals were floated 

separately at temperature values of 40, 50, 65, and 70°C. 



Table 3.1 Summary of Flotation Tests 

Concentration in moles/liter of 
flotation reagents 

Minerals PH 
CuSO^ Na Isopropyl 

Xanthate 
Sodium 
Sulfite 

FeS2, Zns 8.0 4.5xl0~5 l.OxlO-4 0 

FeS2 8.0 4.5xl0~5 4.0xl0~4 0 

FeS2, ZnS 8.0 4.5xl0~5 l.OxlO-3 0 

FeS2 / ZnS 8.0 4.5xl0~5 5.0xl0~3 0 

Fes2, ZnS 6.0 4.5xl0~5 l.OxlO-3 0 

FeS2, ZnS 6.0 4.5xl0~5 l.OxlO'3 l.OxlO-3 

FeS2' 
ZnS 8.0 4.5xl0~5 l.OxlO"3 l.OxlO-3 

FeS2' ZnS 
9.0 4.5xl0~5 l.OxlO"3 0 

FeS2, ZnS 9.0 4.5xl0~5 l.OxlO"3 l.OxlO"3 

FeS2, ZnS 10.0 4.5xl0~5 l.OxlO-3 0 

FeS2' ZnS 
10.0 4.5xl0~5 l.OxlO-3 l.OxlO-3 

FeS2 8.0 4.5xl0~5 l.OxlO-3 2.5xl0-3 

FeS2' 
ZnS 8.0 4.5xl0~5 l.OxlO-3 5.OxlO-3 

F e S
2» ZnS 8.0 4.5xl0~5 l.OxlO-3 l.OxlO-2 

FeS2, 

FeS2, 

Fes2, 

ZnS 6.0 4.5xl0~5 l.OxlO-3 l.OxlO"2 FeS2, 

FeS2, 

Fes2, 

ZnS 9.0 4.5xl0~5 l.OxlO-3 l.OxlO-2 

FeS2, 

FeS2, 

Fes2, ZnS 10.0 4.5xl0~5 l.OxlO-3 l.OxlO-2 
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Table 3.2 Summary of Flotation Tests on 
1:1 Pyrite: Sphalerite Feed Samples 

Concentration in moles/liter 
of flotation reagents 

PH CuSO^ Sodium Isopropyl 
Xanthate 

Sodium Sulfite 

8.0 4.5xl0~5 l.OxlO"3 1.0xl0~3 

10.0 4.5xl0~5 l.OxlO-3 0 

8.0 4.5xl0~5 l.OxlO"3 5.0xl0~3 

8.0 4.5xl0~5 l.OxlO"3 l.OxlO-2 

00
 

o
 

4.5xl0~5 l.OxlO-3 1.2xl0~2 



CHAPTER 4 

RESULTS 

The results of the experimental work are presented 

in the following pages. In most instances, the results for 

pyrite are presented first, followed by results for 

sphalerite on the same subject matter. 

4.1 Contact Angle Measurements 

The results of the contact angle measurements are 

presented in Figures 4.1 and 4.2. The contact angles of 

both pyrite and sphalerite decrease with increasing sodium 

sulfite concentration but the decrease is minimal and 

_3 levels off at concentrations in excess of 8 x 10 M. The 

largest decrease at any pH value never exceeds 10 degrees 

for either mineral. 

4.2 Results of the Interaction Studies 

The results of the interaction studies are pre

sented in Figures 4.3 through 4.18 and Tables 4.1 through 

4.6. Some of the results of the interaction studies are 

presented as the quantity of sulfite disappearing from 

solution versus time, sulfite ion concentration, or pH. 

The units of sulfite disappearance are m-moles sulfite per 

m2 of pyrite or sphalerite. The term disappearance rather 

21 



O 8.0 

• 9.2 

Al0.3 
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CONCENTRATION OF SULFITE (x 10"2 H) 

Figure 4.1. Contact Anqle of Pyrite as a 
Function of Sulfite Concentration. 
Performed With Contact Anqle 
Goniometer. 
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Figure 4.2. Contact Angle of Sphalerite as a 
Function of Sulfite Concentration. 
Performed With Contact Angle 
Goniometer. 
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than adsorption or uptake has been used since the consump

tion of sulfite can take place via adsorption, bulk oxida

tion, and/or surface precipitation mechanisms. Appendix C 

presents a discussion and relevant calculations pertaining 

to the mass balances of sulfite interactions with pyrite and 

sphalerite. 

The data in Figures 4.3 and 4.4 show the disap

pearance of sulfite from solution in the presence of pyrite 

and sphalerite as a function of agitation time at several 

pH values. In both cases, disappearance occurs very rapidly 

and then levels after about 20 minutes. The disappearance 

of sulfite from solution is about four times larger when 

pyrite is in contact with sulfite than sphalerite at all 

agitation times and solution pH values. 

Figures 4.5 and 4.6 illustrate the increasing dis

appearance of sulfite from solution in the presence of 

pyrite and sphalerite as equilibrium sulfite concentration 

increases. This increase is linear for both minerals at 

most pH values. Again it is observed that the disappear

ance of sulfite from solution is four times larger in the 

presence of pyrite than sphalerite at all equilibrium con

centrations and pH values. In Figures 4.7 and 4.8 the 

disappearance data are replotted as a function of pH at 

the various equilibrium concentrations. Figure 4.7 shows 

that the sulfite disappearance decreases in the presence 
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Figure 4.3. Effect of pH on the Disappearance of Sodium 
Sulfite in the Presence of Pyrite. 
Conditions: Temperature, 25° C; Initial 
Sulfite Concentration, 2 x 10-3 
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Figure 4.4. Effect of pH on the Disappearance of Sodium 
Sulfite in the Presence of Sphalerite. 
Conditions: Temperature, 25" C; Initial 
Sulfite Concentration, 2 x 10-3 M. 
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Fiqure 4.5. Sulfite Disappearance in the Presence 
of Pyrite as a Function of 
Equilibrium Sulfite Concentration. 
Conditions: Temperature, 25° C; 
Contact Time, 1 Hour. 
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Figure 4.6. Sulfite Disappearance in the Presence 
of Sphalerite as a Function of 
Equilibrium Sulfite Concentration. 
Conditions: Temperature, 25° C; 
Contact Time, 1 Hour. 
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of pyrite with increasing pH at all equilibrium concentra

tions. Figure 4.8 shows that sulfite disappearance in the 

presence of sphalerite exhibits a minimum value around pH 

9.0 at all equilibrium concentrations. 

