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ABSTRACT 

A flotation process for separating molybdenite from a commer

cially produced copper concentrate containing primarily chalcopyrite and 

pyrite and up-grading it into a saleable product was developed. The 

process utilizes hydrogen peroxide, sodium ferrocyanide, sodium cyanide, 

and sulfuric acid. The procedure was studied in depth to determine the 

function of the sodium ferrocyanide in the process in order to develop a 

theory for predicting the behavior of this reagent as a chalcopyrite 

depressant. 

The procedure consists of conditioning the copper concentrates, 

thickened to 40 to 60 percent solids, with hydrogen peroxide at a pH of 

6.7 to 6.8 for several minutes in the presence of cyanide. Following 

the conditioning stage the pulp is diluted with fresh water to 30 to 35 

percent solids and treated with sodium ferrocyanide just prior to the 

rougher flotation. The rougher concentrate is then up-graded in five'to 

eight stages of cleaning, using sodium cyanide as the copper and iron 

sulfide mineral depressant. The final cleaner tailing is then returned 

to the plant feed thickener. 

Conditioning with hydrogen peroxide at a slightly acid pH is re

quired to dimerize any water soluble thiol type copper sulfide mineral 

collectors present to their corresponding disulfides. In addition, some 

hydrogen peroxide must be available in the pulp following the condition

ing stage to oxidize a portion of the sodium ferrocyanide addition to 

xi i l  
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ferrIcyanide. This factor makes the conditioning time used extremely 

critical, because overconditioning will not permit enough hydrogen per

oxide to reach the sodium ferrocyanide addition point. 

The process Is complicated by the fact that uniess there is a com-

plexing agent present, the hydrogen peroxide will react with the chalco

pyrite mineral particles, instead of dimerizing the copper collectors. 

Cyanide returning to the plant feed in the first cleaner tailing provides, 

this protection. However, cyanide not needed for complexing will react 

with the hydrogen peroxide to form cyanate and carbonate ions. Therefore, 

more hydrogen peroxide normally has to be added than is required for the 

dimerization and ferrocyanide reactions. 

The amount of hydrogen peroxide required by the dimerization 

reaction depends on the amount of water contained in the pulp and not on 

-2 -2 
the amount of solids. A molar concentration of 0.7 x 10 to 0.9 x 10 

was required in the water to treat the concentrates tested. The dimeri

zation reaction appears to be zero-order in the range of concentrates 

tested. The time required for the dimerization reaction to take place 

can be shortened by lowering the pH. 

It was found that the ferricyanlde ion was the effective depres

sant for those particles of chalcopyrite which had clean and unoxidlzed 

surfaces, and the ferrocyanide Ion was the effective depressant for those 

particles which had oxidized surfaces. It Is theorized that the key to 

obtaining a satisfactory amount of depression of chalcopyrite with iron 

cyanide complexes appears to be the formation of Prussian Blue either 

directly at the surface or with adsorbed Ions on the surface. Prussian 
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Blue can be formed either by reacting ferric ions with sodium ferrocyan-

ide or by reacting ferrous ions with sodium ferricyanide (Turnbull's 

Blue). Assuming chalcopyrite is an ionic compound, then the iron con

tent would have to be considered present as ferrous ions. Therefore, 

If the surfaces of the chalcopyrite particles are in their natural or 

reduced state, the ferricyanide ion would depress them. On the other 

hand, If the chalcopyrite particles have been subjected to oxidation by 

roasting, aeration, or chemical means, then the effective depressant 

would be the ferrocyanide ion. 



CHAPTER I 

INTRODUCTION 

Since World War II, molybdenum has become an extremely important 

element in the production of alloy and stainless steels. Also, more and 

more uses are being found for the metal and its compounds in the fields 

of refractory metals, pigments, and catalysts. Essentially all the 

molybdenum being produced in the world today is extracted from the earth 

in the form of the mineral molybdenite, which is molybdenum disulfide. 

This mineral is recovered from ores mined primarily for its extraction 

and as a by-product of many ores mined for the recovery of copper. 

In the copper porphyry type ore bodies molybdenite is usually 

found as a very minor constituent; normally, it amounts to only a few 

hundredths of one percent of the total. The recovery of molybdenite 

from such ores is one of the most difficult tasks assigned the froth 

flotation process. At a few plants, there are periods of time when the 

molybdenite is graded up 10,000 times from the ore to the.finished molyb

denite concentrate. The recovery of this mineral from the copper por

phyry ores is profitable, because the mineral can usually be concentrated 

easily along with the copper and iron sulfide minerals. Actually, very 

often nothing has to be done specifically to enhance the flotation of 

molybdenite in the copper flotation circuit. Occasionally, a light fuel 

oil is added to the circuit to promote the molybdenite. It must be 
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pointed out that the value of the molybdenite is normally only a very 

small fraction of the value of the copper being recovered. Therefore* 

very seldom can the conditions in the copper mineral flotation circuit 

be compromised to improve the flotation of the molybdenite. 

The real difficulty of producing a saleable molybdenite product 

comes when the molybdenite is separated from the combined copper and 

molybdenite concentrates. Quite often, this combined product will con

tain 30 percent copper and only 0.15 to 0.25 percent molybdenite. The 

minimum grade of molybdenite concentrate that can usually be sold must 

contain less than one percent copper and over 80 percent molybdenite. 

The problems of separating molybdenite from the combined product and up

grading it into a commercial product fall into three basic categories: 

1. The separation of molybdenite from the copper and iron sul

fide minerals contained In the concentrate. 

2. The liberation of the molybdenite from the insoluble minerals 

contained in the concentrates and occasionally from the copper 

and iron sulfide minerals. 

3. The molybdenite sometimes must be separated from minerals 

contained In the concentrates which are commonly referred to as 

natural "floaters"; namely, graphite, sulfur, talc, and pyro-

phylIite. 

The first problem, of course, Is common to all by-product molyb

denite plants, whereas the other two problem areas may or may not be 

present at any particular property. This investigation deals with a por

tion of the first problem area; the separation of molybdenite from copper 



concentrates containing primarily chalcopyrite and pyrite. It must be 

pointed out that in the copper industry it is common practice to classify 

copper and iron sulfide ores into three categories based on the major 

copper mineral present: chalcocite, chalcopyrite, and mixed. In almost 

every copper porphyry ore body both of these minerals, along with other 

copper and iron sulfide minerals, are found in varying amounts. 

In 1958, when this investigation was begun, several excellent 

procedures had been developed or were in the final stages of development 

for separating molybdenite from copper concentrates containing primarily 

chalcocite and pyrite; however, its separation from concentrates contain

ing chalcopyrite was still a major problem. Even today, at almost every 

property treating a chalcocite ore, chalcopyrite is a major concern in 

the molybdenite recovery plant when it appears in the copper concentrates 

being produced. Very often, the percentage of molybdenite recovered 

decreases and/or the final grade of the molybdenite concentrate is lowered. 

In a few cases, the plant is shut down until the ore changes and in other 

cases auxiliary equipment such as a roaster is temporarily operated to 

Improve the depression of the chalcopyrite. At the time, there were a 

few procedures In use for separating molybdenite from chalcopyrite con

centrates, but either they were not producing completely satisfactory 

results or they had major disadvantages associated with them. 

It was felt that a process could be developed using a fundamental 

approach which could be used to recover molybdenite from all types of 

copper and iron sulfide concentrates with equal effectiveness. The In

vestigation was limited to the treatment of chalcopyrite concentrates, 



because 1+ was thought that any procedure developed for separating molyb

denite from this type of concentrate probably could easily be adapted to 

treat chalcocite concentrates. Two additional limitations were placed 

on the Investigation. A heat treatment stage was not to be included in 

the developed process; the separation was to be made only with the addi

tion of chemicals. This was done because such procedures might be imprac

tical in many situations. Also, it was felt that to obtain the maximum 

possible recovery of the molybdenite. It would be better not to introduce 

a difficult to control heating stage in the process. 

In the separation of two minerals or one mineral from a group of 

minerals by the selective flotation process, there are two general 

approaches available. In the separation of molybdenite from copper and

iron sulfide concentrates either the molybdenite can be depressed and 

the other minerals floated away from it or the other minerals can be 

depressed and the molybdenite floated. Both of these approaches have 

been used on a commercial scale. However, the former method was rejected 

at the very beginning of the investigation for three-fundamentaI reasons. 

