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THE PRODUCTION OP METALLIC COPPER UTILIZING 

SOLID STATE REACTIONS BETWEEN 

SULPHIDES AND OXIDES 

Jack Paure Goedhals 
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Director: Dr. T, M. Morris 

The parameters affecting the rate and extent of 

completion of a reaction between CUgO and PeS2 were 

investigated. 

The overall stoichiometry 

3 PeSg + 16 Cu20 £ + 32 Cu + 6 SOg 

was established for -200 +270 mesh FeSg mixed with 

finely powdered CUgO (<15 microns). 

The experimental results indicated that both 

the PeSg and Cu20 particle sizes were important 

variables in determining the rate and extent of com

pletion of the reaction. Finer sizes of PeSg and 

CUgO gave faster rates of reaction to better conver

sions within a specified time period. Correlations 

were obtained between calculated FeSg and CUgO surface 

areas and the rate of reaction. 
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When it was assumed for the relation 

dc/dt = k f(C) 

that f(C) remained constant through varying tempera

tures no difference was detected for the activation 

energy of the reaction between -100 +150 mesh FeSg 

and -200 +270 mesh FeS2 particles. 

On the basis of the observation that a copper 

rim formed around the PeS2 particles a model was deve

loped for the reaction. The model was shown to apply 

for all the FeS2 particle sizes and temperature ranges 

examined. With the development of the model a differ

ence in the activation energies for the reaction between 

-100 +150 mesh FeSg and -200 +270 mesh PeS2 was detected. 



I. INTRODUCTION 

For several decades the pyrometallurglcal 

approach to the production of copper metal has remained 

basically unaltered, and research has been devoted 

mainly to the improvement of already established tech

niques. This dissertation is a continuation of earlier 

research (Goedhals 1964) which demonstrated the ability 

of copper metal to form at temperatures below its melt

ing point, by reducing CUgO with either Cu2S or FeSg. 

The nature of this dissertation therefore, constitutes 

a break from tradition and can be regarded as explora

tory. 

The proposed method has several immediately 

apparent advantages over present day methods. Lower 

temperatures of operation would reduce refractory and 

liquid metal handling problems. There would be no 

need for slagging materials. The process would be con

tinuous. One could even envisage the use of such a 

process on the moon, where the process would entail 

mixing the correct proportions of oxide and sulphide 

material (if there be such) and supplying energy from 

a solar source. 

1 



The reaction between CUgO and Cu2S and its 

Industrial application was studied by Goedhals (1964). 

This approach had limitations when applied to an 

industrial concentrate because of the large amount of 

oxide material required to give good conversion of 

the sulphide copper. The best recovery of copper as 

metal was found to be 45 percent under the conditions 

studied. This did not mean that the remaining 55 per

cent copper had been lost. Indeed this copper could 

have been recovered by conventional leaching and 

electrolytic methods with good recovery. The main 

idea behind the process, however, had been negated. 

A new approach had to be developed. 

During the earlier research work (Goedhals 1964) 

a quailtat'iVe study was performed on the. reaction 

between pyrite and cuprite. Good conversion of the CUgO 

was noted and this reaction has become the basis of this 

dissertation. 

The reaction written 

3 PeS2 + 16 Cu20 £ Pe3°4 + 32 Cu + 6 SOg 

has the advantage over the previous system studied, in 

that poor conversion of the reducing agent (not 



necessarily added in the above stoichiometry) will not 

affect the copper recovery. It also appears at first 

sight that the reaction will not take place completely 

in the solid state, when considering the high sulphur 

vapor pressure of pyrite at the temperatures of opera

tion. This property of pyrite should enhance the rate 

of reduction of cuprite over the previous system 

investigated. 

The chosen route of investigation was via a 

kinetic study, because it was believed that this 

approach would yield more information about the react

ion characteristics than the react, quench and analyze 

procedure. 



II.. BACKGROUND 

There is currently much interest in developing 

pyrometallurgical processes for the production of 

copper from oxide copper ores. One of the processes 

receiving a great deal of attention at the present 

time is the copper segregation process. It consists 

of heating the ore with a reducing agent (coal or 

coke) and a halide salt (usually NaCl) to a temperature 

of approximately 750° C for a period of about one hour. 

The copper segregates from the ore onto the reducing 

agent. An extensive list of references on this process 

and its possible mechanisms may be found in a paper by 

Martinez (1966). 

A variation of the same theme is evidenced in 

a patent issued to the General Electric Company (1964). 

The requirements for the production of copper from 

copper oxide according to the patent are as follows. 

React in a protective atmosphere at a temperature of 

not less than 250° C a mixture containing 

(a) At least one of the following reducing 

agents, S, Cu2S, FeS, ZnS, SnS, PbS. 

(b) CuO. 
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(c) Alkali and (or) alkaline earth metal 

chlorides. 

The time of heating has to be long enough to allow 

for the reduction of 90 percent of the CuO. When 

employing Cu2S as the reducing agent, the ratio of 

Cu20 to CUgS required is approximately 4:1 to 4.5:1, 

and the ratio of 01" in KC1 to S in Cu^S is 2:1 to 

2.5:1. It is held that with a mixture containing 

Cu2S and KC1 the following reaction takes place at 

700° - 750° C: 

Cu2S + 4 CUgO + 2 KC1 £ KgSO^ + 2 CuCl + 8 Cu 

Some research has been conducted on solid 

state reactions. Ono and Komatsu (1952) and Goedhals 

(1964) found that the reaction rate between CUgO and 

Cu2S particles in a nitrogen atmosphere increased with 

temperature and fineness of the sample. Ono and 

Komatau, however, did not find different activation 

energies for different particle sizes as was pointed 

out by Qoedhals. Moleva, Kusakin and Rapoport (1958) 

held that this reaction takes place in the gaseous 

phase. They also found that the rate of reaction 

decreased with time. They attributed this to the 

limitations placed on diffusion of the oxygen and 



sulphur by the growing copper metal layers on both the 

CugO and Cu2S. Goedhals (1964) also observed the 

decrease in the rate of reaction with time, but did 

not attribute it to the growth of a copper layer on 

the CUgO since a continuous film of copper did not 

form on the Cu20. In this instance a continuous film 

of copper was found to have formed only on.the Cu2S. 

A paper by Wagner (1952) hypothesizes mechanisms 

for the reduction of oxides and sulphides to metals. 

The general sequence of reactions postulated is 

(a) The removal of nonmetal everywhere at 

the surface of the oxide or sulphide, 

so that a solid solution of metal super

saturated with respect to metal is 

formed. 

(b) Formation of nonmetallic nuclei, especi

ally at the surface. 

(c) Diffusion of metal ions and electrons 

from the surface across the oxide or 

sulphide to metallic nuclei. 

(d) The transfer of metal ions and electrons 

from the oxide or sulphide to the metal. 



III. OBJECTIVE 

The objective of this dissertation was to 

examine the parameters affecting the rate and extent 

of completion of the reaction, 

3 PeSg + 16 Cu20 £ Fe^O^ + 6 SOg + 32 Cu 

in order that this type of reaction might be applied 

to the production of copper from industrial concentrates 

at low temperatures. 

7 



IV. EXPERIMENTAL DETAILS 

4.1 Brief Description of Experimental Method 

The method used consisted of reacting suitable 

amounts of FeS2 and Cu20 in an Alundum boat inside a 

tube furnace held at a specific temperature, with 

nitrogen gas passing through it to remove the S02 as 

it was formed. 

The furnace exhaust gases were bubbled through 

a Fischer-Mulligan absorbing flask. The SOg was chemi 

cally absorbed by an iodine solution contained in the 

flask. Titration of the remaining iodine against 

sodium thiosulphate gave the amount of S02 evolved 

during a timed period. 

With the reaction 

3 PeS2 + 16 Cu20 2 Pe3°4 + 6 S02 + 32 Cu 

it is apparent that the measurement of the rate of S02 

evolution will indicate the rate of progress of the 

overall reaction. 

In the dissertation each rate curve determina

tion is referred to as a "Run", 

8 r 



Materials 

1. PeSg 

Analysis 

2. Cu20 

Analysis 

3. Cu20 

Analysis 

4. Nitrogen 

Analysis 

Prepared by flotation and sized. 

Pe 44.6$ 

S 51.2# (calculated) 

Insol. 0.2$ 

CaCO^ 2.4$ 

Na, Zn in trace amounts. 

Reagent grade by Baker Chemical 

Co. 

CUgO 99•2$ 

Cl~ 0.2$ 

Hand-packed cuprite for the 

sized Cu20 runs. 

Cu20 92.5$ 

Native 
Cu 4.9$ 

Insol. 2.7$ 

N2 99.997$ 

02 8 p.p.m. 
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4.3 Equipment 

The labelled apparatus set-up employed Is shown 

in Pig. 1. 

4.3.1 Equipment Details 

1. Pressure regulator and needle 

valve - by Hoke, Inc., Creskill, 

New Jersey. 

2. Flowmeter - precision bore flow-

rator by Fischer and Porter 

Company. 

3. Gas dryer - containing Drlerite. 

4. Tube furnace and controller -

Lindberg. Maximum operating 

temperature - 1950° F. 

5. Furnace tube -^Vycor. 

6. Thermocouple - Chrome1-Alumel 

thermocouple with Vycor 

housing. 

7. Potentiometer - Minneapolis-

Honeywell. Range 0-80 mV. 

Graduated in 0.02 mV. 

8. Boats - Alundum boats. Dimen

sions 4" x 5/8" x 3/8", 
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1. NITROGEN CYLINDER 

2. REGULATING VALVES 

3. FLOWMETER 

4. GAS DRYER 

5. POTENTIOMETER 

Pig. 1.: Apparatus Layout 

V///////A 
V/̂ ///A  ̂

6. ENCASED THERMOCOUPLE 

7. ALUNDUM BOAT 

8. TUBE FURNACE 

9. TWO-WAY STOPCOCK 

10. ABSORBING FLASKS 
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9. Two-way stopcock - Pyrex 

10. Absorbing flasks - by Fischer-

Mulligan. Capacity - 260 mis 

solution. 