Figures 4.9 through 4.12 present the results of 

interaction studies performed at elevated temperatures. 

Figures 4.9 and 4.10 show the stability of sulfite in the 

absence of any solids. Temperature and agitation promote 

the disappearance of sulfite from solution, likely by oxi

dation to sulfate. This consequence of elevated tempera

ture introduces complications in the determination of the 

exact proportion of sulfite that disappears due only to 

interactions with the minerals. From Figure 4.11 it can 

be calculated that at ambient temperature the disappearance 

of sulfite in the presence of pyrite is about 90% at all 

initial sulfite concentrations. (Percent sulfite disap

pearance is easily calculated. Appendix C shows a sample 

calculation.) At elevated temperatures complete disap

pearance of sulfite occurs. In the case of sphalerite, as 

displayed in Figure 4.12, the disappearance of sulfite 

increases from about 30% at ambient temperature to 100% at 

75°C. 

Samples of pyrite and sphalerite, before and 

after conditioning with sulfite solution, were subjected 

to X-ray Diffraction Analysis in hopes of identifying 
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Figure 4.7. Disappearance of Sodium Sulfite in 
the Presence of Pyrite as a Function 
of pH. Conditions: Temperature, 
25° C; Contact Time, 1 Hour. 
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Fiqure 4.8. Disappearance of Sodium Sulfite in 
the Presence of Sphalerite as a 
Function of pH. Conditions: 
Temperature, 25° C; Contact Time, 
1 Hour. 
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Figure 4.9. Percent Sulfite Lost as a Function of Time 
at Various Temperatures. Conditions: 
Initial Sulfite Concentration, 4 x 10-3 M; 
pH=8.0; No Solid in Contact With Solution. 
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Figure 4.10. Percent Sulfite Lost as a Function of 
Temperature. Conditions: Initial 
Concentration, 2 x 10"3 M; Contact 
Time, 1 Hour; pH=8.0; No Solid in 
Contact With Solution. 
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Figure 4.11. Sulfite Disappearance in the 
Presence of Pyrite as a 
Function of Initial Sulfite 
Concentration at Elevated 
Temperatures. Conditions: 
Contact Time, 1 Hour, pH=8.0. 
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Figure 4.12. Sulfite Disappearance in the 
Presence of Sphalerite as a 
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Concentration at Elevated 
Temperatures. Conditions: 
Contact Time, 1 Hour; pH=8.0. 
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reaction products that may have formed. Tables 4.1 and 4.2 

summarize the X-ray Diffraction data for these samples and 

indicate that no reaction products were detectable. 

To determine the composition of the solutions after 

interactions with the minerals, samples of the sulfite 

solutions after agitation were sent to Copper State Analyti

cal Laboratories for sulfate and dissolved iron and zinc 

analysis. Tables 4.3 and 4.4 summarize the results. The 

concentration of sulfate in solution after agitation is 

larger than the initial concentration of sulfite for inter

actions of both pyrite and sphalerite with sulfite solutions. 

Maintaining the proper redox conditions in a flo

tation pulp is vital for control of selectivity in sulfide 

flotation circuits. Hence, redox potentials in pyrite and 

sphalerite pulps containing sulfite ions were measured as 

a function of time at various pH values. In the case of 

pyrite, as in Figure 4.13, there is a significant initial 

decrease in solution potential at pH 6.0 and 7.0, followed 

by a gradual rise in potential to a steady state value of 

about 300 mV. The solution potential remains fairly con

stant (about 300 mV) at pH 9.0. In the case of sphalerite, 

as in Figure 4.14, the redox potentials decrease slightly 

and level off to a steady state value in the range of 300 

to 400 mV for the three pH values. 

To better understand interactions of sodium sulfite 

with pyrite and sphalerite, Pourbaix diagrams were constructed. 
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Table 4.1 X-ray Diffraction Results for Pyrite 

Pyrite Pyrite after Sulfite Conditioning 

29,deg . d,A Identity 20,deg. d,A Identity 

76.4 1.45 FeS2 76.4 1.45 FeS2 

66.6 1.63 FeS2 66.6 1.63 FeS2 

59.5 1.80 FeS2 — — — 

55.8 1.91 FeS2 55.8 1.91 FeS2 

47.8 2.21 FeS2 
47.8 2.21 FeS2 

43.4 2.42 FeS2 43.4 2.42 FeS2 

38.6 2.71 FeS2 38.6 2.71 FeS2 

33.2 3.13 FeS2 33.2 3.13 Fes2 

- Agitation at pH 8.0, 2 x 10 ^ M sulfite, 1 hour, 25°C 

- d = A/2 Sin 0 
O 

- Target was Co; >> = 1.79 A 

- Hanawalt and Davey Indexes used (29) 
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Table 4.2 X-ray Diffraction Results for Sphalerite 

Sphalerite Sphalerite after Sulfite Conditioning 

20,deg. 
0 

d, A Identity 20, deg. d,A Identity 

108.0 1.11 ZnS 108.0 1.11 ZnS 

92.3 1.24 ZnS 92.3 1.24 ZnS 

66.6 1.63 ZnS 66.6 1.63 ZnS 

55.9 1.91 ZnS 55.9 1.91 ZnS 

50.2 2.11 ZnS 50.2 2.11 ZnS 

33.5 3.11 ZnS 33.5 3.11 ZnS 

30.2 3.44 ZnS 30.2 3.44 ZnS 

- Agitation at pH 8.0, 2 x 10 ^ H sulfite, 1 hour, 25°C 

- d = A/2 sin 0 

O 
- Target was Co; A= 1.79 A 

- Hanawalt and Davey Indexes used (29) 



Table 4.3 Sulfate and Iron Analyses for Pyrite 

mg/1 moles/1 

_3 
Sulfate content 550 6x10 

Total iron content 0.35 6xl0~® 

Agitation at pH 8.0, 2x10 ̂  M sulfite, 1 hour, 25°C. 