It would be extremely unlikely that a final saleable concentrate grade of 

molybdenite could be produced by repeated depressions of the molybdenite 

and flotations of the copper and iron sulfide minerals. Therefore, at 

some stage In the process the molybdenite would have to be re-activated 

and floated to produce a final grade concentrate. Such re-activations 

are never completely effective and losses most certainly would result. 

Second, it was felt that greater losses of molybdenite would be sustained 

by floating the bulk of the material in a pulp away from it, rather than 



floating it away from the bulk. Third, molybdenite Is usually a very 

fast floating mineral, often exhibiting considerable natural floating 

ability. It was felt that this property would have to be utilized, i 

maximum recoveries were to be obtained. 



CHAPTER 2 

BACKGROUND 

Historically, the first time molybdenite was recovered from a 

copper porphyry ore was in 1933 at the Greene Cananea Consolidated Copper 

Company in Sonora, Mexico. Due to the fact that their ore contained 

five to 30 times as much molybdenite as most of the ores treated today, 

their general flowsheet does not fit the pattern of the present day 

plants. However, two of the four basic approaches described later in 

this chapter by which molybdenite can be separated from copper sulfide 

concentrates in general and from chalcopyrite concentrates in particu

lar were developed at this property. They floated the bulk of the copper 
_ I 

sulfide minerals first from the ore, adding reagents to depress the 

molybdenite. Then they conditioned the tailing from this float with a 

fuel oil and frother to promote the molybdenite so that it would float 

in a subsequent flotation stage. The molybdenite enriched concentrate 

was then refloated several times in the presence of sodium sulfide, which 

depressed the residual copper and iron sulfide mineral particles and 

allowed the molybdenite to float. 

The first property which recovered by-product molybdenite using 

the present day procedure of floating the molybdenite with the copper 

and iron sulfide minerals and then separating the molybdenite from a 

combined concentrate was the Utah Division of the Kennecott Copper 

6  



Corporation In 1936. Between then and 1958, when this Investigation was 

undertaken, an additional ten properties In the Free World Installed 

molybdenite by-product plants and the Soviet Union Installed at least 

three. Since then there have been over a dozen new plants commissioned. 

Alexander Sutulov, In his book Molybdenum Extractive Metallurgy, 

describes In detail most of the plants (1965). However, In a few cases, 

there have been major flowsheet changes since the book was published. 

Although, with a few exceptions, each of these properties Is 

using a different procedure or flowsheet, the processes used can be con-

vfently broken down and divided Into four basic classifications. Usually 

the flowsheet used at any particular property includes more than one of 

these basic approaches. For example, the primary or rougher separation 

probably uses one approach and a second approach will be utilized in the 

cleaner flotation stages. 

The Depression of the Molybdenite 

In this approach, which was originated at Cananea, chemicals are 

added to depress the molybdenite and float the copper.and iron sulfide 

minerals. At present, this approach Is only being used for the primary 

or rougher separation at three properties. At both the Magma and Arthur 

concentrators of the Utah Division of the Kennecott Copper Corporation 

(Last and Ribotto, 1964), and at the Sliver Bell Division of the American 

Smelting and Refining Co. (Salter and Chase, 1964), a soluble starch Is 

used to depress the molybdenite. At the Braden Copper Company in Chile, 

lime (CaO) and sodium cyanide are used to depress the molybdenite in 



their plant treating the sands fraction of their copper concentrates 

(Sutulov, 1965). 

In addition to these reagents. United States patents have been 

issued suggesting many other materials which can be used to depress 

molybdenite, including gelatin saperln, various glues, numerous dyes, 

several aldehydes, and suI phonic acids based on several aromatic hydro

carbons (Brown, 1937a, 1937b; Brown and Williams, 1940). The basic 

reasons why these materials have not been used Is either their cost or 

the problem of reactivating the molybdenite once it Is depressed. 

This procedure can be used to effectively separate molybdenite 

from copper concentrates containing primarily chalcopyrlte; however, this 

approach does have the fundamental disadvantages mentioned In Chapter I. 

In addition, the two processes In use have the added disadvantage that a 

fuel oil or oily type copper collector cannot be used in the copper 

flotation circuit to promote the molybdenite. The molybdenite cannot 

effectively be depressed If they are used. The staff at the Utah Division 

realized this shortcoming and in 1953 added circuits to scavenge the 

molybdenite out of the copper plant tailing by the addition of a fuel 

oil. The scavenger concentrate by-passes the starch circuit. 

The Depression of the Copper and Iron Sulfide 

Minerals Using a Heat Treatment 

The Idea of using a heat treatment to partially oxidize the sur

face of the copper and Iron sulfide minerals, so that they would be de

pressed In a flotation circuit was first used at Kennecott's Utah Division 



concentrators (Last and Ribotto, 1964). The tailing from the previously 

mentioned starch circuit (the molybdenite enriched product) is thickened, 

filtered, and roasted at about 450 degrees Fahrenheit to burn off the 

previously added reagents as well as oxidize the surface of the copper 

and iron sulfide particles. In the subsequent flotation stages a fuel 

oil and frother are added to promote and float the molybdenite. This 

same procedure is used at Silver Bell (Salter and Chase, 1964). Roasters 

are used prior to the cleaner circuits in several plants; however, they 

are usually by-passed if chaI copyrite is not in the concentrates being 

treated. Except at the Utah and Chi no Divisions of Kennecott, a chemical 

is also added to. aid in the depression of the copper and iron sulfide 

minerals following the roaster. 

The idea of steaming or cooking the copper concentrates to de

press the copper and iron sulfide minerals was first used at the Chi no 

Mines Division of the Kennecott Copper Corporation in 1937 (Huttl, 1939). 

One year later the Miami Copper Company commissioned a similar type 

plant. Due to the presence of a large amount of pyrite in their con

centrates, Miami had to condition their copper concentrates with lime 

prior to steaming and cool the pulp after steaming with air in order to 

get a satisfactory depression of the pyrite (Curtis, 1950). Although 

many plants use steaming procedures, these are the only plants that have 

been able to obtain a satisfactory depression of the copper and iron 

sulfide minerals without the aid of a chemical depressant. In fact, at 

the Miami plant, a depressant was used for a few years before the plant 

was shut down in 1959. 
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At the Soviet Union's Kodzhavan and Agarak plants in Armenia, a 

steaming procedure in conjunction with sodium sulfide is used to depress 

the copper and iron sulfide minerals (Sutulov, 1965). The Nevada Mines 

Oivtsion of the Kennecott Copper Corporation has used a steaming proce

dure in conjunction with both Nokes reagent (a solution of sodium hydrox

ide and phosphorous pentasuIfide) and sodium cyanide. At Duval Corpora

tion's two plants at Esperanza and Mineral Park, a vented pressure 

steaming procedure covered by United States Patent No. 3,102,854 (Atwood 

and Curtis, 1963) is used along with sodium ferrocyanide to depress the 

copper and iron sulfide minerals (Curtis, 1961; Gomez, 1966). Another 

pressure steaming procedure is used at the Inspiration Consolidated Copper 

Corporation in conjunction with Nokes reagent. 

The use of a heat treatment procedure in a by-product molybdenite 

recovery plant is covered by United States Patent No. Re 22,117 (Janney, 

Johnson, and Nokes, 1942). 

The use of a roaster to depress chaI copyrite either by itself or 

In conjunction with a depressing chemical is very effective. However, 

such procedures also usually depress all or some of the molybdenite which 

then must be selectively reactivated In the subsequent flotation stage. 

Such procedures are extremely difficult to accomplish and losses of molyb

denite most certainly result. 

Steaming or cooking procedures either by themselves or in con

junction with a depressing chemical have proven to be the most effective 

way of separating molybdenite from most chalcocite concentrates. However, 

It appears the use of such a procedure limits the copper collectors which 
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can be used to promote the copper minerals originally to a xanthate or a 

few of the oily type reagents. When this Investigation was undertaken, 

a satisfactory method of separating molybdenite from chalcopyrlte con

centrates using a steaming or cooking procedure had not been developed. 

The depression of chalcopyrlte with a simple steaming or cooking process 

simply will not work; however, the possibility of using such a procedure 

followed by a copper depressant was always possible, but the question of 

whether the steaming was actually beneficial was in doubt. In the early 

1960's satisfactory processes using this approach were developed by the 

Bagdad Copper Company and the Quebec Copper Mines Limited. In one case, 

a cooking procedure followed by Nokes reagent Is used and In the other 

case, a steaming procedure followed by sodium cyanide is used. 