4.4 Detailed Experimental Procedure 

The following experimental procedure was followed 

in all runs when determining reaction rates. 

(a) The furnace was brought up to the desired 

temperature. 

(b) Reactants were weighed out and thoroughly 

mixed before placing them in an alundum 

boat. 

(c) Suitable aliquots of iodine were pipetted 

into the Fischer-Mulligan flasks, the 

remaining volume then being filled with 

distilled water. 

(d) To insure complete flushing of the system, 

the nitrogen to the furnace was turned on 

for a period before inserting the boat 

plus reactants. After placing the boat 

in the furnace, the furnace was stoppered. 

Time zero was taken as the moment of 

entrance of the boat into the hot zone 
t 



of the furnace. This operation usually 

lasted about three seconds. 

On inserting the boat into the furnace, 

the temperature of the furnace (as 

sensed by the thermocouple) would drop 

about 15° - 60° C depending on the mass 

of the boat, temperature level of run, 

etc. This transient condition would 

last about 2 to 10 minutes depending 

on the same factors. Thereafter, the 

temperature would remain constant within 

+ 2° C. In all tests the gas flow rate 

was kept at 150 cnr per minute, except 

in the runs concerned with examining 

the effect of gas flow. 

Gas flow to the absorption flasks was 

switched whenever the iodine solution 

became light yellow or when a stage was 

reached when a further point on the 

reaction rate curve became desirable. 

On changing flasks time, temperature, 

and gas flow were checked and recorded. 

The flask containing the spent solution 

was emptied into a beaker, rinsed, 



recharged with fresh iodine solution and 

placed back on stream in time to replace 

the other flask. 

(g) The spent iodine solutions were titrated 

against standard sodium thiosulphate 

(with starch indicator) as soon as 

possible. 

(h) At the completion of a run, the boat 

was pulled to the cool part of the fur

nace tube and allowed to cool under a 

stream of nitrogen. Whenever desirable, 

these products were mounted in bakelite, 

polished and examined under a high-power 

microscope. 

4.5 Procedural Refinements 

During the course of data gathering it became 

obvious that there would be a certain amount of iodine 

volatilized from the absorbing solutions due to the 

nitrogen alone bubbling through the solutions. Cor

rection curves were developed to compensate for this 

effect. 

An analysis of variance revealed that the 95 

percent confidence limits of each data point on the 
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curves for cumulative grams S02 versus time were + 0.0017 

grams of S02. These limits were higher than the highest 

values obtained for the above-mentioned correction 

curves. Nonetheless, the correction for iodine volati

lity due to nitrogen flow alone was still taken into 

account. 



V. EXPERIMENTAL RESULTS 

5.1 The Stolchlometry of the Reaction. 

A qualitative study conducted by Goedhals (1964) 

indicated that FeS2 and Cu20 mixed in the stoichiometric 

proportions given by the equation 

3 FeS2 + 16 CUgO *2 Pe^O^ + 6 S02 + 32 Cu 

reacted to good conversion, with the chief reaction 
1 

products being as above assumed. No justification for 

writing the reaction as such was found in the litera

ture. 
1 , 

Runs 1 to 5 were performed at 844° C + 1° C with 

-200 +270 mesh FeS2 and finely-powdered analytical grade 

CUgO (<15 microns). This type of Cu20 was used in 

all the runs except the runs performed for the Cu20 

size study. For Run 1 the reactants were mixed in the 

above stoichiometric proportions. Runs 2, 3, 4 and 5 

were performed using 0.8, 1.2, 2 and 4 times the stoi

chiometric amount of PeS2. 

Data for cumulative grams S02 evolved versus 

time may be found in Appendix B. 

16 



5.1.1 Discussion. The results for Runs 1, 

4 and 5 are presented in graphical form in Pig. 2. 

After two hours of reaction, Runs 1 to 5 had 

proceeded to 69.1$, 65.2#, 68.8$, 49.9# and 49.2# 

completions, respectively. Prom Pig. 2, it appears 

that Runs 1 and 4 could have proceeded to even higher 

conversions if given more time to react, but in Run 5 

the reaction had, for all practical purposes, stopped. 

The total grams of copper formed after two hours of 

reaction was greatest for Run 1, though not signifi

cantly greater than for Run 3, indicating that the 

stoichiometry as assumed wa3 a good approximation of 

the overall process taking place. 

Microscopic investigation of the reaction pro

ducts of Runs 1, 2 and 3 revealed a mass of copper 

particles among unreacted Cu20. Powdered Cu20 is red , 

in color. Run 4 showed leks copper and the former Cu20 

had developed a black tinge, while in Run 5 little 

copper was visible and the reactant bed had become a 

black mass. From x-ray diffractometer scans of the 

reaction products, it was concluded that the chief 

solid reaction products of Runs 1 to 3 were Fe^O^ and 

Cu. Minor amounts of CuS, Cu2S and certain copper iron 

sulphides were also present. Run 4 contained an 
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increased amount of CugS. By far the largest concentra

tion of Cu2S occurred in Run 5, judging qualitatively 

by the relative peak heights of the major CugS line 

for Runs 1, 4 and 5. Summarizing, it appears that pro

gressively larger amounts of FeSg in excess of stoichlo-

metry will give initially faster rates of reaction. 

Unfortunately, when the FeSg is present in excess quan

tities, it appears that large amounts of Cu2S are being 

produced at the same time that the Cu20 is being reduced 

to elemental copper. This simultaneous production of 

Cu2S during the reduction of Cu20 to copper is a good 

explanation for the sharp break in the curve for Run 5. 
i 

With this type of mechanism taking place, it is appar

ent that the Cu20 will rapidly disappear, since the 

CUgO is now forming both copper and Cu2S. The reaction 

3 PeS2 + 16 Cu20 £ 32 Cu + Fe^ + 6 S02 

therefore, will cease once the Cu20 has been eliminated. 

It seems then, that when/ large excess amounts 

J 
of FeS2 over stoichiometry ^re'used that a reaction of 

{ 
the type \ 

3 FeSg 4- 4 Cu20 £ 4 CUgS + Fe-^ + 2 S 



is more favored. This reaction is thermodynamically 

feasible. 

Calculations from thermodynamic data show that 

PeS2 has a sulphur vapor pressure of the order of 250 

atmospheres at temperatures around 800° C. According 

to Dhizikov and Serebryonaya (1949), when sulphur 

vapor in a nitrogen atmosphere is passed over 1.5 mm 

CUgO particles, 99 percent conversion of the Cu20 to 

CUgS and CuS results after 2 hours of reaction at 600° C. 

The amount of CuS formed decreased with higher tempera

tures of reaction, and an amount of sulphur ten times in 

excess of stoichiometry was required. These data 

strengthen some of the conclusions reached in the above 

analysis. 

In almost all of the runs performed for this 

dissertation small amounts of sulphur were seen to 

emanate from the Fischer-Mulligan flask outlets. Al

though no quantitative determination of the amount of 

sulphur evolved was performed, it appeared that the 

amount of sulphur escaping decreased with decreasing 

PeSg and CUgO particle size and increased with decreas

ing temperature and increasing amounts of PeS2 over 

stoichiometry. 
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The average overall stolchiometry of the 

reaction as originally assumed was well justified for 

-200 +270 mesh FeSg. 

1 

5.2 Effect of Nitrogen Flow and Reproducibility of Runs 

Prom previous experience gathered by the author 

in working with "solid state" reactions, it was known 

to be desirable to work with closely sized materials 

(Goedhals, 1964). For this reason -200 +270 mesh FeS2 

was chosen for this investigation. Five runs (6-10) 

were performed at approximately 797° C. Two were run 

at a flow of 90 cnrymin, two at 150 cmJ/min and one at 
•3 

200 cnr/min. Data for cumulative grams SOg versus time 

may be found in Appendix B. 

5.2.1 Discussion. The data obtained did 

not respond well to a first or second order integral 

analysis; therefore, a method to determine rates of 

reaction for comparison purposes had to be established. 

Using orthogonal polynomials an unsuccessful 

attempt was made in trying to describe the data (after 

coding) by the expression 

p 
grams of Cu remaining = -(a+bt + ct ) 
to be produced e 
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If this approach had been successful, the rate of reaction 

at any time would have been the derivative of the above 

expression. Rates of reaction were therefore determined 

by drawing tangents to the curves for cumulative grams 

S02 versus time. 

In a mechanical operation such as drawing tan

gents at a point on a curve, the greatest difficulty 

in drawing a tangent does not necessarily occur at the 

highest or lowest slopes in a curve, but rather where 

the rate of change of slope is the greatest. To obtain 

an estimate of the error in drawing a tangent at such 

a point, five other persons were requested to draw the 

best tangent they could at 0.1500 grams of SOg evolved 

for Run 8 (20.7 percent conversion). These values were 

then converted into grams of copper formed/hour/gram of 

CUgO initially present using a multiplication factor of 

Rate in grams S02/hour Rate in grams Cu/hr/gram Cu20 

1.2244.(Table l) 

Table 1 

Determination of Reaction Plate 

0.433 
0.425 
0.426 
0.437 
0.430 
0.435 (by the author) 

0.530 
0.520 
0.522 
0.535 
0.526 
0.533 



With 95 percent confidence limits the rate of 

reaction is described by 0.528 + 0.016 grams of Cu . 

formed per hour per gram of CUgO initially present, or 

within + 3 percent of the average value. This does not 

imply that the limits of all the similarly determined 

rates will fall within this + 3 percent range. What has 

been indicated, however, is that the values of the rates 

determined by the operation of drawing tangents at a 

point are highly reliable and reproducible. 