Table 4.4 Sulfate and Zinc Analyses for Sphalerite 

mg/1 moles/1 

Sulfate content 495 5x10 ^ 

Total zinc content 4.3 7x10 ^ 

Agitation at pH 8.0, 2x10 ^ M sulfite, 1 hour, 25°C. 
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Figure 4.13. Change in Potential of Agitated Pyrite-Sulfite 
Solution as a Function of Time at Different pH 
Values. 
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Sulfite Solution as a Function of Time at 
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The Pourbaix diagrams for the Fe-SOg-I^O and Fe-SO^-I^O 

systems were constructed considering the species listed in 

_ O 
Table 4.5, for a sulfite or sulfate concentration of 10 M 

— 6 
and 10 M concentration for all the dissolved iron species 

(Figures 4.15 and 4.16, respectively). Recall that the solu

tion potential values were between 100 and 500 mV and the 

pH where the most sulfite disappeared was 8.0, for inter

actions of pyrite with sulfite ions. Under these conditions 

the stable species would be Fe2 (SO^) ̂ *Fe (°H) ̂ for both systems. 

The Pourbaix diagrams for the Zn-SO^ an<3 

Zn-SO^-I^O systems were constructed considering the species 

listed in Table 4.6, for a sulfite or sulfate concentration 

of 10"3 M and a 10~6 M concentration for all the dissolved 

zinc species (Figure 4.17 and 4.18, respectively). Recall 

that the solution potential values were between 300 and 

400 mV and the pH where the most sulfite disappeared was 

8.0, for interactions of sphalerite with sulfite ions. 

Under these conditions the stable species would be aqueous 

ZnSO^ for both systems. 

4.3 Results of Flotation Studies 

The results of the flotation testings are presented 

in Figures 4.19 through 4.25. 

Figures 4.19 and 4.20 show the recovery of pyrite 

and sphalerite as a function of sodium isopropyl xanthate 

addition. Recovery of pyrite increases as the xanthate 



43 

Table 4.5 Free Energy Data for Iron Species 

Species (Kcal/mole) Reference 

Fe 

o
 • 

o
 30 

Fe+2 - 18.8 30 

Fe+3 1.1 30 

HFe02" - 90.6 31 

Fe(OH)2+ - 106.2 31 

FeOH+ - 66.3 30 

FeOH+2 - 54.8 30 

FeS04+ - 194.2 30 

Fe(OH)2(s) - 116.4 30 

Fe(OH)3 (s) - 166.5 30 

FeO (s) - 58.6 30 

FeOOH (s) - 117.0 32 

Fe203 (s) - 177.4 30 

Fe304 (s) - 242.7 30 

Fe2(S04)3 (s) - 569.4 30 

FeS04 (s) - 205.6 30 

FeS2 (s) - 36.0 31 

FeS (s) - 23.0 31 

Fe2(S04)2 • Fe(OH)3 (s) - 722.6 32 

FeS04 * 2Fe(OH)3 (s) - 434.6 32 
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Fiqure 4.15. Pourbaix Diaqram for Fe-S03-H20 System. Concentration 
of Sulfite is 10-3 M, Concentration of Dissolved Iron 
Species are 10~6 M. 
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Table 4.6 Free Energy Data for Zinc Species 

Species AG° (Kcal/mole) Reference 

Zn 0.0 30 

Zn+2 - 35.1 30 

Zn022~ - 93.0 32 

HZn02~ - 110.9 32 

ZnOH+ - 78.7 32 

Zn(OH)2' - 206.3 32 

ZnSO^ (aq) - 225.8 30 

ZnS (s) - 57.6 30 

ZnO (s) - 76.1 30 

ZnSO^ (s) - 218.5 30 

ZnS04 • Zn(OH)2 (s) - 349.6 32 

Zn(OH)2 (s) - 133.3 32 
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Figure 4.17. Pourbaix Diagram for Zn-SO^-HgO System. Concentration 
of Sulfite is 10" 3 M, Concentration of Dissolved Zinc 
Species are 10~6 M. -J 
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concentration increases and levels off at 90% at about 

10~^ M sodium isopropyl xanthate. All of the sphalerite 

is recoverable at very low concentrations of sodium 

isopropyl xanthate. The concentration of sodium isopropyl 

xanthate was held constant at 10 ^ M throughout the re

mainder of the studies. 

The recovery of pyrite and sphalerite as a func

tion of sodium sulfite addition is shown in Figure 4.21. 

Recovery of pyrite is greatly reduced as sulfite concen

tration increases while recovery of sphalerite is only 

slightly affected. Recovery of pyrite decreases from 90% 

- 2  
with no sulfite addition to 10% with 10 M sulfite. 

Recovery of sphalerite decreases from 100% with no sulfite 

- 2  
addition to 92% with 10 M sulfite. 