The Depression of the Copper and Iron Sulfide 1 

Minerals with a Chemical 

By far the simplest, but often the most expensive, methods of 

separating molybdenite from copper concentrates are those procedures 

whereby chemicals are added to depress the copper and iron sulfide mine

rals and float the molybdenite In repeated stages of flotation. Several 

chemicals are in use which will depress the copper and iron sulfide mine

rals fairly effectively in the presence of the originally added copper 

collectors. However, in most cases, the quantity of reagent required Is 

much greater than In those cases where the copper collectors are destroyed 

or neutralized In some way before the depressant is added. 
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At the Konrad and Kialykh Uzen plants In the Soviet Union, a 

fair separation Is accomplished by using sodium sulfide to depress the 

copper and iron sulfide minerals (Sutulov, 1965). However, the final 

grade of their molybdenite concentrates, containing 35 to 60 percent M0S2, 

Is far from satisfactory by Free World standards. At the Mission Unit of 

the American Smelting and Refining Company (Vincent and Bossard, 1966) and 

the Pima Mining Company, a similar compound, sodium sulfohydrate (NaSH), 

is used In the rougher and first two or three cleaners to depress the 

copper and iron sulfide minerals. However, in both cases, a roasting 

stage in conjunction with sodium cyanide is used to depress the residual 

copper and iron minerals In the final cleaners. In some cases there is 

a definite tendency for sodium sulfide or sodium sulfohydrate to depress 

the molybdenite and, therefore, it is extremely important to condition 

the copper concentrates with a fuel oil before the sodium sulfide Is 

added. 

According to Sutulov, the use of sodium sulfide for the depres

sion of copper and iron sulfide minerals in a molybdenite recovery circuit 

was discovered and patented in the Soviet Union by Vartanlan and Gomelauri 

in 1936. However, the author believes it was in use two years before at 

Cananea. Sodium sulfide and sodium sulfohydrate are both very good de-r 

pressants for chalcopyrite, but for some reason, it appears that it is 

almost impossible to produce an acceptable grade of molybdenite concen

trate using it as the only depressant. The main disadvantage to using 

either of these chemicals is the very large quantity required. Sutolov 

mentions that the Russians are using 26 to 88 pounds of sodium sulfide 
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per ton of plant feed, which checks fairly closely with the 30 to 50 

pounds per ton figure said to have been used at Cananea. Even though 

these reagents are relatively inexpensive, the large quantities required 

tend to make the process very expensive to operate. The use of these 

reagents also often causes problems in the dewatering of the final copper 

concentrate (the molybdenite plant tailing) and the water reclaimed often 

cannot be reused in a copper flotation circuit without being treated. 

In the early 1940's an excellent copper and iron sulfide mineral 

depressant was developed by Nokes, Quigley, and Pring, which is commonly 

referred to as Nokes reagent or LR-744 (1949). It is the reaction pro

duct formed between sodium hydroxide and phosphorous pentasulfide at a 

particular temperature in a water solution. As mentioned earlier in the 

chapter, it is presently being used in conjunction with heat treatment 

procedures at several plants. It has been used at the Braden Copper Com

pany almost from the time of its discovery to separate molybdenite from 

their slime copper concentrates without the aid of a heat treatment pro

cess (Sutulov, 1965). Braden treats a mixed ore and the reagent depresses 

the chalcopyrite better than the chalcocite. For this reason, Sutolov 

concludes in his book that it is an excellent chalcopyrite depressant. 

However, the author had knowledge that it had failed to effectively de

press the chalcopyrite at two properties In Arizona in tests conducted 

shortly before this Investigation was begun. 

The main disadvantages of using Nokes reagent are the difficul

ties It creates in the dewatering of the final copper concentrate (the 

molybdenite plant tailing). Usually, the material Is extremely difficult 
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to thicken and often the filter cake is very wet. Also, the preparation 

of the reagent is a problem. It must be prepared dally at the property 

under very exacting temperature conditions for the best results. 

In I960, the Anaconda Company developed a reagent commonly re

ferred to as "Arsenic Nokes" for the depression of copper and iron sul

fide minerals in a by-product molybdenite circuit. It is the reaction 

product formed between arsenic trioxide and sodium sulfide in a water 

solution. This reagent is being used quite successfully at Anaconda's 

two subsidiaries in Chile; the Chile Exploration Company (TeeI, 1964) and 

the Andes Copper Company (Opkins and Hauser, I960). Both of these plants 

treat chalcocite concentrates and a satisfactory grade of molybdenite can 

be fairly easily obtained using this reagent as the only depressant. Un

like sodium sulfide which has a tendency to depress molybdenite, the 

Arsenic Nokes actually appears to promote it. 

This reagent depresses chalcopyrite fairly well, but at one plant 

where the reagent was tested for a long period of time, It was found that 

ft was impossible to produce a satisfactory grade of molybdenite concen

trate without also using sodium cyanide in the final cleaners. As in the 

case of the sodium sulfide, the major disadvantage to using this reagent 

Is the large quantities which must be used. Also, it can create difficul

ties in the dewatering of the final copper concentrate (the molybdenite 

plant tailing). At one plant where it is used it is difficult to settle 

this product and at another the copper concentrate filter cake is extremely 

wet. 
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Probably the most effective depressant for iron and copper sul

fide minerals is sodium cyanide. It is supposed to have been used at 

Cananea In 1933 for a short period of time before it was replaced by 

sodium sulfide in their cleaner circuit. Its use as a copper and iron 

sulfide mineral depressant was patented in 1922 by Sheridan and Grlswald. 

Sodium cyanide has been or is being used In the vast majority of the 

molybdenite plants in the Free World as a copper and iron sulfide mineral 

depressant in the final cleaner stages. Due to the relatively large 

quantity rtequired and high cost, it has only been-used at a few plants 

for the primary separation. As previously mentioned, two plants are 

presently using it as a primary depressant following a steaming procedure. 

In addition to being an excellent depressant for copper and Iron 

sulfide minerals, sodium cyanide can also be a good depressant for molyb

denite under certain circumstances. Sutulov mentions that it has been 

used for such a purpose at both Cananea and Braden (1965). In both of 

these cases, the molybdenite had not been previously promoted with a fuel 

oil. Normally, molybdenite floats quite satisfactorily in the presence 

of sodium cyanide, if it has been promoted with fuel oil. However, the 

author has seen an almost complete depression of fuel oil treated molyb

denite with sodium cyanide at two plants. During the pilot plant work 

performed In conjunction with this investigation, this phenomenon was 

observed above a certain level of cyanide usage. 

Sodium cyanide and a similar chemical, sodium zinc cyanide, are 

both excellent depressants for chalcopyrlte. The latter reagent Is the 

reaction product between zinc oxide or zinc sulfate and sodium cyanide. 



It Is occasionally used in place of sodium cyanide because it Is cheaper 

and it appears in some cases to be a superior depressant for chaI copy-

rite. 

Other Procedures for Depressing the Copper and 

Iron Sulfide Minerals with Chemicals 

The procedures Iisted in this group are different from those dis

cussed in the previous category, in that the depression of the copper and 

iron sulfide minerals is not accomplished by the simple addition of one 

chemical. 

In 1953, a procedure was developed by the Phelps Dodge Corporation 

Whereby sodium ferrocyanlde could be effectively used to depress copper 

and iron sulfide minerals in a by-product molybdenite recovery circuit 

(Barker and Young, 1953). In this procedure, which is In use at their 

Morenci Division, the copper concentrates are conditioned several minutes 

with sulfuric acid at a pH between 7.0 and 8.0 prior to the addition of 

the sodium ferrocyanlde and the flotation process (Papin, 1955). Care Is 

taken to make sure the pulp Is floated between 7.5 and 8.5 pH. This 

procedure is repeated several times in order to obtain a satisfactory 

grade of molybdenite concentrate. Presumably, the conditioning with sul

furic acid hydrolyzes the previously added copper collectors, which at 

least temporarily neutralizes their effectiveness. The procedure was 

also used for several years at the Sliver Bell unit of the American 

Smelting and Refining Company. 