The rates of reaction for Runs 6-10 are tabu

lated below (Table 2) for progressively increasing 

conversions. There is no significant difference within 

flow rates but there is a difference between flow rates 

and this occurs mainly during the initial stages of 

reaction. 

The conclusions derived from the above analysis 

are that: 

(a) Runs are reproducible within the limits 

of data evaluation for runs at the same 

temperature, PeS2 and Cu20 particle size 

and nitrogen flow rate. 

(b) There is no significant trend in the 

overall conversion after two hours of 

reaction between flow rates. This 



Table 2 

The Effect of Nitrogen Plow 

Run 6 7 8 9 10 

Temperature °C 756 798 797 798 796 

Percent Conversion 
after two hours 63.2 62.1 61.0 61.5 65.5 

Flow cm /min 90 90 150 150 200 

Conversion Percent Rate In grams Cu formed/hour/gram Cu20 

13.8 0.682 0.671 O.918 0.894 0.992 

20.7 0.474 0.495 0.533 0.514 i 0.649 

27.6 0.369 0.355 0.389 0.380 0.436 

34.5 0.312 0.300 0.311 0.296 0.361 

41.4 0.256 0.251 0.235 0.249 0.264 

48.3 0.214 0.214 0.186 0.196 0.215 

55.2 O.167 0.160 0.133 0.143 0.179 

62.1 0.124 0.116 0.073 0.070 0.124 

ro 
-fr 



indicates the non-existence of a signifi

cant back reaction. 

(c) Nitrogen flow rates have a significant 

effect on the apparent rate of reaction. 

As mentioned before, this occurs mainly 

during the initial stages of reaction. 

It is quite reasonable to expect that 

faster tube flushing rates will give 

apparently higher rates of reaction as 

determined by SO^ absorption at a distance 

from the reacting site. 

In proceeding further it was decided to use a 

flow rate of 15t> cnr/min for all following runs, since 
•a 

a nitrogen flow rate of 200 cnr/min taxed the capacity 

of the- experimental SOg absorption method. It should 

here be emphasized again that the purpose of the whole 

investigation was not to obtain absolute data but to 

investigate the effect of certain variables on the react 

ing systiem for engineering purposes. 

It is also interesting to note that fresh 

standard solutions were prepared between Runs 6 and 7. 

This gives an indication of the accuracy of experimen

tal method in addition to the above proven precision. 
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5.3 The Effect of Temperature 

For many reactions and in particular elementary 

reactions, the rate expression can be written as a 

product of a temperature dependent term and a composition 

dependent function viz., 

r = dc/dt = kf(C) (2) 

For such reactions the temperature dependent term, that is 

the reaction rate constant, has been found in practically 

all cases to be well represented by Arrhenius' Law, 

k = kQ e"E/RT 

where kQ is the frequency factor and E is the activation 

energy for the reaction. This expression satisfies 

experimental data well over wide ranges of temperature 

and is generally regarded as a good first approximation 

to the temperature dependency of a reaction. 

Since, as mentioned earlier, the data do not 

respond well to integral analysis, there is no direct 

method for determining k, the specific reaction rate 

constant. However, the temperature dependence of the 

reaction can be studied indirectly if it is assumed for 

the reaction under study that 
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r = dc/dt = kf(C) (4) 

Keeping C constant and assuming that f(C) does not 

change through varying temperatures, then one may plot 

log r against 1/T and obtain an Arrhenius relationship. 

Eight more runs were performed with -200 +270 

mesh PeSg, keeping the nitrogen flow at 150 cnr/min 

with temperature as a variable. The basic data may be 

found in Appendix B and the data needed for the Arrhenius 

plot are tabulated below in Table 3. 

5.3.1 Discussion. Logarithms of the rates 

of reaction are presented in Table 3 for progressively 

increasing conversions. It will be noted that certain 

parts of the table have been left blank. This is because 

(a) the runs at lower temperatures do not proceed to as 

high conversions as the runs at higher temperatures and 

(b) because all rates during the transient heating period 

of each run have been discarded. 

The Arrhenius plot at 41.4 percent conversion 

is presented in Pig. 3. 

A least-squares analysis and an analysis of 

variance of the Arrhenius data gave the following 

apparent activation energies with 95 percent confidence 

limits (Table 4). • 



Run 

11 

12 

13 

11 

15 

8 

9 

16 

1 

17 

Table 3 

Arrhenius Data for -200 + 270 Mesh PeS2 

Temperature 10^/T Logarithms of Rates of Reaction at Different Percent Conversions 

°C °K-i 20,7 21.1 27.6 31.0 315 • 37-9 11.1 11.8 18.3 51.7 55.2 62.1 

712 10.15 -0.958 -1.106 -1.213 

731 9.93 -0.875 -0.988 -1.073 

753 9.7$ -0.751 -0.833 -0.983 -1.087 -1.073 

.772 9.57 -0.111 -0.550 -0.615 -0.700 -0.730 i -0.808 -0.912 -1.259 

788 9.13 -0.299 -0.333 -0.396 -0.163 -0.506 -0.615 -0.661 -0.875 -I.O99 

797 9.35 -O.27I -0.312 -0.110 -0.168 -0.507i -0.588 -0.629 -0.682 -0.730 -0.822 -0.875 -1.131 

798 9.31 -0.389 -0.361 -0.121 -0.197 -0.5281 -0.560 -0.605 -0,681 -0.708 -0.791 -0.811 -1.156 

818 9.17 -0.073 -0.153 -0.236 -0.308 -0.313' -0.103 -0.111 -0.526 -0.556 -0.620 -O.695 -O.925 

'i 11 

813 8.96 +0.067 -0.073 -0.l1i: -0.208 -0.231 -0.312 -0.367 -0.159 -0.501 -O.895 

| 

87I : 8.7& • -0.057 -0.132 -0.180 -0.260 -0.366 -O.5I5 

898 8.5I +0,211 +0,116 +0.051 +0.032 -0.063 -0.227 



Table 4 

Activation Energies at Different Conversions 
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Percent Conversion Activation Energy 

20.7 

24.1 

27.6 

31.0 

34.5 

37.9 

41.4 

44.8 

48.3 

51.7 

55.2 

62.1 

Prom an analysis of variance there is no significant 

difference between any of the apparent activation 

energies, indicating that the same reaction is in 

progress up to 62.1 percent conversion. 

It was believed to be probable that a change 

in the reaction characteristics should occur at about S 

60 percent conversion since Udintseva and Chufarov (1941) 

found that the rate of decomposition of PeS^ into PeS 

calories/mole 

43,500 + 7,900 

47,100 + 7,600 

50,800 + 7,500 

52,700 + 13,300 

51,100 13,600 

43,900 + 5,800 

46,300 + 4,800 

53,900 + 12,900 

49,600 + 15,700 

45,000 + 6,700 

42;400 + 8,600 

48,600 + 15,100 
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Pig. 3: Arrhenius Plot for -200 +270 Mesh PeS2 



and sulphur remained constant until about 60 to 70 per

cent conversion. The change, it was held, is due to 

the lowering of the equilibrium partial pressure of the 

sulphur. They also found that the rate of decomposition 

of a single crystal of pyrite was 1/300 of that of poly-

crystalline FeSg. The activation energy for the decom

position reaction is given as 25*000 calories per mole. 

To substantiate the above-mentioned hypothesis 

powder diffraction patterns were made of the former 

FeS2 particles which had been reacted with Cu20 to 38 

percent conversion. No trace of FeSg was found. This 

negated the hypothesis and clarified the absence of any 

change in the apparent activation energies. 

For the objective of this dissertation this 

section has been important In evaluating the strong 

temperature dependence of the reaction. The correla

tion coefficients of the least-squares lines from which 

the activation energies were determined were all 

significant at the 99.9 percent level. This gives 

further emphasis to the temperature dependence of the 

reaction and also indicates the reliability of the ex

perimental method. 

Precision limits have been placed on the values 

for the apparent activation energy of the reaction. 



However, no indication can be given about the accuracy 

of the activation energy. This will require further 

study, including the determination of activation 

energies at different nitrogen flow rates. 

The basic assumption in the above analysis has 

been that f(C) remains constant with varying tenjpera-

tures. The manner in which the indirect Arrhenius 

plots evolved indicate that this was a good assumption. 

An attempt was made at this stage to determine f(C). 

If it is assumed that 

f(C) = C^ 

then 

r = dc/dt = kC*^" 

Taking logarithms 

log r = log K + o>C log C 

Plotting log r versus log C should give straight lines 

of constant slope ©*• , if f.(C) is indeed equal to 0°^. 

The above method of plotting the data gave good 

straight lines up to 62 percent conversion. Unfortunate 

ly, the value obtained for did not remain constant 

through varying temperatures. For Run 11 at 712° C, 
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was equal to 6.14. The value for o*- progressively de

creased with increasing temperature until for Run 18, at 

898° C, had a value of 2.83. These results indicate 

that f(C) is not merely C , but is probably a more com

plicated function. This function should exist, however, 

as can be derived from the quality of the Arrhenius plots. 

The problem of finding an f(C) is discussed in more detail 

under the heading of "Development of a Mathematical Model 

for the Reaction". 

5.4 Effect of FeSg Particle Size on the Temperature 
Dependence of the Reaction 

Eight runs were performed with -100 +150 mesh 

PeS2 and powdered Cu20 mixed in stoichiometric proportions 

to examine the effect of a different particle size on the 

temperature dependence of the reaction. The nitrogen 

•5 

flow rate was held at a 150 cm-ymin in all cases. The 
i 

temperature range examined covered 760° C to 868° C. 