Figures 4.22 and 4.23 show the recovery of pyrite 

and sphalerite as a function of pH. Recovery of pyrite 

decreases markedly with increasing pH in both the presence 

and absence of sulfite ions. Recovery of sphalerite is 

also decreased as pH increases but only in the presence of 

sulfite ions. The results of tests on the individual 

minerals indicated that a selective separation of pyrite 

from sphalerite is feasible using sulfite ions. An at

tempt was then made to ascertain if the results from tests 

on individual minerals could be extended to a synthetic 

mixture of the minerals. 
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Figure 4.19. Recovery of Pyrite as a Function of 
Sodium Isopropyl Xanthate Addition. 
Conditions: Copper Sulfate, 
4.5 x 10-5 M; Methyl Isobutyl 
Carbinol, as required; pH=8.0. 
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Figure 4.20. Recovery of Sphalerite as a Function 
of Sodium Isopropyl Xanthate 
Addition. Conditions: Copper 
Sulfate, 4.5 x 10"5 M; Methyl 
Isobutyl Carbinol, as required; pH=3.0. 
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Figure 4.21. Recovery of Pyrite and Sphalerite 
as a Function of Sodium Sulfite 
Addition. Conditions: Sodium 
Isopropyl Xanthate. 10~3 M; Copper 
Sulfate, 4.5 x 10"5 M; Methyl 
Isobutyl Carbinol, as required; 
pH=8.0. 
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Figure 4.22. Recovery of Pyrite as a Function of pH in 
the Presence and Absence of Sodium Sulfite. 
Conditions: Sodium Isooropvl Xanthate, 
10"3 M; Copper Sulfate, 4.5 x 10"5 M; 
MethyT Isobutyl Carbinol, as required. 
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Figure 4.23. Recovery of Sphalerite as a Function of pH 
in the Presence and Absence of Sodium 
Sulfite. Conditions: Sodium Isopropvl 
Xanthate, 10-3 M; Copper Sulfate, 4.5 x 10"^ 
M; Hethvl IsobuTvl Carbinol, as reouired. 
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Figure 4.24 shows the recovery of pyrite and 

sphalerite as a function of sodium sulfite addition for 

a pyrite:sphalerite feed ratio of 1:1. Increasing sulfite 

concentration allows for a much better separation. Re

covery of pyrite decreases with increasing sulfite con

centration while recovery of sphalerite increases. At 

— 2 10 M sulfite, recovery of sphalerite is 90% and recovery 

of pyrite is 40%. 

Figure 4.25 shows the recovery of pyrite and 

sphalerite as a function of pulp temperature in the pre

sence of sodium sulfite. Recovery of pyrite increases 

with increasing pulp temperature while recovery of sphaler

ite decreases. At 70°C, recovery of pyrite is about 70% 

while recovery of sphalerite is 23%. 
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Figure 4.24. Recovery of Pyrite and Sphalerite as a 
Function of Sodium Sulfite Addition for 
a Pyrite .-Sphalerite Feed Ratio of 1:1, 
Conditions: Sodium Isopropyl Xanthate, 
10-3 M; Copper Sulfate, 4.5 x 10-5 M; 
MethyT Isobutvl Carbinol, as required: 
pH=8.0. 
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Recovery of Pyrite and Sphalerite as a Function 
of Temperature in the Presence of Sodium Sul
fite. Conditions: Sodium Isopropvl Xanthate, 
10'3 M; Copper Sulfate, 4.5 x 10-5 M; Sodium 
SulfiTe, 10"3 M; Methyl Isobutvl Carbinol, as 
required; pH=8.0. 



CHAPTER 5 

DISCUSSION 

A mineral that is wetted by water (drops of water 

spread over the surface in a thin film) is referred to as 

hydrophillic. Hydrophobic minerals are wetted only partial

ly by water and are characterized by their ability to 

achieve particle-bubble attachment. In flotation processes, 

regulating and modifying agents such as sodium sulfite are 

employed to prepare the surfaces of the minerals in such 

a way that subsequent addition of collectors and frothing 

agents make only the desired minerals hydrophobic. 

5.1 Flotation Characteristics of Pyrite 

The contact angle measurements on pyrite show that 

pyrite becomes less hydrophobic in increasing concentrations 

of sodium sulfite. However, the decrease in contact angle 

is very low (approximately 10°) and doesn't represent a 

significant decrease in the hydrophobicity of pyrite. 

Interactions between the sulfite ion and pyrite 

cause sulfite to disappear from solution. Some of the sul

fite is likely to be oxidized to sulfate, some may adsorb 

on the mineral surfaces, and some may form surface pre

cipitates . 
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The effective diameter of the sulfite ion in solu-
o 

tion is given as about 4.5 A (31). The effective area of 

the ion can be calculated as 

If! = . 15.9 A2 5.1 

23 Multiplying this area by Avogadro's number (6.02 x 10 

2 molecules/mole) and converting to the units m /m-mole gives 

a value of 95.7. Inverting this result yields a monolayer 

2 coverage of 0.01 m-moles sulfite per m of surface. The 

quantity of sulfite required to provide monolayer coverage 

-3 -4 on pyrite is 5.9 x 10 m-moles (equivalent to 2 x 10 M 

3 in 30 cm of solution). Appendix C includes the calcula

tions summarized here. Disappearance of sulfite from 

solution in contact with pyrite is larger than that cor

responding to monolayer coverage in all cases where suf

ficient sulfite is present in the beginning concentration 

to provide for monolayer coverage. The disappearance 

kinetics are quite rapid at all pH values and initial sul

fite concentrations. 

At higher pH values the disappearance of sulfite is 

appreciably lower and can be attributed to the formation of 

a hydrated ferrous or ferric oxide which will passivate 

the pyrite surface. The disappearance of sulfite is pro

portional to equilibrium concentration of sulfite and larger 

than monolayer coverage which rules out a simple adsorption 
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process as causing the disappearance of sulfite from solu

tion. Most likely an electrochemical reaction occurs to 

account for sulfite disappearance. 

It has been demonstrated that the sulfite ion de

presses pyrite. Also it is likely that electrochemical 

reactions govern this depression. Sulfate analyses indi

cate that more sulfate is in solution at equilibrium than 

sulfite and also that more sulfate is present than can be 

accounted for by oxidation of sulfite to sulfate. The 

following reactions help explain possible depression 

mechanisms and sulfur balances. 