Sodium ferrocyanide is being used at several plants in conjunc

tion with heat treatment procedures. In these processes, the sulfuric 

acid is added to the pulp at the same time the sodium ferrocyanide Is 

added following the heat treatment step. Enough acid is added to main

tain the flotation pH between 7.0 and 8.5. 

The procedure of using acid conditioning and sodium ferrocyanide, 

which is commonly referred to as the "Morenci Process", simply will not 

depress chalcopyrite effectively. Also, a steaming procedure has not 

been developed which will effectively depress chalcopyrite with the aid 

of sodium ferrocyanide. On the other hand, sodium ferrocyanide will de

press chalcopyrite following a roasting step. 

In 1951, a patent was issued to Arbiter and Young for using oxidiz

ing agents in a molybdenite recovery circuit to depress the iron and copper 

sulfide minerals. It appears that the objective of using these reagents-

is to duplicate a mild roasting procedure with chemicals. The oxidizing 

agent destroys the previously added copper collectors and at the same time 

oxidizes the surface of the copper and iron sulfide particles. Although 

this procedure by itself has never been successfully used in a plant 

operation, an extremely successful procedure was developed at the San 

Manuel Division of the Magma Copper Company in conjunction with the Morenci 

procedure. In this process the copper concentrates are treated with 

sodium hypochlorite and sodium ferrocyanide added simultaneously to the 

pulp just prior to the flotation stage. The sodium hypochlorite reacts 

with the sulfide minerals to produce enough acid so that the flotation is 

conducted at a pH between 7.5 and 8.0. At San Manuel this procedure was 
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repeated four more times and then in the final cleaners, only sodium 

ferrocyanide and an anti-foam were used. 

This operation was commissioned shortly before this investigation 

was begun and probably was the most effective and simple procedure devel

oped up to that time for separating molybdenite from copper concentrates 

containing primarily chalcopyrite and pyrite. In this investigation a 

pilot plant test was conducted using the sodium hypochlorite-sodium ferro

cyanide process to establish a standard by which the developed process 

could be compared. Although the sodium hypochlorite-sodium ferrocyanide 

process is metallurgically quite effective, it has three major disadvan

tages. First, a tremendous quantity of sodium hypochlorite is required, 

25 to 30 pounds per ton of plant feed. Second, this reagent is extremely 

corrosive, causing maintenance problems not only in the molybdenite plant, 
* 

but in the copper concentrate dewatering operation. Third, sodium hypo

chlorite is a good solvent for molybdenite, causing a considerable quan

tity of it to be lost through dissolution. 



CHAPTER 3 

THE EXPERIMENTAL PLAN 

Introduction 

The problem of separating molybdenite effectively from copper con

centrates containing primarily chalcopyrite and pyrite using the selected 

general approach of depressing these minerals and floating the molybdenite 

was broken down into three separate problems. 

First, a way had to be found, whereby the previously added copper 

collectors could be removed from the surfaces of the copper and iron sul

fide mineral particles and their promoting power neutraIized permanently. 

I 

Second, the surfaces of all the copper and iron sulfide mineral 

particles would have to be prepared so that they would adsorb an ion which 

would make them completely hydrophylIic. It was felt that, if at all 

possible, the natural mineral surface should be utilized. 

Third, the molybdenite particle surfaces could not be affected by 

the first two procedures and/or they would have to be selectively promoted, 

so that the molybdenite would continue to float during the entire separat

ing process. 

Problem One 

There were several approaches available in solving the first prob

lem, all of which had major disadvantages. The reagents could be burned 
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off In a roasting step, but besides being an extremely difficult opera

tion to control, such a procedure would cause some loss of molybdenite 

(Janney, Johnson, and Nokes, 1942). They could be distilled off with a 

steaming procedure, but such an approach would drastically limit the 

number of copper collectors which could be used (Janney, Johnson, and 

Nokes, 1942). The copper collectors could be washed off with a detergent 

but here again, the type of copper collectors that could be used would be 

limited (Nokes, 1957). There was also the possibility of dissolving them 

off with a solvent; however, this approach did not seem very practical. 

It was felt that the best approach_to this problem was to find a 

reagent which would neutralize their promoting ability. It was common 

knowledge that the thiol type compounds, which includes almost all of the 

water soluble type copper and iron sulfide mineral collectors, have the 

peculiar chemical property whereby they can be dimerized to a disulfide 

with an oxidizing agent (Gaudin, 1957). The disulfides formed from the 

copper and iron sulfide mineral collectors are insoluble oils or solids. 

Although some of these oils were in common usage as copper and iron sul

fide mineral collectors, the mechanism by which they promoted was not 

clear. It was reasoned that If they adsorbed on the mineral surface 

simply by the physical phenomenon of reducing the surface energy, then 

they probably could easily be displaced by a water soluble depressing 

ion. On the other hand, the author felt it was far more likely that the 

original attachment, at least, was probably due to residual bonds avail

able in the commercial reagent or perhaps part of the oil was reduced 

back to a water soluble thiol In the presence of the sulfide mineral. 
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In any case, the use of an oxidizing agent would reduce the situation to 

the former possibility. 

As mentioned in Chapter.2, a patent had been issued covering the 

use of an oxidizing agent in a molybdenite separation circuit (Arbiter 

and Young, 1951). In the only plant operating under this patent, the 

main objective of the reagent, sodium hypochlorite, appeared to be to 

oxidize the surfaces of the chalcopyrite particles in a manner similar 

to a roasting process. It was felt that one of the major problems in

volved with using an oxidizing reagent would be to prevent it from attack

ing the mineral. If this could not be prevented, then the surfaces of all 

the chalcopyrite and pyrlte particles would have to be oxidized to obtain 

the uniformity required by problem number two. This would be extremely 

expensive to accomplish. Also, as is the case with sodium hypochlorite, 

the oxidizing reagent used could not be allowed to attack the molybdenite. 

Of the oxidizing reagents available, hydrogen peroxide was selected 

to be used because it did not appear to adversely affect the floatability 

of molybdenite or in any way react with it in a one percent solution, 

whereas most of the others tried did. Hydrogen peroxide offered the added 

advantage that there would be no residual ions available to interfere In 

the flotation process. However, it was the only major commercial oxidiz

ing agent which had not been proven capable of dimerizing the common col

lectors. Kitamura (1935 and 1937) and Jimenez (1935) had established 

that hydrogen peroxide would react with certain thiol type compounds to 

form disulfides in an acid or mildly alkaline media. They both suggested 

the possibiIity that the reaction product formed between hydrogen peroxide 
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and a xanthate, the most commonly used group of copper collectors, in an 

acid or slightly alkaline media might be a disulfide. It is interesting 

to note that Arbiter and Young, in their patent, suggested the use of 

hydrogen peroxide in a mildly alkaline pulp. A summary covering the 

mechanism of oxidizing thiols to their correspond Ing disulfides has been 

written by Tarbell (1961). 

Problem Two 

In selecting a reagent to depress the chaI copyrite once the pro

moters had been removed and the surfaces of the copper and iron sulfide 

minerals uniformly prepared, two reagents were seriously considered: 

Nokes reagent (LR-744) and sodium ferrocyanide. Both of these reagents 

had proven to be excellent depressants for chalcopyrite at one property, 

but had failed to do so at other properties. It was felt that more know

ledge was needed concerning these reagents, so that their behavior could 

be predicted when used in a by-product molybdenite circuit. Sodium 

ferrocyanide was selected because it was a pure chemical compound, whereas 

Nokes reagent was a mixture of unidentified thio-phosphorous compounds. 

Also, any residual oxidizing agent reaching the flotation stage Would only 

oxidize the sodium ferrocyanide to sodium ferricyanide which was supposed 

to be an equally effective depressant, whereas it very likely would des

troy the depressing ability of some of the Nokes reagent. 



23 

Problem Three 

Very little preliminary thought was given to the third problem 

area of keeping the molybdenite floating throughout the entire separating 

procedure. It was felt that If the hydrogen peroxide and/or sodium 

ferrocyanlde did have a depressing effect on the molybdenite or If the 

molybdenite was particularly difficult to float, a conditioning step with 

a light fuel oil, the classic molybdenite promoter, prior to the flotation, 

would probably solve the problem. 