Data for grams of S02 evolved versus time are 

presented in Appendix B and the data essential to thiB 

analysis are presented below in Table 5. 

5.4.1 Discussion. For the s?ime reasons 

given under Subsection 5.3# an indirect Arrhenius rela

tionship has been employed to obtain the apparent 

activation energy of the reaction, i.e., plotting log r 



Table 5 

Arrhenius Data for -100 +150 Mesh PeS2 

Run 
Temperature 

°C 
ioVt 
OK-1 

Logarithms of Rates of Reaction 
Conversions 

20.7 24.1 27.6 31.0 

at Different Percent 

34.5 

19 760 9.68 -1.204 -1.240 

20 774 9.55 -0.993 -1.149 -1.240 

21 786 9.44 -0.808 -0.916 -1.025 -1.099 -1.359 

22 810 9.23 -0.672 -0.788 -0.859 -1.031 -1.113 

23 . 834 9.03 . -0.474 -0.607 -0.703 -0.795 -0.&T5 
24 836 9.02 -0.377 -0.484 -0.644 -0.725 -0.808 

25 847 8.93 -0.331" -0.456 -0.588 -0.689 -0.798 

26 868 8.76 -0.213 -0.338 -0.433 -0.532 -0.629 



versus 1/T Instead of the customary log k versus 1/T. 

The graph of log r versus 1/T at 20.7 percent conver

sion Is presented in Pig. 4. 

A least-squares analysis and an analysis of 

variance gave the following apparent activation ener

gies for the reaction (Table 6). 

Table 6 

Activation Energies at Different Conversions 

Percent Conversion Activation Energy 
Calories/mole 

20.7 48,400 + 6,900 

24.1 48,700 + 7,800 

27.6 44,100 + 6,300 

31.0 40,500 + 11,400 

31.5 49,900 + 9,500 

These activation energies are significantly 

different from those obtained for the -200 +270 mesh 

PeSg (Subsection 5.4.1, Table 4), indicating that the 

reaction characteristics remain the same through dif

ferent PeSg particle sizes. 

There is, however, approximately a two-fold 

difference in the rate of reaction at the same tempera

ture and conversion between the particle sizes. The 

rate of reaction for the larger -100 +150 mesh FeS2 
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Pig. 4: Arrhenlus Plot for -100 +150 Mesh FeS, 
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particles is lower than the rate of reaction for the 

-200 +270 PeS2 particles at the same temperature and 

conversion. Since the same weight of FeSg was used 

in all the runs, there are fewer FeSg particles and 

also less FeS2 surface area available in the -100 +150 

mesh runs. Indications are, therefore, that possibly 

the geometry of the system as well as the pyrite sur

face area are Important in determining the rate of 

reaction. This effect is examined in more detail in 

the following section. 

5.5 Effect of FeSg Particle Size Variation 

} 

Runs 27 to 30 were performed to examine the 

effect of the PeS2 particle size on the rate of reaction. 

Stoichiometric amounts of closely sized FeS2 and pow

dered CugO were reacted at a temperature of 8U50 C + 2° C 
o 

and a nitrogen flow of 150 cm-ymln. 

Examination of the furnace products revealed 

progressively increasing amounts of unreacted Cu20 with 

increasing particle size. The localized formation of 

copper metal around the former PeS^ particles was 

especially striking for Runs 27 and 28 (-48 +65 and -65 

+100 mesh PeSg, respectively). In these instances the 

glistening copper metal stood out against the background 
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of unreacted Cu20. With the aid of a magnet the copper 

metal could be removed from the unreacted Cu20. This 

was possible because the copper had formed a rim or 

shell around the former FeS2 particles which now con

tained (see Pig. 5). 

For Runs 27 and 28, a few former FeSg particles 

were noticed to have no enclosing metal shell. The 

Cu20 immediately surrounding these particles had a 

black tinge, the same as noticed earlier in Runs 4 and 

5 when employing large excess FeSg over stoichiometric 

proportions. 

The relevant rate data for the following 

analysis are presented below in Table 7. 

5.5.1 Discussion. The relationship between 

the rate of reaction at a specific conversion and FeS2 

surface area was examined. The assumptions made in 

calculating the surface area of the FeS^ were as follows: 

1. The particles existed as spheres. 

2. The mean mesh diameter was the represen

tative dimension of all the particles in 

any specific size fraction. 

For any deviation from sphericity, a shape factor 

can be1 applied. This will change the abscissa of Fig. 

6 by a constant. 



Pig. 5*« The Copper Rim 
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Table 7 

PeSg Particle Size Study 

Run 

Temper
ature 
°C 

Particle 
Size 
Mesh 

Tyler 

Surface 
Area 
cm2 

% Con
version 
after 
2 hours 

Rate in grams Cu/hour/gr&m Cu20 
Initially present at per

cent conversion 

20.7 27.6 34.5.."41.4:..48.3' 55.2 "62.1 

27 844 -48 +65 32.0 23 0.026 

28 845 -65 +100 45.2 34 O.269 0.102 

25 847 -100+-150 64.0 47 0.466 0.258 0.159 0.082 

29 847 -150+200 90.8 67 1.114 0.762 0.528 0.409 0.294 0.193 O.O98 

1 843 -200+270 128.0 69 1.166 0.722 O.588 0.430 0.313 0.127 

30 847 -27CH-325 167.4 81 1.311 1.157 O.980 0.860 0.666 

O 
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In Pig. 6 the rate of reaction at 20.7 and 41.4 

percent conversion has been plotted against the PeS2 

surface area. Correlation coefficients for these two 

straight lines are significant at the 98 percent level. 

This is conclusive proof of the influence of PeS2 particle 

size on the rate of reaction at any specific conversion. 

Smaller FeS2 particles give faster rates of reaction at 

any specific conversion than larger FeS2 particles, 

when the FeS2 is added in stoichiometric amounts to 

Cu20. 

above-mentioned relationship at 20.7, 27.6, 34.5 and 

41.4 percent conversion. The results are presented 

below: 

A least-squares analysis was p&rformed on the 

y = rate of reaction in grams Cu formed/hour/ 

gram of Cu20 initially present. 

x ,= PeS2 surface area in cms. 

Percent Conversion Least-Squares Equations 

20.7 

27.6 

34.5 

41.4 

y = -0.578 + 0.0180 x 

y = -0.528 + 0.0134 x 

y = -0.503 + 0.0105 x 

y = -0.546 + 0.0098 x 
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Fig. 6: Effect of FeS2 Surface Area 
ro 
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The slopes of the least-squares lines progres

sively decrease with increasing conversions. The slope 

of the least-squares line at 41.4 percent conversion is 

significantly lower at a 95 percent level than the slope 

of the least-squares line at 20.7 percent conversion. 

This indicates a decreasing dependence on FeSg surface 

area with increasing conversion. 

There is no significant difference between any 

of the values obtained for the intercepts. For this to 

be true, (considering the significant difference in 

slopes) the.least-squares lines mu3t be pivoting around 

a point in the region of x - 0, y = -0.539. This fact 

emphasizes the decreasing dependence of the rate of 

reaction on the FeSg surface area with Increasing con

version. This decreasing dependence with increasing 

conversion strongly suggests that something is happening 

to or at the PeSg surface. 

It will be noted from Table 7 that the highest 

conversion after two hours of reaction £81$) was given 

by the finest FeSg particle used. For the overall 

objective of this dissertation the indications are that 

the finest PeS^ particle size possible should be employed. 
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5.6 Effect of CupO Particle Size Variation 

Attempts at sintering the analytical-grade, 

powdered CUgO were.not successful. As a substitute, 

handpicked cuprite was ground and sized. Seven runs 

were performed with stoichiometric mixtures of -400 

mesh FeS2 and the sized CUgO at a temperature of 827 + 

3° C. The nitrogen flow rate was held at 150 cm^/mln. 

Examination of the furnace products on the macro 

scale revealed that the reaction products of the runs 

made with the -48 +65 mesh and -65 +100 mesh CUgO con

tained a large amount of unreacted CUgO. The runs made 

with Cu20 finer than 100 mesh gave unusual products. 

In these instances, the sample had puffed up during 

the reaction and had formed a product which consisted 

of a large amount of fine whiskers of copper. This 

same effect was observed by the author for the system 

CUgO - Cu2S (Goedhals, ig64). Examination under 

polished section of the furnace products of all the 

runs showed that the whiskers had also formed in the 

case of the largest two particle sizes. The reason 

why the samples had not puffed up during the reaction 

for these two sizes is probably due to the small amount 

of copper that had formed in these two instances. 
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There was, however, a striking difference in 

the position of copper formation for the runs made with 

CugO greater than 100 mesh and those made with CUgO 

finer than 100 mesh. 

For the runs employing Cu20 greater than 100 

mesh, the major part of the copper had formed on the 

CUgO (Pig. 7a). For the runs made with Cu20 finer than 

100 mesh, the copper had formed mainly around the former 

FeS2 particles (Fig. 7b). 

The data relevant to this section are presented 

below in Table 8. 

5.6.1 Discussion. Together with the signi

ficant change in the physical characteristics of the 

reaction products between the plus and minus 100 mesh 

Cu20 runs, there is also a large increase In the rate 

of reaction as well as a sharp jump in the percent con

version after 90 minutes of reaction between the plus 

and minus 100 mesh CUgO runs. This is believed to be 

due to a significant change in the packing characteris

tics of the Cu20 and FeS2 in this size range. Idealiz

ing the particles as spheres, there is calculated to 

be a hundred-fold difference in the number of Cug0 and 

FeSg particles in the -65 +100 mesh instance and a thlrty-

iold difference in the case of the -100 +150 mesh CUgO. 