1. Anodic: 3/43FeS2+so^j +70/43H20t 1/43[Fe2(S04)2• 

Fe(OH)3] +47/43SO^+ 137/43H++ 3e; E° = -0.04V 

Cathodic: 3/402+ 3H++ 3e t 3/2H20; E° = 1.23V 

Overall: 3/43FeS2 + SO^ + 11/86H20 + 3/402 * 1/43 

[Fe2(S04)2-Fe(0H)3] + 47/43SO=+ 8/43H+; E° = 1.19V 

5.2 

5.3 

5.4 

2. Anodic: 3/35FeS2+ SO^+ 58/35H20 Z 1/35[Fe2(SO^)2* 

Fe( O H ) 3 ]  + 4 / 3 5 S O = + S O = + 1 1 3 / 3 5 H + +  3 e ;  E°= -0.06V 5>5 

Cathodic: 3/402 + 3H++ 3e ̂ 3/2H20; E°=1.23V 5.6 

Overall: 3/35FeS2 + S0= + 11/70H20 + 3/402 £1/35 

[Fe2(SO^)2-Fe(OH)3] + 4/35S03 + SO^ + 8/35H+; E° =1.17V ̂  ^ 
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3. Anodic: S0|+ H20 + S0= + 2H+ + 2e; E° = 0.20V 5.8 

Cathodic: 1/2C>2 + 2H+ + 2e £ HjO; E° = 1.23V 5.9 

Overall: SO^ + l/202 Z SO^; E° = 1.43V 5.10 

Taking the pH to be 8.0, the concentration of sulfite and 

-4 -3 sulfate to be 2 x 10 M and 6 x 10 M, respectively, and 

partial pressure of oxygen to be 1 atmosphere, the cell 

potentials of the three overall reactions would be 1.22, 

1.21, and 1.38 volts, respectively. Appendix C contains 

these calculations. Remembering that there is significant 

sulfate in solution, it would appear that all of the re

actions will occur. Since there is more sulfate in solution 

than can be accounted for by direct oxidation, overall re

actions 5.4 and 5.7 are favored with products of Fe2(SO^)2 * 

Fe(OH)3 and sulfate or sulfite. Since sulfite is being 

consumed it is most likely that equation 5.4 is the control

ling reaction causing Fe2(SOjj)2 • FetOH)^ formation and sul

fate generation. This species was not detected by X-ray 

diffraction techniques; however, sulfur mass balances indi

cate that only 0.1% of the total sulfur in the pyrite used 

during testing needed to be consumed to account for the 

additional sulfate in solution (Appendix C). These small 

quantities indicate that the formation of a surface 

Fe2(SC>4) •Fe(OH)3 species on pyrite is most likely unde

tectable even if it does form. The Pourbaix diagrams for the 
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Fe-SO~ - 1^0 and Fe-SO^-^O systems also indicate that the 

formation of Fe2(SO^)2 *Fe(OH).j is possible at the potential 

and pH in this study and indeed a Pourbaix diagram is based on 

the same electrochemical reactions presented here. 

The initial drop in solution potential (seen only 

at a lower pH value of 6.0) could prevent oxidation of 

xanthate to dixanthogen and thereby inhibit flotation. 

However, additional work is needed in this area to draw any 

valid conclusions. 

In summary, it appears likely that the sulfite ion 

depresses pyrite by the formation of a hydrophillic compound, 

Fe2(SOjj)2 * Fe(OH) 3, which prevents the interactions of 

xanthate with the pyrite surface. 

5.2 Flotation Characteristics of Sphalerite 

The contact angle measurements on sphalerite show 

that sphalerite becomes less hydrophobic in increasing 

concentrations of sodium sulfite. However, as in the case 

of pyrite, the decrease in contact angle is very low 

(approximately 10°) and doesn't represent a significant 

decrease in the hydrophobicity of sphalerite. 

The quantity of sulfite required to provide mono-

_ 3 
layer coverage on sphalerite is 7.9 x 10 m-moles (equiva

lent to 2.6 x 10~4 M in 30 cm3 of solution). The amount of 

sulfite disappearing from solution is lower in all cases for 

sphalerite interactions in comparison to pyrite. The 
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amount of disappearance is larger than that required for 

monolayer coverage when the initial concentration of sulfite 

is sufficient. As was the case with pyrite, the disappear

ance kinetics are quite rapid at all pH values and initial 

sulfite concentrations. The disappearance of sulfite is 

proportional to equilibrium concentration of sulfite and is 

larger than monolayer coverage which rules out a simple ad

sorption process as causing the disappearance of sulfite 

from solution. 

It has been shown that sulfite ions will not pre

vent the activation of sphalerite for flotation by a 

xanthate. The disappearance of sulfite from solution is 

accompanied by a substantial amount of sulfate in solution. 

Although the presence of sulfate was seen as in the case 

of pyrite, electrochemical considerations could not identi

fy a hydrophillic surface product. The likely cell re

action is 

4. Anodic: l/2ZnS+ 2H20*l/2ZnS04(aq) +4H++ 4e;-0.32V 5.11 

Cathodic: 02 + 4H+ + 4e I 2H20; E° = 1.23V 5.12 

Overall: l/2ZnS+02 t l/2ZnS04(aq); E° = 0.91V 5.13 

At a pH of 8.0 and a dissolved ZnS04 concentration of 10 6 

the overall cell potential would be 0.96 volts. The 

Pourbaix diagram confirms this finding. 
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With no surface compound formation the sphalerite 

will be activated by copper sulfate and be floatable by a 

xanthate. This is confirmed by the flotation "results 

which show that sulfite only very slightly inhibits flo

tation of sphalerite. 

5.3 Considerations for Successful Separation 

The results on the individual minerals clearly 

indicate that the use of sodium sulfite should selectively 

depress pyrite leaving sphalerite flotable. However, 

limited testing on a mixture of the two minerals showed 

less successful results. Pyrite was still depressed but 

not as completely as when it is treated apart from sphalerite. 

Likewise, sphalerite is slightly lower than when it is 

treated by itself. In fact, at low sulfite concentrations, 

the recovery of pyrite is higher than that of sphalerite. 

These findings point out the extreme difficulty in working 

with complex sulfide ore bodies. The response of the 

mixed minerals is never as simple as they would appear when 

individually treated. Nonetheless, although additional 

study of mixed sphalerite and pyrite is suggested by these 

results, the favorable results from the individual studies 

are encouragement for further study. 