The Experimental Work 

At the beginning of this Investigation, an orderly progression 

from beaker tests to laboratory batch flotation tests'to a pilot plant 

campaign was planned. Beaker tests were to be performed to develop a 

method whereby the commonly used copper collectors could be dimerized 

with hydrogen peroxide. Then batch laboratory flotation tests were to 

be performed to develop a procedure whereby the copper and Iron sulfide 

minerals contained In commercially produced copper concentrate could be 

depressed using sodium ferrocyanlde. A pilot plant campaign was then to 

be conducted to develop a commercial process utilizing the laboratory 

procedure. This orderly sequence of events did not materialize beyond 

the second step. 

It was found that the procedure developed in the laboratory batch 

flotation tests could not be applied to a continuous flow process. A 

major reagent substitution had to be made at this point. During this 

first pilot plant campaign, a completely satisfactory process was developed 
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for separating molybdenite from a copper concentrate containing primarily 

chalcopyrite and pyrlte and up-grading It into a saleable product. Al

though the metallurgical procedure was proven during this campaign, the 

metallurgical results obtained were invalidated due to an operational 

problem caused by having an undersized plant feed thickener. However, 

due to the fact that the results obtained were exceptionally good, It was 

decided to build another pilot plant to test the procedure further. Fol

lowing the first campaign, an extensive laboratory test program was per

formed to learn more about the developed process. 

The second pilot plant campaign was conducted to establish the 

commercial acceptability of the process and to compare It with the sodium 

hypochlorite-sodlum ferrocyanide process. During and after this campaign, 

five separate tests were performed in the pilot plant to learn more about 

the process and to check results obtained In the previous laboratory test 

program. It must be added here that for a second time, a highly success

ful batch laboratory flotation procedure failed completely to produce 

satisfactory results in a continuous flow pilot plant operation. For 

clarity of presentation, these five tests are grouped together as a separ

ate and third pilot plant campaign. 

The laboratory work Is subdivided Into three parts: the prelimin

ary beaker tests, the development of the laboratory batch flotation proce

dure, and the laboratory work performed after the first pilot plant 

campaign. The pilot plant work is divided into the three campaigns which, 

In turn, are subdivided Into several test periods. 



CHAPTER 4 

LABORATORY EXPERIMENTAL WORK 

Part I. Hydrogen Peroxide Reactions 

Before a flotation procedure could be developed for separating 

molybdenite from copper concentrates utilizing hydrogen peroxide, it was 

first necessary to determine the reactions between this reagent and the 

other components of the system; the copper collectors, the minerals, and 

sodium ferrocyanide. 

The Reaction Between Hydrogen Peroxide and Copper Collectors 

A series of simple beaker tests were performed reacting hydrogen 

peroxide with five percent solutions (5 grams in 100 cc of distilled 

water) of all the commonly used alkali metal xanthates, a thiophosphate 

(AF 238), and a mercaptobenzothiazole (AF 404). In the case of the 

various xanthates, the hydrogen peroxide, as a ten percent solution, was 

added in ten percent excess of what the stoichiometric amount would be 

if the following reaction was to take place: 

2 R0CS2M + H202 R0CS2S2C0R + 2 MOH 

The "R" represents an a Iky I group and the "M" represents either sodium 

or potassium. Xanthates containing ethyl through hexyl members of the 
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a Iky I group were tested. The pH of the xanthate solutions were varied 

between 5.0 and 10.0 by the addition of either sulfuric acid or sodium 

hydroxide prior to the hydrogen peroxide addition. The pH was monitored 

continuously for ten minutes after the hydrogen peroxide was added. The 

following general observations were made, if the pH of the starting xan

thate solution was 7.0 or above: 

1. The pH, after the hydrogen peroxide was added, went slowly 

down over a five minute period. In some cases, as low as 6.3. 

2. The lower the starting pH, the faster a precipitate would 

form. 

3. The lower the starting pH, the more precipitate would form. 

4. The smaller the xanthate molecule, the faster a precipitate 

would form. 

5. The smaller the xanthate molecule, the higher pH at which 

a precipitate would form. Ethyl xanthate produced a precipitate 

at a pH of 10.0, whereas hexyl xanthate only produced a slight 

precipitate at 8.0. 

The following general observations were made, if the pH of the 

starting xanthate solution was 5.0 to 6.0: 

1. The pH, after the hydrogen peroxide was added, went slowly 

up. In some cases, as high as 6.9 in five minutes. 

2. The lower the starting pH, the faster a precipitate would 

form. 

3. The smaller the xanthate molecule, the faster a precipitate 

would form. 
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In the tests with AF 238 and 404, It was impossible to determine 

the stoichiometric requirements because the formulas were unknown, so„ the 

highest and lowest addition rates of hydrogen peroxide used in the xan

thate tests were added. In both cases* no precipitate was noted over a 

ten minute period, if the starting pH was 7.0 or above, no change in pH 

occurred except for a slight drop at the beginning, reflecting the acid 

property of hydrogen peroxide. On the other hand, if the starting pH was 

5.0 or 6.0, a precipitate formed slowly over a ten minute period and the 

pH went up, but never above 6.9. 

It was reasoned that on the alkaline side, either the hydrogen 

peroxide did not react with the xanthate to form dlxanthogen or it 

reacted with the dixanthogen to form something else. Kitamura, reacting 

hydrogen peroxide with methyl, ethyl, propyl, and amyl xanthates in an 

alkaline media, found the following reaction taking place (1937): 

ROCSSK + 8 H„0o + 3 KOH = 2 K-SO. + R0C00K ROH + C0o 
2 2 2 4 2 

Since 0H~ ions were formed when hydrogen peroxide was reacted 

with the xanthates in a slightly acid medium, it was felt that the orig

inally assumed reaction was taking place. 

The Reaction Between Hydrogen Peroxide and Isopropyl Xanthate 

To prove dlxanthogen was formed in the previous series of tests, 

a sample of commercial sodium Isopropyl xanthate was recrystalIized three 

times. Then a portion of solution made from the purified xanthate was 



reacted with hydrogen peroxide and enough sulfuric acid to maintain the 

pH between 6.0 and 7.0. Another portion of the same solution was reacted 

with chlorine water according to U. S. Patent 2,375,083 (Cooper, 1945). 

In both cases, a milky white precipitate formed. However, there was a 

noticeable difference in the time it took for the reactions to take place. 

While the chlorine water reaction took place instantaneously, the hydro

gen peroxide reaction took four to five minutes to essentially go to 

completion. The insoluble material formed in each reaction was extracted 

with carbon tetrachloride. The carbon tetrachloride solutions were then 

evaporated under a vacuum. In both cases rather large (1/4 Inch) yellow

ish crystals remained after the carbon tetrachloride had evaporated. A 

few of the crystals from each sample were redissolved in redistilled 

carbon tetrachloride (water free) and presented to an infrared spectro

meter in a sodium chloride container. The scanning patterns of both 

samples were identical. 

As an added check, the melting points of other crystals from the 

same samples were checked. The crystals taken from both samples appeared 

to melt and solidify at the same temperature (between 55° and 58®C). The 

published values vary from 53.0° to 58.5°C (Canbron and Whitby, 1930; 

Cooper, 1945). 

The precipitates formed when hydrogen peroxide was reacted with 

other xanthates at a slightly acid pH were not checked; however, there 

was no reason to believe that dixanthogen was not formed in each case. 

The sodium Isopropyl xanthate was chosen to be studied in detail simply 

because it was the collector present In the copper concentrates that were 

going to be used In the laboratory to develop the process. 
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The Reaction Between Hydrogen Peroxide and Cuprous Xanthate 

It was realized that the oxidation of pure xanthates to dixan-

thogen is one thing and the oxidation of xanthates adsorbed on the sur

face of copper and Iron sulfide mineral particles is another thing. It 

was felt that if hydrogen peroxide at a slightly acid pH would react with 

cuprous xanthate to form dixanthogen and copper ions, then it would be 

reasonable to expect that the reaction would take place with adsorbed 

xanthate. A ten percent solution of sodium Isopropyl xanthate was slow

ly titrated into a five percent solution of copper sulfate until all the 

copper had precipitated as cuprous xanthate. Dixanthogen was also a 

product of the reaction (Gaudin, 1957). 