Table 8 

CUgO Size Study 

Run 

Temper
ature 
OC 

Particle 
Size 
Mesh 

Tyler 

CU2O 
Surface 
Area . 
cm2 

# Con
version 
after 

2 hours 

Rates in grams Cu/hour/gram CU2O 
at percent conversion 

13.8 20.7 27.6 34.5 41.4 48.3 55.2 

31 827 -48 +65 170.4 19 0.113 0.044 

32 830 -65 +100 240.0 20 0.108 0.059 0.023 

33 825 -100+150 340.2 48 1.070 0.798 0.491 0.171 

34 825 -150+200 482.7 56 1.251 1.004 0.793 0.429 0.044 

35 827 -200f 270 680.3 73 1.998 1.756 1.469 1.139 0.595 

36 828 ^270+325 890.7 81 1.671 1.429 O.999 

37 828 -400 89 1.616 1.194 



(a) -48 +65 mesh Cu20 

(b) -100 +150 mesh Cu20 

Pig. 7: Position of Copper Formation 
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The same assumptions made in calculating the 

PeS2 surface area were used to calculate the Cu20 sur

face area. In Pig. 8 the rates of reaction at 27.6, 

41.4 and 55.2 percent conversion, have been plotted 

against the Cu20 surface area, considering only the 

Cu20 finer than 100 mesh. The rates at these specific 

conversions for the -400 mesh CUgO were not included 

since it is difficult to assume a lower limit for this 

Cu20 size range. 

The least-squares line through the points at 

41.4 percent conversion has a correlation coefficient 

significant at the 98 percent level. This is conclusive 

proof of the dependence of the rate of reaction on the 

Cu20 particle size at a specific conversion. As in the 

case of the FeS2, finer Cu^O particles give faster rates 

of reaction than larger Cu20 particles. However, there 

is a difference between the FeS2 and Cu^O in the rate 

dependence on surface area. The least-squares lines 

for the CUgO size study are as follows: 

y = rate of reaction grams of Cu formed/hour/ 

gram of Cu20 initially present. 

2 
x = CUgO surface area in cm . 



REACTION RATE g Cu/hr/g CUgO 
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Percent Conversion Least-Squares Equations 

27.6 

41.4 

y = 0.040 + 0.0028 x 

y = -0.249 + 0.0023 x 

y = -1.053 + 0.0023 x 55.1 

In this case there is no significant difference between 

any of the slopes of the least-squares lines, indicating 

that the rate dependence on surface area in this instance 

is not decreasing significantly with increasing con

version. This fact, together with the data from the 

previous section, strongly suggest that the copper metal 

rims forming around the FeSg particles are major con

trolling factors in the reaction mechanism. 

conversion obtained after 90 minutes of reaction was 

89 percent for Run 37 made with the finest particle 

size (-400 mesh Cu20). For the overall objective of 

the dissertation it is apparent that the finest possible 

size oxide copper should be employed. 

From Table 8 it will be noted that the highest 



VI. DEVELOPMENT OP A MATHEMATICAL MODEL FOR THE REACTION 

6.1 Summary of Established Facts 

1. The overall stoichiometry of the reaction 

has been established for -200 +270 mesh particles 

and powdered CUgO. 

2. There is no significant difference in the 

reaction temperature dependence between -200 +270 mesh 

and -100 +150 mesh FeSg particles mixed in stoichiometric 

proportions with powdered CUgO. 

3. The rate of reaction is slower for larger 

Cu20 and FeS2 particle sizes. 

Apart from these established facts, there are 

strong indications that there are reaction rate control

ling phenomena, other than the influence of particle 

size, occurring at the surface of the FeS2 particles. 

6.2 Growth of the Copper Rim 

Stoichiometric amounts of -200 +270 mesh PeSg 

and powdered Cu20 were reacted to 13 percent, 38 percent 

and 6l percent completions. The former FeS2 particles 

were separated from the unreacted CUgO and mounted in 
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bakellte. Photographs of these reaction products in 

polished section are shown in Pig. 9a, b, and c, res

pectively. 

From these pictures the growth of the copper 

metal rim with Increasing conversion is quite apparent. 

Pig. 9b is interesting in that the least dimension of 

this particle is about 80 microns. According to the 

screen fraction that this particle is from (-200 +270 

mesh), it should be less than 7^ microns across. There

fore, this particle indicates that there are volume 

changes occurring during the reaction. 

In Pig. 9c, it is evident that a second inner 

rim of copper has formed and that the separation of the 

inner gray phase from the outer copper rim is almost 

complete. It was difficult to determine whether this 

inner rim of copper had actually formed during the 

reaction, or whether it had been mechanically created 

by forcing the outer copper rim into the void during 

polishing. With this thought in mind, successive polish 

ing steps combined with microscopic observation were 

avoided, since this method would simply repeat the 

possible error suggested above. 

Attempts at removing the apparent inner copper 

layers with a fine needle were successful in the 



(a) 13 percent conversion 

(b) 38 percent conversion 

(c) 6l percent conversion 

Pig. Growth of the Copper Rim for 
-200 +270 PeS2 
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instances where the copper layers had large protuber

ances towards the inside of the particles. These pro

tuberances peeled off in very thin sheets. The rim 

itself, however, could not be removed in this manner. 

Finally, FeCl^ was used to dissolve away the 

copper metal. This method gave good Indications that 

the inner copper metal was actually another rim, judging 

by the depth of the void created by the dissolution. 

Further work carried out with a larger particle 

size (-65 +100 mesh) indicated that the 'outer copper 

rim was thicker for a larger particle size than for a 

smaller particle size at the same percent conversion 

(see Fig. 10 a, b and c). 

It is interesting to note in Fig. 10c that while 

the inner gray phase has almost completely separated 

away from the outer copper rim, there Is no inner copper 

layer evident. The least dimension of this particle 

is about 240 microns. Sixty-five mesh is equivalent 

to 210 microns. Therefore, this particle indicates a 

significant volume change as well. This happens to be 

at the same percent conversion that a significant volume 

change occurred for the -200 +270 mesh particle (Fig. 

9b). 



(a) 12 percent conversion 

(b) 17 percent conversion 

(c) 38 percent conversion 

Pig. 10: Growth of the Copper Rim for 
-65 +100 FeSg 





In Pigs. 9 and 10, the existence of a phase 

immediately adjacent to the outer copper rim will be 

noted. A close-up of this phase is presented in Pig. 

11. An attempt was made to identify this phase, using 

x-ray powder diffraction techniques. Because of the 

size of the phase (about 10 microns thick), it was 

impossible to prepare spindles containing this phase 

alone. Spindles were therefore prepared from material 

consisting mainly of the inner gray phase and then 

from material consisting mainly of the outer copper 

rim and the phase in question. It was believed that 

this method of preparing the spindles would reveal the 

identity of the phase. Unfortunately, the phases iden

tified were common to both powder diffraction patterns. 

The element and compounds identified were Cu, Fe^O^, 

PeS, Cu^S, CuS, and CuO or CuFeOg, or both. 

The inner gray phase, therefore, appeared to 

contain Cu. An PeCl^ etch brought out a light blue 

color. This is a characteristic of CUgS. Takeuchi et 

al. (1957) found that PeS2, when packed in copper pow

der in an evacuated sealed glass tube and heated to 

600° C for 2k hours, resulted in the formation of CugS, 

CuPeS2 and Cu^FeS^. Copper was found"to have diffused 

into the PeS2. 



Pig. 11: Close-up of Unknown Phase 
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6.2.1 Discussion. The growth of the outer 

copper rim with increasing conversion has been well 

established. The fact that the rim was thicker for 

larger particles than for smaller particles at the same 

conversion is quite reasonable. Since the surface-to-

volume ratio decreases with increasing particle size, 

at a given percentage conversion larger particles will 

have a thicker copper rim. 

6.3 Model Development 

A model for the reaction can be hypothesized 

on the basis of the observations that 

1. A copper rim forms around the FeSg particles. 

2. For a given particle size, the thickness 

of the copper rim is proportional to the 

percentage conversion. 

3. For the same percentage conversion, the 

thickness of the rim is proportional to 

FeS2 particle size. 

4. The rate of reaction at a given percentage 

conversion is dependent on surface area. 

If it is assumed that the rate of reaction is 

controlled by the thickness of the rim, AR, then it is 

intuitive that the rate of reaction dc/dt would be 
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inversely proportional to the thickness of the rim, 

that is 

Rate of reaction = dc/dt <=»*- 1/AR (8) 

To account for the rate, dependence on surface 

area, it is apparent that this term should be included.. 

Prom physical observations there is some justification 

for assuming that the rim is primarily growing outwards. 

The surface area will therefore be continually changing 

with increasing conversion if a rate controlling step 

is taking place here. Assuming the particle to be a 

sphere, the rate of reaction will therefore also be 

o 
proportional to 4ttR , where R is the distance from the 

center of the particle to the outer edge of the copper 

rim, that is 

p 
Rate of reaction = dc/dtoC R (9) 

Therefore, combining the factors, the following model 

is derived. 

Rate of reaction = dc/dt R2/AR (!0) 

or 

dc/dt = k R2/AR (11) 



It is apparent that this model describes the rate of 

reaction per particle per gram of PeS2 associated with 

the particle or, in other words, simply per gram of 

PeSg initially present. To correlate the data already 
p 

obtained with the model, the term R /AR has to be mul

tiplied by the number grams of PeS2 used in any specific 

run. 

Assuming the stoichlometry of the reaction as 

previously established and the presence of spherical 

particles, the.values for R /AR at different conversions 

and particle sizes were calculated. These values are 

presented together with the corresponding rate data 

in Table 9 for -200 +270 mesh PeS2 particles. 

6.3.1 Discussion. In Pig. 12 the rate of 

reaction in grams of S02 evolved/hour has been plotted 

against the term R2/AR, for Runs 12 and 14. It is evi

dent from this graph that a good linear correlation 

exists. A linear least-squares analysis was performed 

on the data for all the runs made with -200 +270 mesh 

PeSg. The results are presented in Table 10. 