Results from high temperature flotation also en

courage further study. At elevated temperatures pyrite 

recoveries in the presence of sulfite increased slightly 
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while sphalerite recovery decreased markedly. These tests 

were performed at only one pH and sulfite concentration. 

There is room for much additional work in this area. 



CHAPTER 6 

CONCLUSIONS 

Both pyrite and sphalerite become slightly less hydro

phobic in sodium sulfite solutions. 

Sulfite disappearance from solution is linear with 

respect to equilibrium sulfite concentration in the 

presence of both pyrite and sphalerite and also exceeds 

disappearance values corresponding to monolayer coverage 

in both cases. 

Sulfite disappearance from solution is very rapid and 

then reaches a plateau in the presence of both pyrite 

and sphalerite. 

Sulfite disappearance from solution is approximately 

four times greater under all concentrations and pH 

values when pyrite rather than sphalerite is in con

tact with sulfite. 

More study is necessary to determine the significance 

of the change in redox potential during conditioning 

of pyrite in sulfite solutions. 

Electrochemical considerations suggest that Fe2(SO^)2 * 

Fe(OH)^ forms on the surface of pyrite while ZnS04(aq) 

forms in solution during sphalerite interactions with 
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sulfite. These findings are consistent with the 

Pourbaix diagrams. 

7. Reaction products were not detectable on the surfaces 

of pyrite or sphalerite. None was expected on the 

surface of sphalerite and because little pyrite was 

needed to react to form the expected surface product 

Fe2(SO^)2 ' FefOH)^/ it is understandable that no 

product was detected. 

8. Tests on the individual minerals show that pyrite is 

depressed by sulfite. Pyrite flotation recovery de

creases with increasing sulfite concentration as well 

as increasing pH. Sphalerite flotation is only slight

ly decreased in the presence of sulfite. The best 

separation is found to occur at pH 8.0. 

9. It is likely that the formation of Fe^SO^^ " FefOH)^ 

on the surface of pyrite causes the depression of 

pyrite as this product would render the surface hydro-

phillic. 

10. Separation of pyrite and sphalerite mixtures using sul

fite appears possible. However, limited testing in

dicated the separation may not be as easy as individual 

mineral flotation characteristics suggested. More 

work in this area is necessary to determine characteris 

tics of flotation. 

11. At elevated temperatures pyrite flotation recovery in

creases slightly with temperature in the presence of 
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sulfite while sphalerite flotation recovery decreases 

drastically. This suggests a separation where sphalerite 

rather than pyrite is depressed is possible. More work 

in this area is suggested. 



APPENDIX A 

SURFACE AREA DETERMINATIONS 

The surface areas of pyrite and sphalerite were 

determined by measuring the volume of CC^ gas adsorbed 

on the mineral surfaces using a Quantasorb instrument 

from the Quantachrome Company. The B-E-T method was used 

(33). The final form of the B-E-T isotherm is 

where p is pressure of the gas, pQ is the saturation pres

sure or vapor pressure, v is the volume of the gas actual

ly adsorbed, vm is the monolayer coverage, and c is a 

constant for the particular temperature and gas-solid 

system. A plot of p/[v(p-pQ)] versus p/pQ should give a 

straight-line relationship. 

For this case, a one-point B-E-T isotherm was used. 

It is represented by 

where the intercept equals 0 and the slope is i/vm' (The 

constant c is assumed to be very large and can be disregarded.) 

The total surface area is given by 

A. 1 

P _ 1_ E A.2 
V(P0-P) pQ 

Surface Area A. 3 
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23 
where No is Avogadro's number, 6.02 x 10 molcules/mol, 

v is the volume per mole of gas at conditions of vm 

2 (v = 22,400 cm /g-mol because v is recorded at standard J m 

temperature and pressure), and a^ is the area covered by 

one adsorbed molecule of CO_. The a^ value for CO~ at 2 m i. 
° 2 

21°C, the working temperature, is taken to be 21 A (34 ). 

A.1 Calculation of Surface Area of Pyrite 

Data: Sample weight, w = 0.1564 g 

Adsorbate: CC^ at 21°C 

° 2 
a = 21 A 
m 

Po = 57.82 atmospheres 

p = 0.903 atmospheres 

v = 8.31 x 10"3 cm3/g 

p/p = 1.56 x 10~2 A.4 
*• o 

P£ = 1.91 A.5 
V(PQ-P) 

P/[v(p -p)] a.6 

slope -—575-

Slope « 122.23 =• i-
m 

A.7 

V = 8.18 x 10~3 cm3 A.8 
m 

V • No • a j 
Surface Area = — = 0.295 m /g 



A.2 Calculation of Surface Area of Sphalerite 
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Data: sample weight, w = 0.1526 g 

Adsorbate: C02 at 21°C 

° 2 
a = 21 A 
m 

PQ = 57.82 atmospheres 

p = 0.903 atmospheres 

v = 1.08 x 10 2 cm"* 

P/PQ = 1.56 x 10 ^ A.9 

—7-E r = 1.47 A.10 
V(Pq-P) 

Slope = 94.14 = i- A.11 
m 

v = 1.06 x 10"2 cm3 A.12 
m 

3 
Surface Area: 0.393 m /g 



APPENDIX B 

REACTIONS FOR POTENTIAL-pH DIAGRAMS 

Potential-pH diagrams were constructed for 

Fe-S0~-H20, Fe-S0~-H20, Zn-S0^-H20, and Zn-S0~-H20 systems. 

They are included in Chapter 4 as Figures 4.15 - 4.18. 