Cu++ + 2 R0CS2" -• CU(R0CS2>2 CuR0CS2 + 1/2 ROCS^COR 

This slurry was then continuously agitated while hydrogen peroxide 

was titrated slowly into it along with enough sulfuric acid to maintain 

the pH between 6.5 and 7.0. Slowly, the copper went back into solution 

and the yellow precipitate turned milky white. The milky white precipi

tate was extracted with carbon tetrachloride and the previously described 

procedure was used to present it to the infra-spectrometer. The scanning 

pattern was the same as the others obtained when hydrogen peroxide and 

chloride water was reacted with purified sodium Isopropyl xanthate. The 

copper sulfate solution was evaporated back to its original volume. Using 
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a Beckman photospectrometer, it was determined that essentially the same 

amount of copper went back into solution as was there originally. 

Reversion :ofDixanthogen Reaction 

Since OH ions were a product of the dixanthogen reaction, it 

was felt that there would be a strong possibility that the reaction would 

reverse in an alkaline circuit. In a simple beaker test, sodium iso-

propyl xanthate was oxidized to dixanthogen with hydrogen peroxide and 

enough sulfuric acid to maintain the pH between 6.5 and 7.0. An external 

spot check of the emulsion was made with a few drops of copper sulfate 

solution to insure the reaction had essentially gone to completion. Then 

the pH of the emulsion was raised to various pH levels and spot checked 

with copper sulfate. At a pH of 8.0 a slight brown color was noted when 

the copper sulfate was added, indicating some breakdown of the dixantho

gen. External spot checks at higher pH levels indicated more brown color 

as the pH went up. When this procedure was repeated, the pH at which a 

brown color was first noticeable varied between 8.0 and 9.0. This vari

ance probably was caused by varying amounts of excess hydrogen peroxide 

being present. 

Reactions Between Hydrogen Peroxide and the Minerals 

Samples of essentially pure molybdenite, chalcopyrite, chalco-

clte, bornite, covellite, and pyrite were ground with a mortar and pestle 

until they would pass through a 200 mesh screen. Approximately five grams 

of each mineral were placed in separate watch glasses and ten millimeters 
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of 35 percent solution of hydrogen peroxide were poured over each sample. 

Almost immediately, a reddish brown precipitate began forming in the 

watch glass containing chalcopyrite, which appeared to catalyze the de

composition of hydrogen peroxide into oxygen and water. Approximately 

2.5 minutes after the peroxide had been added, an extremely violent 

reaction took place. At about four minutes after the peroxide had been 

added to the pyrite sample, a similar appearing reddish precipitate began 

to appear and after about ten minutes, an extremely violent reaction took 

place. 

After two hours, it became evident that the hydrogen peroxide 

was not going to react with the other minerals in a similar manner. Al

though a few bubbles had appeared on the surfaces of the mineral parti

cles, there was no obvious reaction taking place and the hydrogen peroxide 

solution was still crystal clear with no hint of color. To make sure the 

hydrogen peroxide was still present, approximately a gram of chalcopyrite 

was added to each watch glass. In each case, a violent reaction took 

place In about 2.5 minutes. 

The Reaction Between Hydrogen Peroxide and Chalcopyrite 

Using standard chemical and spectroscopic analysis techniques, 

It was determined that hydrogen peroxide reacts with chalcopyrite to 

form an iron oxide and copper sulfate when large quantities of hydrogen 

peroxide relative to the amount of chalcopyrite are present. If the 

amount of hydrogen peroxide present Is limited, then a black copper sul

fide and an iron oxide are formed. The hydrogen peroxide appears to 
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attack the Iron positions first, producing a reddish brown iron oxide 

precipitate, which then appears to catalyze the decomposition of the re

maining hydrogen peroxide into oxygen and water. This reaction is ex

tremely violent, almost explosive In nature. After the reaction, both 

the Iron oxide and blue copper sulfate solution remain along with any 

unreacted chalcopyrite. Using dilute solutions of hydrogen peroxide, 

the rate of the reaction appears to be slowed down considerably and the 

black copper sulfide Is formed instead of copper sulfate. 

The Effect of Tetrasodium Ethylenediaminetetraacetate on Chalcopyrite 

Reaction 

Following the first group of flotation tests utilizing hydrogen 

peroxide and sodium ferrocyanlde, which produced completely negative re

sults, It was decided that some means would have to be found to Inhibit 

or, if possible, essentially stop the reaction between hydrogen peroxide 

and the chalcopyrite. It was believed this reaction was taking place in 

the flotation pulp in preference to the dimerization reaction. 

It was suggested to the author that the addition of a chelating 

agent might possibly stop the chalcopyrite reaction. A commercial sample 

of a tetrasodium salt of ethylenediaminetetraacetic acid (Versene 100) 

was available in the laboratory, so it was tested. A five gram sample of 

pulverized chalcopyrite was placed on a watch glass and then ten milli

meters of a 35 percent solution of hydrogen peroxide was poured over the 

mineral. Almost immediately, the previously described reddish brown 

precipitate began forming. Then a few drops of the Versene 100 was added 



to the watch glass and gently stirred Into the pulp. The reddish pre

cipitate disappeared and no further noticeable reaction took place. 

After 20 minutes, to check whether the hydrogen peroxide had reacted 

with the chelating agent or had been consumed in some other manner, the 

solution was decanted off the original sample onto another five gram 

sample of pulverized chalcopyrite. No apparent reaction took place until 

the mixture was gently stirred. Then the reddish precipitate began form

ing and shortly afterward, the characteristic violent reaction took 

place. 

The Effect of Tetrasodium Ethylenediaminetetraacetate on the Dimerization 

Reaction 

To see if Versene 100 would In any way interfere with the di

merization reaction, several drops of the chelating agent were added to 

100 milliliters of solution containing ten grams of commercial sodium 

tsopropyl xanthate. Two milliliters of commercial 35 percent hydrogen 

peroxide was then added to it along with enough sulfuric acid to adjust 

the pH of the solution to 6.0. A precipitate slowly formed as it had 

In similar tests performed without the chelating agent, indicating the 

formation of a disulfide. However, the precipitate was not checked to 

make sure it was a disulfide. 

The Reaction Between Hydrogen Peroxide and Sodium Ferrocyanide 

It was known that hydrogen peroxide reacts with sodium ferro

cyanide to form sodium ferricyanide (Brodie, 1863): 



2 CFeCCN)6If4 + H202 * 2 iFelCH)^"3 + 2 OH 

Although this reaction takes place quite readily in acid solutions, it 

was also known that it reverses easily in alkaline solutions (Fredenhagen, 

1902). Following the completion of the laboratory flotation test program 

using sodium cyanide, a series of simple beaker tests were performed to 

learn more about the reaction. 

A solution containing approximately five percent hydrogen per

oxide was titrated slowly into 12 samples of a solution containing 

approximately ten percent sodium ferrocyanide decahydrate. The pHs of 

the 12 samples had been adjusted to various values ranging from 6.5 to 

11.6 using either sulfuric acid or sodium hydroxide to make the adjust

ment from the solution's natural pH of about 9.0. It was found that 

hydrogen peroxide would react with the samples whose pHs had been ad

justed to values below 9.0 with sulfuric acid to form ferricyanide. 

However, the reactions would stop completely when the pH of the solutions 

reach 9.0 even when a considerable excess of hydrogen peroxide was added. 

When hydrogen peroxide was added to other samples of the same solution 

whose pHs had been raised to various values from 9.0 to 11.6 with sodium 

hydroxide, the pH would go down slightly, reflecting the slight acidity 

of the hydrogen peroxide solution, indicating that no ferricyanide was 

produced. Since a solution of ferrocyanide is yellow and a solution of 

ferricyanide is green, the change of solution color as measured by a 

photospectrometer was used in addition to a pH meter to establish the 

point where the reaction stopped. 
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Part II. The Development of the General Flotation Procedure 

Preliminary Flotation Tests 

It was felt that a flotation procedure could be developed for 

separating molybdenite from copper concentrates containing primarily 

chalcopyrite and pyrlte based on the information gained from the beaker 

test work performed with hydrogen peroxide. It was realized that there 

might be a problem created by the fact that hydrogen peroxide did react 

with chalcopyrite and pyrite; however, it was felt that at the very di

lute solutions used in the actual flotation procedure, this problem might 

not materialize. 