The correlation coefficients are all signifi

cant at the 99.9 percent level, giving further justi

fication for the model. 



Table 9 

Data for -200 +270 Mesh FeSg Model 

r2/ar 
2 

x 10^ 
Percent 
Conversion Run 

Rate in grams S02/hour r2/ar 
2 

x 10^ 
Percent 
Conversion Run 11 12 13 14 15 a 9 16 1 17 ia 

cm g 
FeS2 

Temp. 
oc 712' 734 753 772 788 797 798 818 843 874 898 

2.10 13.8 0.146 0.193 * 0.507 JI 

1.84 17.3 0.118 0.137 0.374 

1.64 20.7 0.090 0.109 0.145 0.294 0.410 0.435 0.420 O.69O 

1.49 24.1 0.064 0.084 0.120 0.230 0.379 0.372 0.356 0.574 

1.40 27.6 0.050 0.069 O.O85 0.185 0.328 0.318 0.310 0.474 0.952 

1.32 31.0 0.075 0.163 O.28I 0.278 0.260 0.402 O.69O 

1.26 34.5 0.069 0.152 0.255 0.254 0.242 0.371 0.590 

1.210 37.9 0.127 0.198 0.211 0.225 0.323 0.506 

1.16 41.4 0.100 0.177 0.192 0.203 0.294 0.480 0.716 1.335 

1.13 44.8 0.045 0,10? 0.170 0.169 0.243 0.372 0.602 1.143 

1.10 48.3 O.O65 0.152 0.160 0.227 0.351 0.540 0.925 

1.08 51.7 0.123 0.132 0.196 0.284 0.448 0.880 

1.05 55.2 0.109 0.117 0.165 0.256 0.352 0.707 

1.01 62.1 0.060 0.057 0.097 0.104 0.233 0.484 

0.910 100.0 
t 

1 
1 

o\ 
1—• 
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Fig. 12: Model for -200 +270 Mesh FeS, 
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Run 

11 

12 

13 

14 

15 

8 

9 

16 

1 

17 

18 

Table 10 

Least-Squares Analysis of Model for -200 +270 Mesh PeS2 

Slope k Intercept at dc/dt = 0 

TeroPeogatUre Coefficient 8 S°^/^ ̂  cm g * 102 

712 0.995 13.8 1.02 

734 0.996 17.3 1.01 

753 0.981 21.3 0.957 

772 0.992* ^3.4 0.953 

788 0.958 62.9 0.911 

797 0.992 58.0 0.853 

798 0.986 53.7 0.826 

818 0.996 90.5 0.864 

843 0.988 193 0.935 

874 O.997 325 0.941 

898 O.993 561 0.927 

o^ 
u> 
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The calculated value for R /AR at 100 percent 

—2 
conversion is O.9I8 x 10 cm grams FeS,,. Here dc/dt 

will be equal to zero. The values for R /AR obtained 

by extrapolation of the least-squares lines to dc/dt = 0 

are given above in Table 10. Good agreement exists for 

the higher temperature runs. For Run 11 the model 

predicts that using -200 +270 mesh FeS2 the highest 

possible conversion obtainable at 712° C is 6l percent. 

It is approximately at this percent conversion that a 

large deviation from the model starts to occur. This 

indicates that a new resistance is starting to control 

the rate of reaction at this point in conversion. Pos

sible evidence of such a resistance was indicated in Fig. 

9c, namely, the formation of a void and a second rim of 

copper. Therefore, in obtaining the least-squares values 

for k only conversions up to 62.1 percent were considered. 

Only the models for Runs 1, 17> and 18 were affected by 

this assumption. 

In Subsections 5.3 and 5.4 the assumption was 

made that f(C) existed and remained constant through 

varying temperatures, in order to obtain an indirect 

Arrhenius relationship. With the development of the 

model, a specific reaction rate constant, k, has been 

made available to obtain a direct Arrhenius relationship. 



The data necessary for the Arrhenius plot are presented 

below in Table 11. The actual graph is shown in Pig. 

13. 

It will be noted that a good Arrhenius relation 

ship is obtained, giving further evidence that the model 

describes the data well. 

The activation energy obtained is 46,700 + 5>600 

calories/mole. This value is the same as previously 

debermined using the indirect Arrhenius relationship 

(Subsections 5.3.1 and 5.4.1). 

Table 11. 

Activation Energy from Model for -200 +270 Mesh PeS^ 

Run log k 

11 

12 

13 

14 

15 

8 

9 

16 

. 1 

17 

18 

10.15 

9.93 

9.75 

9.56 

9.43 

9.35 

9.34 

9.17 

8.96 

8.72 

8.54 

1.140 

1.238 

1.329 

1.638 

1.798 

1.763 

1.730 

1.957 

2.287 

2.513 

2.749 
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Fig. 13: Arrhenlus Plot of Data from Model 
for -200 +270 Mesh PeS2 
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6.4 The Model for -100 +150 Mesh FeSg 

The same model was applied to the data from 

Runs 19 to 26 performed with -100 +150 mesh PeS2. 

Data necessary for this analysis are presented 

in Table 12. 

6.4.1 Discussion. The relation between 
O 

the rate of reaction and the term R /AR is presented 

in graphical form in Fig. 14, for Runs 23 and 26. It 

is evident from this graph that a good linear correla

tion exists for this particle size range as well. A 

linear least-squares analysis was performed on the data 

for all the runs made with -100 +150 mesh FeS2. The 

results are presented in Table 13. 

The correlation coefficients are all signifi

cant at the 99.9 percent le^el. The calculated value 

P — 2 
of R /AR at 100 percent conversion is 1.74 x 10 cm g 

FeSg. At this point dc/dt = 0. The values for R2/AR 

obtained by extrapolation of the least-squares lines 

to dc/dt = 0 are shown below in Table 13. In this case 

there Is no agreement between the theoretical and actual 

2 
values obtained for R /AR. The model, therefore, pre

dicts that when using -100 +150 mesh FeSg, 100 percent 

conversion can never be attained, or that, possibly, 



Table 12 

Data for -100 +150 Mesh PeSg Model 

R2/AR x 102 
Percent 

Rates in grams S02/hour 

R2/AR x 102 Conversion Run 
19 20 21 22 23 24 25 26 

cm g PeS2 
Temp, 
oc 760 774 786 810 834 836 847 868 

4.27 13.8 0.150 0.170 

3.70 17.3 - 0.096 0.116 0.203 0.252 

3.30 20.7 - 0.051 0.083 0.127 0.174 0.274 0.343 0.381 0.500 

3.03 24.1 0.039 0.058 0.099 0.133 0.202 0.268 0.286 0.375 

2.82 27.6 0.047 0.077 0.113 0.162 0.177 0.211 0.301 

2.66 31.0 0.065 0.076 0.131 0.154 O.167 0.240 

2.54 34.5 0.045 0.063 0.109 0.127 0.130 0.192 

2.44 37.9 0.053 0.082 0.105 0.095 0.144 

2.34 41.4 0.060 0.076 0.067 0.112 

2.27 44.8 0.051 0.054 0.052 0.090 

2.22 48.3 0.070 

2.16 51.7 0.044 

1.74 100.0 

ON 
00 



Table 13 

Least-Squares Analysis of Model for -100 +150 Mesh PeSg 

Run 
Temperature 

°C 
Correlation 
Coefficient 

Slope k 
g SOg/hr/cm/g FeSg 

Intercept at dc/dt = 0 
cm g PeSg x 102 

19 760 O.994 9.30 2.67 

20 774 0.998 8.62 2.32 

21 786 0.988 12.9 2.21 

22 810 0.995 15.6 2.14 

23 834 0.998 21.4 2.05 

24 836 0.994 27.5 2.08 

25 847 0.999 32.1 2.13 

26 868 0.999 39.5 2.05 

CT\ 
vo 



Legend: a. Run 23 

b. Run 26 O.50 

0.40 

0.30 

0.20 

0.10 

0.00 
2.60 2.80 2.40 3.40 3.00 3.20 2.00 2.20 

R^/AR x 102 cm g FeS^ 

Pig. 14: Model for -100 +150 Mesh PeS^ 
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the stolchlometry for this particle size range is differ

ent (see Appendix A). 

An Arrhenius plot was made with the values for 

k obtained from the model for -100 +150 FeSg. The perti

nent data are presented below in Table 14. The actual 

plot is shown in Pig. 15. 

Table 14 

Arrhenius Data from Model for -100 +150 Mesh FeSg 

Run IOVT log k 
°K-1 

19 9.68 0.969 

20 9.55 0.934 

21 9.44 1.111 

22 9.23 1.194 

23 9.03 1.331 

24 9.02 1.440 

25 8.93 1.506 

26 8.76 1.596 

The activetion energy determined from this curve is 

34,000 + 7,100 calories/mole. This activation energy 

is not significantly different from those determined 

under Subsections 5.3 and 5.4. However, it is significantly 
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Pig. 15: Arrhenius Plot of Data from Model 
for -100 +150 Mesh PeS2 
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different at the 99 percent level from the activation 

energy obtained from the model for -200 +270 mesh FeSg. 

The lowering of the activation energy with 

increasing particle size suggests a change in the reaction 

mechanism with Increasing particle size. This type of 

phenomenon occurs when the control of a reaction is 

changing from chemical reaction control to mass trans

port control. It is reasonable to hypothesize that the 

same type of phenomenon is occurring for the reacting 

system FeS2-Cu20 in proceeding from smaller to larger 

particles of FeSg. 