B.l Reactions for Fe-S0~-H20 Diagram 

FeS2/Fe2(S04)2 • Fe(0H)3 

3FeS2 + 27H20 4? Fe2 (S04) 2-Fe (OH) 3 + 4S04 + 51H+ + 9e B.l 

FeS2/FeS04+ 

FeS2 + 8H20 t FeS04+ + S04 + 16H+ + 15e B.2 

FeS2/Fe++ 

FeS2 + 8H20 2 Fe++ + 2S04 + 16H+ + 14e B.3 

FeS2/Fe203 

2FeS2 + 19H20 Fe
2°3 + 4S04 + 38H+ + 30e B*4 

FeS2/Fe304 

3FeS2 + 28H20 ̂  Fe304 + 6S0~ + 56H+ + 44e B.5 

Fe++/FeS04+ 

Fe++ + S04 FeS04+ + e B«6 
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Fe++/Fe203 

2Fe++ + 3H20 Z Fe2°3 + 6H+ + 2e 

Fe3°4/Fe2°3 

2Fe304 + H20 $ 3Fe203 + 2H+ + 2e 

B.7 

B.8 

FeS04+/Fe203 

FeS04+ + 3H20 Z Fe2°3 + 2s04 + 6H+ B.9 

B.2 Reactions for Fe-S03~H20 Diagram 

FeS2/Fe2(S04)2 * Fe(OH)3 

3FeS2 + 23H20 $ Fe2 (S04) 2 • Fe (OH) 3 + 4SC>3 + 43H+ + 35e B.10 

Fe2(S04)2 • Fe(0H)3/Fe2(S04)3 

2Fe2 (S04) 2'Fe(OH) 3 + 5SC>3 i 3Fe2 (S04) 3 + HjO + 4H+ + 14e B.ll 

FeS2/Fe2(S04)3 

2FeS2 + 15H20 Fe2(S04)3 + S03 + 30H++28e B.12 

FeS2/FeS04 

FeS2 + 7H20 i FeS04 + SC>3 + 14H+ + 12e B.13 

FeS2/Fe2°3 

2FeS2 + 15H20 ̂  Fe203 + 4S03 + 30H+ + 22e B.14 

Fe203/FeS04 

Fe203 + 2S03 + 2H+ 4? 2FeS04 + HjO 4 2e B.15 
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FeS04/Fe2(S04)3 

2FeS04 + SO^ + H20 t Fe2(S04)3 + 2H+ + 4e B.16 

B.3 Reactions for Zn-SO^-I^O Diagram 

ZnS/ZnS04(aq.) 

ZnS + 4H20 ? ZnSC>4 (aq.) + 8H+ + 8e B.17 

ZnS/HZn02_ 

ZnS + 6H20 t HZn02" + SC>4 + 11 H+ + 8e B.18 

ZnS/Zn02-2 

ZnS + 6H20 2 Zn02~2 + S04 + 12H+ + 8e B*19 

ZnS04(aq.)/HZn02" 

ZnS04(aq.) + 2H20 4? HZn02* + S04 + 3H+ B.20 

HZn02"/Zn02"2 

HZn02" t Zn02-2 + H+ B.21 

B.4 Reaction for Zn-SO^-f^O Diagram 

ZnS/ZnS04(aq.) 

ZnS + 4H20 t ZnS04(aq.) + 8H+ + 8e B.22 



APPENDIX C 

SELECTED CALCULATIONS 

This appendix summarizes calculations discussed in 

Chapters 4 and 5. Included are calculations pertaining to 

the mass balance around sulfite interactions with pyrite 

and sphalerite as well as electrochemical calculations of 

the possible flotation mechanisms. 

C.l Mass Balances of Interaction Studies 

A typical interaction test was carried out by agi-

3 -3 tating 30 cm of 2 x 10 M sodium sulfite solution in the 

presence of 2 grams of pyrite (pH =8,1 hour agitation). 

The quantity of sulfite in such a test equals 

3 = 
x 30 cm = 0 .06 m-moles SO^ ( 

After agitation there would be aqueous concentrations of 

-4 -3 sulfite and sulfate equal to 2 x 10 M and 6 x 10 M, 

respectively. The percent sulfite disappearance is easily 

calculated as 

Initial concentration - Final concentration 

2xl0~ moles 1000 m-mole/mole 
1 1000 cm-VI 

Initial concentration 

For this case 

x 100. 

2x10 3 - 2x10— x 10Q = 9Q% c> 

2x10 
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With 90% of the sulfite disappearing, the presence of sul

fate can be due to oxidation. However, the quantity of 

sulfate is much larger than would be possible due to only 

oxidation as shown below: 

0.06 m-moles SO^ 96 m-moles SO^ 0.90 

80 m-moles SO"! 
= 0 .065 m-moles S0~ C.4 

The sulfate in solution is equal to 

6xl0~ moles 1000 m-moles/mole 

1 1000 cm3/l 

,3 _ x 30 cm = 0 .18 m-moles SO^ . C.5 

This leaves (0.18-0.065) 0.115 m-moles SO^ in solution that 

cannot be accounted for by oxidation of sulfite. It must 

be coming from reactions with the sulfur contained in the 

pyrite. Each test had two grams of pyrite in contact with the 

sulfite solutions. Pyrite contains 53.4% sulfur; therefore, 

there was 1.07 g of sulfur present during each test. This 

amount of sulfur can be converted to m-moles as follows: 

1.07 g S 1 mole S 1000 m-moles S 
32 g S 1 mole S 

= 33.4 m-moles S. C. 6 

If all of this sulfur in pyrite reacted to form sulfate 

there would be 

96 m-mole SOZ _ 
= 100 m-mole SO. 

33.4 m-mole S 96 m-mole SO^ 

32 m-mole S 
C. 7 

The 0.115 m-moles of SO~, that must have come from reactions 

of pyrite with the solution and oxygen, represents only 

0.1% of the sulfur available in pyrite. 
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Similar calculations of interactions of sulfite with 

sphalerite can be performed. 