Using a commercially produced copper concentrate containing over 

50 percent chalcopyrite and about 0.7 percent molybdenite, several series 

of tests were performed using standard flotation techniques. The copper 

concentrates were produced using sodium isopropyl xanthate (Z-ll), a 

mercaptobenzothiazoIe (AF 404), a dixanthogen containing oily reagent 

(Minerec "A"), and methyl isobutyl carbinol (MIBC). They were collected 

as a thickened slurry, 16 to 24 hours before a series of tests were per

formed. The following test procedures were tried: 

I. Conditioning the pulp for various periods of time (one to 

15 minutes) with varying amounts of hydrogen peroxide (one to 

five pounds per ton of feed) and a fuel oil at various pH levels 

(5.0 to 8.0). Sulfuric acid was added to obtain the desired 

pH. Sodium ferrocyanide at various levels of addition (one to 
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three pounds per ton of feed) was then added just prior to the 

flotation stage. 

2. The same procedures used In No. I without fuel oil. 

3. The same procedures used in No. I except that the sodium 

ferrocyanide was added with the hydrogen peroxide. 

4. The same procedures used in No. 3 without fuel oil. 

5. The same procedures used in No. 4 except that lime (CaO) 

was added to the pulp prior to the flotation stage to raise the 

pH to 7.5 to 8.0. 

In almost every case the results were completely negative. Occa

sionally, a test would produce satisfactory results, but these successes 

could never be reproduced. Generally, it appeared that slightly better 

results were obtained using a short conditioning time at a slightly 

basic pH and adding the hydrogen peroxide and sodium ferrocyanlde to

gether. Conditioning the pulp at a mildly acid pH with hydrogen peroxide, 

a procedure believed necessary to dimerize the copper collectors, ap

peared to activate rather than depress the chalcopyrite. Therefore, it 

was concluded that the reaction between hydrogen peroxide and chalcopy

rite was interfering in some way with the attempts to depress this 

mineral. It was not clear whether this reaction was consuming all of 

the hydrogen peroxide, so the dimerization reaction could not take place 

or whether the products of the chalcopyrite reaction were interfering 

with the depressing ability of the sodium ferrocyanlde or ferrlcyanide. 

In any case, It was felt that a method would have to be found to inhibit 
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or, if possible, stop the chalcopyrite reaction before a satisfactory 

procedure could be developed for making the separation. 

Flotation Tests Performed Using a Chelating Agent 

After it was found that Versene 100 could be used to essentially 

stop the reaction between hydrogen peroxide and chalcopyrite and did not 

appear to adversely affect the dimerization reaction, several series of 

tests were performed in the laboratory utilizing the general procedure 

of conditioning the pulp for two minutes with the chelating agent prior 

to the addition of the other reagents. Many of the previously described 

test procedures were repeated before a satisfactory one was developed. 

Regrettably, during the preliminary test program, the author became con

vinced that the hydrogen peroxide and sodium ferrocyanide had to be added 

together to obtain the best results. It was reasoned that it would be 

best to have the depressing ion present in the pulp when the copper col

lectors were removed from the surface of the mineral. A considerable 

amount of time and effort was spent investigating this approach before 

it was finally abandoned. It must be added that contrary to the com

pletely negative results obtained during the preliminary group of tests, 

many encouraging test results were obtained using this approach. 

The Developed Flotation Procedure 

The following flotation procedure was developed for separating 

molybdenite from copper concentrates containing primarily chalcopyrite 

and pyrite: 



1. Condition a thickened pulp (40 to 45 percent solids was 

used in the test work) one to two minutes with approximately 1.5 

pounds of the tetrasodium salt of ethylenediaminetetraacetic acid 

(Versene 100). 

2. Condition the thickened pulp for six to ten minutes with 

hydrogen peroxide (three lbs/ton) at a pH between 6.0 and 6.5. 

3. Dilute the pulp to 15 to 20 percent solids and add two to 

three pounds of sodium ferrocyanide per ton of feed along with 

the desired amount of fuel oil. The amount of fuel oil used 

will depend on the difficulty with which the molybdenite floats; 

an addition rate of approximately 0.2 pounds per ton of feed was 

used during the test work. 

4. The pulp is floated for the required amount of time (six 

minutes was used in the work). The resulting flotation pH should 

be between 7.5 and 8.5. 

The results obtained in ten tests performed on ten different 

freshly collected copper concentrate samples are summarized in Table I. 

Table I. The Summation of Results Obtained from Ten Tests Using the 
Versene 100 Procedure 

% of Assays % Distribution 
Wt. Total M0S2 Copper M0S2 Copper 

Rougher Concentrate 26 2.80 25.06 92.47 24.93 

Rougher Tai1ing 74 0.08 28.56 7.53 75.07 

Calculated Feed 100 0.79 28.15 100.00 100.00 

Actual Feed ... 0.76 27.90 
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Part III. Flotation Tests Using Sodium Cyanide 

During the first pilot plant campaign the general flotation pro

cedure developed in the laboratory proved to work quite satisfactorily. 

However, it was found that the chelating agent Versene 100 could not be 

used because it created an uncontrollable froth in the rougher flotation 

operation. Hydrogen cyanide, the reaction product between sulfuric acid 

and sodium cyanide, was very effectively substituted for the Versene 100. 

. Following the first pilot plant, a large scale laboratory program 

was conducted to learn more about the process developed in the pilot 

plant using the new reagent. This group of tests was performed over a 

two month period of time using copper concentrates containing primarily 

chalcopyrite and pyrite with about 0.75 percent molybdenite. The rea

gents used to produce the copper concentrates were sodium isopropyl xan-

thate (Z-ll), the a 11yI ester of secondary butyl xanthate (S-3302), methyl 

isobutyl carbinol (MIBC) and a fuel oil. 

General Test Procedure 

Freshly produced copper concentrates were collected as a thickened 

slurry containing 40 to 45 percent solids approximately one hour before 

a series of tests was to be performed. Enough sample was obtained for 

a complete series of tests using 2000 grams per test. All the tests in 

a series were performed in one day and as rapidly as possible to minimize 

the effect of aging. To check this effect, it was the usual practice to 

repeat the first test of each series at the end. In the cases where the 

results of these two tests did not check relatively closely, the whole 
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series was repeated in exactly the opposite order the first series was 

performed and the average of the results obtained from the two series 

was recorded. 

The pulp for each test was conditioned at 40 percent solids in 

an eight liter plastic bucket using a three inch diameter ship-type 

impeller turning at 1000 RPM. The pulp was conditioned two minutes with 

sodium cyanide prior to the formal conditioning stage with hydrogen per

oxide and sulfuric acid. The pH of the conditioning pulp was monitored 

continuously using a Beckman pH meter. Thirty seconds before the end of 

the conditioning period, the agitation was stopped and the pulp was 

transferred to the flotation cell. The pulp was washed out of the bucket, 

sodium ferrocyanide and fuel oil (0.2 lb/ton) were added, the pulp was 

diluted to approximately 36 percent solids, and floated immediately. 

This whole operation was conducted in approximately one minute. The 

pulp was floated for six minutes in the suggested 1000 gram size cell 

which comes with a Three-in-One Galigher laboratory flotation unit. The 

impeller speed was 142.5 RPM and the volume of air used was held constant 

through all the tests. The actual volume of air used regretably was not 

recorded, but it was very close to the maximum amount that could be 

effectively added to the cell. 

The products of the flotation tests were filtered, dried, and 

weighed. Since it had already been proven In the pilot plant campaign 

that the procedure would allow the molybdenite to float, no assays were 

performed on the products. The tests were evaluated strictly on the 

amount of material which floated; the smaller the amount of material 
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floated, the more effectively the copper and iron sulfide minerals were 

being depressed. 

Discussion of Test Programming 

Due to the complexity of the hydrogen peroxide-sodium ferrocyan-

ide process, it was necessary to use a statistical approach In several of 

the test series. The number of variables and possible Inter-reactions 

which could affect the process was too large to consider using the clas

sical approach of varying one item at a time. In the first seven test 

series, the following five Items, which were known to affect the process 

from the pilot plant operation, were evaluated: 

1. The quantity of sodium cyanide used; 

2. The quantity of hydrogen peroxide used; 

3. The quantity of sodium ferrocyanlde used; 

4. The conditioning time; 

5. The pH in the conditioning stage. 

In the eighth, ninth, and tenth test series, the effect of the pulp den

sity in the conditioning stage on the process was evaluated. Following 

these tests, two short test series were conducted to check the effect of 

temperature on the process and evaluate the possibility of substituting 

potassium ferricyanide for sodium ferrocyanlde. 