It appears contradictory that in the earlier 

analysis no difference was detected in the activation 

energies for -200 +270 and -100 +150 mesh FeSg and now 

with the development of the model a significant differ

ence appears. However, it must be remembered that the 

model takes into account the complete reaction rate 

curve, whereas the earlier analysis considered only a 

limited range in conversion for the -100 +150 mesh FeS^ 

(20.7 percent to 34,5 percent conversion). 

In conclusion, the model continues to apply 

through varying FeSg particle sizes. 
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6,5 The Model Applied to Different FeS2 Particle Sizes 

The data obtained for the examination of the 

effect of PeSg particle size on the rate of reaction 

(Subsection 5*5) were analyzed according to the model. 

The relevant data are presented in Table 15. 

6.5.1 Discussion. The correlation coeffi

cients obtained are all significant at the 99.9 percent 

level. This is conclusive proof that the model holds 

for all the PeS2 particle sizes examined. 

There is a very large difference in the specific 

reaction rate constant, k, for the -48 +65 mesh FeSg 

and -270 +325 mesh PeS2 material, the latter being approxi- ' 

mately fifty-fold greater. This re-emphasizes the 

desirability of using as fine an FeSg p.article size as 

possible for the overall objective of the dissertation. 

It has been mentioned that the extrapolation of 

the leastrsquares lines of the model to dc/dt = 0 gives 

an Indication of the maximum conversion to which the 

reaction will proceed if it continues in the same manner 

as in the range of conversion studied. Prom Table 15 It 

may be deduced that only with PeSg particle sizes less 

than 150 mesh can 100 percent conversion ever be reached 

theoretically, under the conditions studied and with the 



Table 15 

The Model Applied to Different FeS2 Particle Sizes 

Run 

Tempera- Particle Slope k 
. ture Size Correlation g S02/hr/cm/ 
°C Mesh ------

Tyler 
Coefficient g PeS^ 

Intercept R /AR at dc/dt = <D 
cm g FeS2 

Theoretical at 
100# conversion 

Actual 

27 844 -48 +65 0.991 5.96 0.037 0.061 

28 845 -65 +100 0.996 17.5 0.026 0.035 

25 847 -100+150 0.999 32.1 0.017 0.021 

29 847 -150+200 0.997 88.2 0.013 0.013 

1 843 -200+270 0.988 194 O.OO92 0.0094 

30 847 -270+325 0.986 319 0.0071 0.0060 

-3 
Ul 
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stoichiometry employed (see Appendix A). This fact is 

also useful for the overall objective of the disserta

tion. 

6.6 Effect of Nitrogen Plow Rate on the Model 

The objective of this dissertation was primarily 

to gather comparative data for the purpose of determining 

the best conditions for the eventual application of the 

reaction 

3 PeSg + 16 Cu20 Pe3^4 + ̂  + 

to the production of copper at low temperatures from 

industrial concentrates. However, the manner in which 

thfe model has described the experimental data indicates 

that optimum data gathering conditions may have been 

approximated. 

The model was applied to Runs 6 to 10 to examine 

the effect of nitrogen flow rate on the value of k, the 

specific reaction rate constant. The results are pre

sented below in Table 16. 

6.6.1 Discussion.: Prom Table 16 it is evident 

that higher nitrogen flow rates result in higher values 

for k, i.e., optimum data gathering conditions have not 
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Table 16 

Effect of Nitrogen Plow 

Tempera- Slope k 
ture Flow Rate Correlation „ „ft , • / _ „ 

Run °C cm3/min Coefficient g so
2/hr/<Jin/g PeSg 

6 796 90 O.989 43.3 

7 798 90 0.993 45.6 

8 797 150 0.992 58.0 

9 798 150 O.986 53.7 

10 796 200 0.999 66.2 

been reached for -200 +270 mesh PeS^ at a temperature 

of 797 + 1° C and nitrogen flow rates of 90 and 150 
*3 

cm-ymln. However, the correlation coefficients obtained 

for all flow rates are significant at the 99-9 percent 

level. The best correlation coefficient obtained was 

for Run 10 performed at 200 cm /min. This indicates 

that the lag at low flow rates caused by the delay of 

SOg arrival at the absorption flasks is sufficient to 

distort the data and influence the model parameters. 

6.7 Overall Discussion of Model 

The model has been shown' to hold for all the 

PeS2 particle sizes, nitrogen flow rates and tempera

ture ranges studied. The effect of CugO particle size 
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has not been included in the model. However, from the 

data gathered in the CUgO size study, it iB believed 

that the Cu20 size effect would merely require the intro

duction of a second constant dependent on CUgO particle 

size, that is 

r = dc/dt = k^kg R2/AR (ll) 

Most of the conclusions reached in Section V 

have been substantiated by the model. One has been 

Refuted, that is, a difference in the activation energies 

for -200 +270 and -100 +150 mesh PeSg runs was detected 

by the model. Certain predictions have been made on the 

basis of the model (see Appendix A). 

It must be remembered that the model was developed 

on the basis of physical observations of the quenched 

reacting system. The fact that the model describes the 

data well does not infer that these are the actual paths 

of chemical reaction steps taking place. Experiments 

were designed to attempt to establish the actual chemi

cal reaction steps taking place, but no conclusive 

results were obtained. 



VII. CONCLUSIONS 

The results of the experimental and theoretical 

studies performed in this investigation justify the 

following conclusions. 

(a) The prospects for the application of the 

reaction 

3 PeS2 + 16 CUgO £ Pe30^ + 32 Cu + 6 SOg 

to industrial concentrates look promising. 

(b) Higher temperatures and finer Cu^O and FeSg 

particle sizes give better conditions for maximizing 

conversion. 

(c) The mathematical model developed will describe 

any data similarly obtained to a high degree of correla

tion for any PeS2 particle size in the temperature range 

700° to 900° C. 

79 
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In Subsections 6.4.1 and 6.5.1 of the disserta

tion a possible difference in the stoichioraetry of the 

reaction for plus 150 mesh FeS2 particles was deduced 

from the model. To substantiate these predictions 2.8 

times the stoichiometric amount of -65 +100 mesh PeS2 

(Run 38), and 1.4 times the stoichiometric amount of 

-150 +200 PeS2 (Run 39) were reacted with powdered Cu20 

at a temperature of 844° C. These results are compared 

with their stoichiometric counterparts in Table 17. 

Table 17 

Predictions from the Model 

Temperature 
Run °C Amount of FeS2 Percent Conversion 

28 845 IX 34.2 

38 844 2.8X 36.2 

29 847 IX 66.6 

39 844 1.4X 63.8 

These results are In agreement with the predict

ions of the model. It has been shown that for a particle 

size larger than 150 mesh greater amounts of FeS2 over 

stoichiometry result in higher conversions, while for 

PeS2 less than 150 mesh, greater amounts of PeSg result 

In lower conversions. The last-mentioned result is in 

agreement with the findings of Subsection 
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It is believed that when using plus 150 mesh FeSg, 

greater amounts of PeS2 are required because of the libera

tion of elemental sulphur from the reacting bed, This is 

a reasonable hypothesis since larger PeSg particle sizes 

will produce higher local concentrations of sulphur and 

make the conditions for sulphur escape more favorable. 



APPENDIX B 

EXPERIMENTAL TEST DATA 
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Nitrogen flow rate was 150 cm /min in all cases 

except where indicated as otherwise. 

The Cu20 employed was a powdered, analytical-

grade Cu20 (< 15 microns) in all cases except where 

indicated as otherwise. 



Run No. 1 843° C -200 +270 mesh FeS2 

Time 
in Min 2.0 7.0 11.0 17.0 23.0 35.0 60.0 90.0 120.0 

Cum.SO2 
evolved 
grams 0 .041 0.158 0.213 0.271 0.317 0.384 0.451 0.485 0.501 

Run No. 2 843° C 
0.8 times 

-200 +270 mesh PeS2 
Stoichiometric FeS? 

Time 
in Min 5.0 14.0 18.0 23.0 35.0 50.0 74.0 100.0 120.0 

Cum.S02 
evolved 
grams 0 .108 0.213 0.247 0.281 0.343 0.395 0.440 0.465 0.473 

Run No. 3 846° C 
1.2 times 

-200 +270 mesh FeS2 
Stoichiometric FeS? 