Monolayer coverage of sulfite on either pyrite or 

sphalerite can be calculated easily. The effective area of 
0 2 the sulfate ion is 15.9 A (Chapter 5). The calculation of 

monolayer coverage is given by 

1 molecule SO^ 1 A2 1 mole 1000 m-moles 

15.9 A2 SO^ 10"20 m2 
23 

6.02x10 molecules 1 mole 

0 01 m~mô -es sch 
m2 surface C.8 

The surface areas of pyrite and sphalerite (from Appendix A) 

2 2 are 0.295 m /g and 0.393 m /g, respectively. In an inter-

2 action test there are two grams of sample or 0.590 m and 

2 0.786 m of pyrite and sphalerite surfaces, respectively. 

For pyrite 

0.590 m FeS2 0.01 m-moles SO3 

2 m 

-3 = 
= 5.9x10 m-moles SO. C.9 

is the required quantity of sulfite disappearance to account 

for one monolayer coverage. Likewise for sphalerite 

0.786 m ZnS 0.01 m-moles SO^ 

2 m 

-3 = 
= 7.9x10 m-moles SO. C.10 

is the required quantity of sulfite disappearance to account 

for one monolayer coverage. Dividing these quantities by 

30 cm of solution per test yields disappearance concentra-



78 

tions for monolayer coverage for pyrite and sphalerite of 

-4 -4 
2x 10 M and 2.6 x 10 M, respectively. 

C.2 Possible Depression Mechanisms 

Electrochemical considerations for pyrite depression 

are discussed in Chapter 5. Presented here are the calcula

tions of overall cell potential for the proposed mechanisms. 

The Nernst equation is utilized to evaluate the half-cell 

reactions written. 

For pyrite three sets of reactions are proposed. 

1. Anodic: 3/43FeS2 + SO^ + 70/43H20 1/43 [Fe2 (SC>4) 2• 

Fe(OH)3] + 47/43S04+ 137/43H+ +3e; E° = -0.04V 5.2 

Cathodic: 3/402+3H++ 3e£ 3/2H20; E° = 1.23V 5.3 

Overall: 3/43FeS2+ SO^+ 11/86H20+ 3/402 Z 1/43 

[Fe2(S04)2'Fe(OH)3] +47/43SO=+8/43H+; E° = 1.19V g 4 

For the anodic half-cell reaction we find the free energy 

of formation 

4G| = 1/43 [4G°; Pe2,s04,2 • Fe(OH)3] + 47/43K, SO*1 " 

3/4 3 [AG ̂ ̂ Fes2]" ?°/43 [AG®^^]-[AG°,SQ=] = 3. Okcal/mole C.ll 

Then the standard potential of the half-cell reaction can 

be found as 
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where F is Faraday's constant (in Kcal units) and n is the 

number of electrons in the reaction. The potential of the 

half-cell reaction can be found as 

E - E° - § ln K C. 13 

where R is the gas constant, T is the temperature, and K 

is the equilibrium constant. Equation C.13 can be re

arranged and applied to Equation 5.2 to yield 

E=E°-0.059/3[47/431og(ag0=) + 137/431og (aH+)-log(ag0=)] C.14 

= - 3 
At pH = 8, concentration of SO^ equals 6x10 M, and con-

= -3 
centration of SO^ equal to 2 x 10 M, the potential will 

equal 0.46 volts. The cathodic reaction can be treated 

similarly to yield a potential of 0.76 volts. The overall 

cell potential would then be 0.46 + 0.76 = 1.22 volts. 

The other two possible sets of pyrite reactions can 

be subjected to the same type of electrochemical calcula

tions . 

2. Anodic: 3/35FeS2 + SO^ + 58/35H20t 1/35[Fe2(S04) 2 • 

Fe(OH) ] + 4/35SC>2 + SoJ + 113/35H+ + 3e; E° =-0.06V 5.5 

Cathodic: 3/4C>2 + 3H+ + 3e t 3/2H20; E° =1.23V 5.6 

Overall: 3/35FeS2+ S0~+11/70H20+ 3/402 t 1/35 

[Fe2(S04)2*Fe(OH) ] + 4/3550^ + 8/35H+; E°= 1.17V 5.7 

The overall cell potential would be the sum of the anodic 

and cathodic reactions. The potential of the anodic re
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action at pH 8, 6 x 10~3 M, and 2 x 10-3 M SO= is 0.45 volts 

while the potential of the cathodic reaction is 0.76 volts. 

(Note that the cathodic potential is the same as it is, in

deed the identical reaction, as above.) The overall cell 

potential is 0.32 + 0.76 = 1.21 volts. 

3. Anodic: SO^ + H20 Z SO^ + 2H+ + 2e; E° = 0.20V 5.8 

Cathodic: l/202 + 2H+ + 2e T H20; E° = 1.23V 5.9 

Overall: SO~ + l/202 Z SO~; E° = 1.43V 5.10 

These equations for sulfite oxidation are treated 

the same as the two possible mechanisms above. The poten

tial of the anodic reaction can be expressed as 

(aso=) 

E = 0.195 + 0.059 pH - 0.03[logy- -] C.15 

3 

It is seen that the potential is dependent on the 

ratio of SO^ to SO^ in solution if we hold the pH constant 

(pH = 8). From Appendix C.l we see that the concentration 

_ _ _ 3 
of SO^ to SO^ for the sample calculation was 6 x 10 M/ 

2 x 10"4 M or 30. The anodic potential will then equal 

0.62 volts and the overall potential will be 0.62 + 0.76 = 

1.38 volts as the cathodic reaction is identical to the 

previous cathodic reactions. 

For sphalerite only one reaction is considered. 

It is given as 

4. Anodic: l/2ZnS + 2H20 t l/2ZnSC>4 (aq) + 4H+ + 4e; E^0 . 32V 5 .11 



Cathodic: C>2 + 4H+ + 4e t 2H20; E° = 1.23V 5.12 

Overall: l/2ZnS + O2 t l/2ZnS04(aq); E° = 0.91V 5.13 

At a pH of 8 and a concentration of dissolved ZnSO^ 

— fi 
equal to 10 M the potential of the anodic reaction will 

be 0.20 volts. The cathodic reaction is again the same 

as above with a potential of 0.76 volts for an overall 

potential of 0.96 volts. 
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