Time 
in Min 4.0 10.0 15.0 22.5 32.0 44.1 65.0 90.0 120.0 

Cum.S02 
evolved 
grams 0 .116 0.214 0.265 0.318 0.365 0.406 0.455 0.482 0.499 



Run No. 4 844° C 
2.0 times 

-200 +270 mesh PeS2 
Stoichiometric PeS2 

Time 
in Min 3.0 8.0 20.0 40.0 60.0 90.0 120.0 -

Cum.SO2 
evolved 
grams 0.122 0.172 0.238 0.293 0.321 0.346 0.362 

Run No. 5 843° C 
4.0 times 

-200 +270 mesh PeS2 
Stoichiometric PeS2 

Time 
in Min 2.0 4.0 

• 

8.0 30.0 60.0 93.0 120.0 

Cum.S02 
evolved 
grams 0.178 0.261 '0.312 0.342 0.355 0.356 0.357 

Run No. 6 796° C 
N2 flow rate 90 

-200 +270 mesh FeS2 
cm3/min 

Time 
in Min 8.0 12.0 19.0 29.O 42.0 58.0 76.O 95.O 120.0 

Cum.SO2 
evolved 
grams 0.085 0.121 0.170 0.219 0.271 0.322 0.376 0.417 0.458 



Run No. 7 798° C \ -200 +270 mesh PeS2 
N2 flow rate \ 90 cm3/min 

Time 
in Min 8.0 16.0 29.O 49.0 76^) 100.0 120.0 

Cum.S02 
evolved 
grams 0.087 0.153 0.219 

V 

0.294 0.370 \0.419 0.450 

Run No. 8 7970 c -200 +270 mesh PeS2 "t 

Time 
in Min 8.0 13.0 20.0 30.0 44.0 61.0 87.0 104.0 120.0 

Cum.S02 
evolved 
grams 0.111 0.154 0.200 0.242 0.293 0.342 0.397 0.423 0.442 

Run No. 9 798° C -200 +270 mesh PeS2 

Time 
in Min 8.0 13.0 20.0 30.0 44.0 61.0 87.O 104.0 120.0 

Cum.S02 
evolved 
gramp 0.112 0.155 0.197 0.242 0.294 0.344 0.400 0.427 0.446 

C30 
oo 



Run No. 10 796° C 
Np flow rate 200 

-200 +270 mesh FeS2 
cm3/min 

Time 
in Min 8.0 13.0 20.0 30.0 44.0 61.0 87.O 104.0 120.0 

Cum.S02 
evolved 
grams 0.125 0.171 0.216 0.263 0.317 0.369 0.429 0.456 0.475 

Run No. 11 712° C -200 +270 mesh FeS2 

Time 
in Min 5.0 15.0 30.0 50.0 70.0 90.0 120.0 

Cum.S02 
evolved 
grams 0.070 0.098 0.133 o~. 162 0.181 O.I98 0.221 

Run No. 12 734° C -200 +270 mesh FeS2 

Time 
in Min 4.0 10.0 15.0 20.0 25.0 30.0 40.0 60.0 80.0 

Cum.SO2 
evolved 
grams 0.048 0.081 0.101 0.115 0.127 0.136 0.154 O.I8O 0.207 



Run No. 13 753° C -200 +270 mesh PeS2 

Time 
in Min 5.0 10.0 20.0 35.0 51.0 70.0 81.0 107.0 120.0 

Cum.S02 
evolved 
grams 0.068 0.091 0.128 0.165 0.192 0.218 0.231 0.260 0.272 

Run No. 14 772° C -200 +270 mesh PeS2 

Time 
in Min 6.0 15.0 25.0 41.0 60.0 80.0 100.0 120.0 

Cum.S02 
evolved 
grams 0.091 0.147 0.186 0.231 0.279 0.309 0.327 0.337 

Run No. 15 788° C -200 +270 mesh PeS2 
» 

Time 
in Min 2-5 9.0 15.0 23.0 31.0 42.0 52.0 80.0 120.0 

Cum.SO2 
evolved 
grams 0.040 0.121 0.164 0.211 0.249 0.286 0.314 0.351 ' 0.368 



Run No. 16 8l 8° C -200 +270 mesh FeSp 

Time 
in Min 5.0 8.0 12.0 17.0 25.0 35.0 50.0 70.0 90.0 120.0 

Cum.S02 
evolved 
grams 0.086 0 .128 0.173 0.214 0.264 0.313 0.370 0.423 0.455 0.480 

Run No, 17 874° C -200 +270 mesh PeS2 

Time 
in Min 4.0 8.5 15.0 20.0 25.0 34.0 46.0 65.0 90.0 120.0 

Cum.S02 
evolved 
grams O.O93 0 .199 0.292 0.344 0.383 0.433 0.470 0.509 0.522 0.528 

Run No. 18 898° C -200 +270 mesh PeS2 

Time 
in Min 3.0 7.0 10.0 15.0 25.0 40.0 65.0 90.0 120.0 

Cum. SO 2 
evolved 
grams 0.170 0 .295 0.357 0.423 0.490 0.529 0.551 0.562 O.566 



Run No. 19 760° C -100 +150 mesh PeS2 

Time 
in Min 2.5 15.0 30.0 60.0 90.0 120.0 

Cum.SO2 
evolved 
grams 0.050 0.099 0.128 0.158 0.178 0.195 

Ftun No. 20 774° C -100 +150 mesh PeS2 

Time 
in Min 2.5 10.0 20.0 41.0 61.0 90.0 120.0 

Cum.SO2 
evolved 
grams 0.046 0.084 0.114 0.150 0.174 O.I99 0.220 

Run No. 21 786° C -100 +150 mesh FeSp 

Time 
in Min 2.5 15.0 21.0 30.0 46.0 65.O 90.0 120.0 

Cum.SO2 
evolved 
grams 0.056 0.114 0.134 0.154 0.182 0.206 0.231 0.255 

vo 
ro 



Run No. 22 810° G -100 +150 mesh FeS2 

Time 
in Min 3.0 11.0 22.0 30.0 43.0 

1 

63.0 90.0 1120.0 

Cum.SO2 
evolved 
grams 0.065 0.116 0.157 0.177 0.202 0.231 0.260 0.284 

Run No. 23 834° C -100 +150 mesh FeS2 

Time 
in Min 5.0 10.0 • 20.0 35.0 60.0 91.0 120.0 

Cum.SO2 
evolved 
grams 0.092 0.129 0.174 0.215 0.263 0.301 0.327 

Run No. 24 836° C -100 +150 mesh FeS2 

Time 
in Min 5.0 10.0 20.1 35.0 60.0 90.0 120.0 

Cum.S02 
evolved 
grams 0.096 0.136 0.185 0.230 0.279 0.318 0.345 

vo 
U) 



Run No. 25 847° C -100 +150 mesh FeS2 

Time 
in Min 3.0 7.5 15.0 25.0 40.0 60.0 90.0 120.0 

Cum.S02 
evolved 
grams 0.075 0.127 0.176 0.214 O.253 0.286 0.319 0.342 

Run No. 26 868° C -100 +150 mesh PeS2 

Time 
in Min 4.0 10.0 16.0 28.0 41.0 65.0 93.0 120.0 

Cum.SO2 
evolved 
grams O.o99 0.158 0.195 0.243 0.279 0.324 0.358 0.381 

Run No. 27 844° C -48 +65 mesh PeS2 

Time 
in Min 2.0 10.0 30.0 50.0 70.0 90.0 120.0 

Cum.SO2 
evolved 
grams 0.068 0.097 0.133 0.147 0.155 0.160 0.617 

vo 
4=* 



Run No. 28 845° C -65 +100 mesh FeS2 

Time 
In Min 2.0 10.0 30.0 51.0 70.0 90.0 120.0 

Cura.S02 
evolved 
grams 0.066 0.129 0.186 0.211 0.225 0.236 0.248 

Run No. 29 847° C -150 +200 mesh PeS? 

Time 
in Min 2.0 4.0 7.0 13.0 23.0 38.0 60.0 91.0 120.0 

Cum.S02 
evolved 
grams 0.067 0.120 0.171 0.233 O.299 0.364 0.422 0.462 0.481 

Run No. 30 847° C -270 +325 mesh FeS2 

Time 
in Min 5.0 10.0 13.0 17.0 22.0 28.0 38.0 60.0 90.0 120.0 

Cum.S02 
evolved 
grams 0.112 0.227 0.281 0.342 0.405 0.463 0.523 0.572 0.584 0.587 

vo 
VJI 



Run No. 31 827° C -400 mesh FeS2 -48 +65 mesh Cu20 

Time 
in Min 4.0 10.0 26.0 45.0 65.0 90.0 

Cum.SO2 
evolved 
grams 0.054 0.072 0.103 0.121 0.130 0.137 

Run No. 32 830° C -400 mesh FeS? -65 +100 mesh CupO 

Time 
in Min 3 .0  10.0 25.0 45.0 65.0 90.0 

V 

Cum.S02 
evolved 
grams 0.044 0.074 0.106 0.125 0.138 0.145 & 

Run No. 33 825° c  -400 mesh FeS2 
• 

-100 +150 mesh CupO 

Time 
in -.Min 5.0 8.0 11.5 16.0 27.0 45.0 67.0 90.0 

Cum.SO2 
evolved 
grams 0.105 0.156 0.203 0.243 0.291 0.322 0 '.337 0.344 

vo 
<j\ 



Run No. 34 825° C -400 mesh PeS2 -150 +200 mesh Cu20 

Time 
in Min 2.5 7.5 10.5 15.0 23.0 40.0 • 65.O 90.0 

Cum.SO2 
evolved 
grams 0.043 0.154 0.204 0.254 0.310 0.367 0.397 0.408 

Run No. 35 827° C -400 mesh PeS2 -200 +270 mesh Cu20 

Time 
in Min 5.0 7.0 10.0 13.0 17.0 22.0 30.0 45.0 65.0 90.0 

Cum.SO2 
evolved 
grams 0.101 0.159 0.230 0.289 0.348 0.402 0.455 0.499 0.517 0.525 

Run No. 36 828° C -400 mesh FeS2 -270 +325 mesh CU2O 

Time 
in Min 4.0 9.0 12.0 15.0 18.0 22.3 28.0 36.0 60.0 90.0 

Cum.SO2 
evolved 
grams 0.070 0.202 0.274 0.335 0.386 0.446 0.500 0.546 0.583 O.589 



Run No. 37 828° C -400 mesh FeS? 400 mesh CupO 

Time 
in Min 5.0 9.0 15.0 18.0 22.0 27.0 33.0 45.0 65.O 90.0 

Cum.S02 
evolved 
grams 0. 123 0.255 0.381 0.429 0.481 0.532 0.574 0.617 0.639 0.645 

Run No. 38 844° C 

2.8 times 
-65 +100 mesh PeS2 

Stoichiometric PeS2 

Time 
in Min 2.5 11.0 25.0 55.0 85.0 120.0 

Cum.SO2 
evolved 
grams 0. 136 0.230 0.251 0.258 0.262 0.263 

Run No. 39 
• 844° C 

1.4 times 
-150 +200 mesh PeS2 

Stoichiometric I?eS2 

Time 
in Min 5.5 20.0 35.0 55.0 90.0 120.0 

Cum.SO2 
evolved 
grams 0. 138 0.261 0.325 0.387 0.438 0.463 

vo 
00 