A different sample of copper concentrates was used for each 

series of tests. Although the samples were very similar In composition, 

the amount of material floated using one set of conditions did vary from 

sample to sample. Therefore, It was impossible to compare the results 



obtained in one series with those obtained in another series. The tests 

in a series were performed on a completely random basis except when a 

series had to be repeated because of an apparent aging effect. 

At a confidence level of 99 percent, the results of any indivi

dual test were reproducible within ten percent when performed on the 

same sample. For example, if 20 percent of the material floated in a 

particular test, the author was 99 percent sure that if the test were 

repeated, the results would be in the range of 20 + two percent. 

First Test Series 

A sequence of 16 tests was performed to evaluate the effects of 

the sodium cyanide, hydrogen peroxide, and sodium ferrocyanide decahy-

drate additions along with conditioning time on the process. The pH in 

the conditioning stage was held constant (within a range 6.5 to 6.9). 

Eight tests were performed using a high addition for each reagent 

(designated by a "+") and eight tests were performed using a low addition 

for each reagent (designated by a In the case of the conditioning 

time, eight tests were conducted using a relatively long time (+) and 

eight tests were performed using a shorter time (-). 

Test Values 
Variable + 

1. Sodium cyanide addition 0.75 lb/ton 0.50 lb/ton 

2. Hydrogen peroxide addition 1.00 lb/ton 0.75 lb/ton 

3. Sodium ferrocyanide decahydrate 
addition 2.50 lbs/ton 2.00 lbs/ton 

4. Conditioning time 15 minutes 12 minutes 
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The test pattern used and the results obtained In this test series are 

Iisted In Table II. 

Table II. Test Pattern and Results from First Laboratory Test Series -
Varying the Sodium Cyanide, Hydrogen Peroxide, and Sodium 
Ferrocyanide Decahydrate Additions and Conditioning Time 

Variable No. 
Test No. I 2 3 4 Percentage of Material Floated 

1 + + + 7 

2 + + - 5 

3 + - + 32 

4 + - - •26 

5 - + + 6 

6 - + ' - 6 

7 - - + 28 

8 - - - 22 

9 + + + 5 

10 + + - 7 

II + - + 12 

12 + - - 15 

13 - + + 8 

14 - + - 5 

15 - - + 10 

16 - - - II 

Variable Sum of 8 Test Results 
+ 

1. Sodium cyanide* 132 73 

2. Hydrogen peroxide* 49 156 

3. Sodium ferrocyanide 109 96 

4. Conditioning time 108 97 

•Statistically significant at 99 percent confidence level. 
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Conclusions 

From the summations of the eight plus and eight minus tests of 

each of the four variables, it is easy to see that better results were 

obtained using the lower sodium cyanide addition and the higher hydrogen 

peroxide addition. If the results are statistically analyzed (a Yates 

analysis was used), an important interreaction between sodium cyanide 

and hydrogen peroxide levels is also indicated (Lawver, 1962). Since 

these two reagents do react with each other, it was felt the effect of 

the interreaction was probably real. 

Second Test Series 

This set of 16 tests was performed to investigate the possible 

interreaction between hydrogen peroxide and sodium cyanide indicated 

from the results of the first test series. The sodium ferrocyanide deca-

hydrate addition was held constant at 2.0 pounds per ton of feed, a 15 

minute conditioning time was used for all the tests, and the conditioning 

pH was held between 6.5 and 6.9. The results obtained in this test 

series are listed in Table III. 

Table III. Test Pattern and Results from Second Laboratory Test Series -
Varying Hydrogen Peroxide and Sodium Cyanide Additions 

Percentage of Material Floated 
Sodium Cyanide Addition (lbs/ton) Hydrogen Peroxide Addition(lbs/ton) 

0.50 1.0 1.5 2.0 

0.25 N* 10 10 N 

0.50 N 12 5 12 

1.00 N 30 15 8 

1.50 N N 35 15 

^ "N" indicates there was essentially no depression 
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Conclusion 

It can easily be seen from Table III that the lower the sodium 

cyanide addition, the less hydrogen peroxide had to be used to obtain a 

satisfactory amount of depression. It should be noted that the converse 

was also indicated. 

Third Test Series 

the sodium cyanide and hydrogen peroxide additions along with condition

ing time and pH. The sodium ferrocyanide decahydrate addition rate was 

held constant at 2.5 pounds per ton of feed. A higher hydrogen peroxide 

addition and a short conditioning time were tested than were used in the 

first test series. ' 

A sequence of 16 tests was performed to evaluate the effects of 

Variable Test Values 

+ 

I. Sodium cyanide addition 0.75 lbs/ton 0.50 lb/ton 

2. Hydrogen peroxide addition 1.50 lbs/ton 1.00 lb/ton 

3. Conditioning time 12 minutes 9 minutes 

4. Conditioning pH 5.5 to 5.9 6.5 to 6.9 

The results obtained in this test series are listed in Table IV. 

Conclusions 

From the eight test summations it can easily be seen that the 

higher hydrogen peroxide addition and the shorter conditioning time 
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Table IV. Test Pattern and Results from Third Laboratory Test Series -
Varying Sodium Cyanide and Hydrogen Peroxide Additions, 
Conditioning Time and Conditioning pH 

Variable No. 
Test No. 1 4 2 3 Percentage of Material Floated 

1 + + + + 6 

2 + + + - 15 

3 + + - + 34 

4 + + - - 7 

5 + + + 12 

6 + + 20 

7 + - + 37 

8 + - - II 

9 + + + 4 

10 + + - 10 

II + - + 26 

12 + - - 7 

13 - + + 5 

14 - + ' - 13 

15 - - + 38 

16 - - - 5 

Variable Sum of 
+ 

8 Test Results 

1. Sodium cyanide* 142 108 

2. Hydrogen peroxide* 

3. Conditioning time* 

4. Conditioning pH* 

85 

162 

109 

165 

88 

141 

•Statistically significant at 99 percent confidence level. 
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produced better results. Also, the lower sodium cyanide addition and 

higher pH conditioning produced slightly better results. A statistical 

analysis of the test results also indicated an important interreaction 

between the hydrogen peroxide addition and the conditioning time. 

Fourth Test Series 

This set of 16 tests was performed to investigate the possible 

Interreaction between the hydrogen peroxide addition and the conditioning 

time. The sodium cyanide and sodium ferrocyanide decahydrate additions 

were held constant at 0.5 and 2.0 pounds per ton of feed, respectively. 

The conditioning pH was held between 6.5 and 6.9 during all the tests. 

It must be added, the results of this series of tests was so unexpected 

that, the series was repeated three times. The recorded figures in Table 

V are an average of the three sets of tests. 

Table V. Test Pattern and Results from Fourth Laboratory Test Series -
Varying Hydrogen Peroxide Addition and Conditioning Time 

Percentage of Materia 1 Floated 

Conditioning Time, Minutes Hydrogen Peroxide Addition (lbs/ton) 
0.5 1.0 1.5 2.0 

6 N* N N N 

9 35 15 35 40 

12 N 6 10 20 

15 N 12 5 12 

* "N" indicates essentially no depression 
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Conclusion 

The lower the hydrogen peroxide addition, the shorter the condi

tioning time required to obtain satisfactory results. Conversely, the 

higher the hydrogen peroxide addition, the longer the conditioning time 

required to obtain satisfactory results. 

Fifth Test Series 

A series of eight tests was performed to further evaluate the 

effects of the hydrogen peroxide addition, conditioning time, and condi- ' 

tioning pH on the process. The sodium cyanide and sodium ferrocyanide 

decahydrate additions were held constant at 0.5 and 2.0 pounds per ton 

of feed, respectively. 

Variable Test Values ' 

+ 

1. Hydrogen peroxide addition 1.5 lbs/ton. 1.0 ib/ton 

2. Conditioning time 15 minutes 10 minutes 

3. Conditioning pH 5.5 to 5.9 6.5 to 6.9 

The test pattern used and the results obtained in this test series are 

listed in Table VI. 

Conclusions 

Slightly better results were obtained using the higher hydrogen 

peroxide addition. In the ranges tested, the conditioning time and pH 

had no noticeable effect on the test results. A statistical analysis of 

the results indicated that a possible interreactlon between conditioning 
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Table VI. Test Pattern and Results from Fifth Laboratory Test Series -
Varying Hydrogen Peroxide Addition, Conditioning Time, and 
Conditioning pH 

Variable No. 
Test No. 2 3 1 Percentage of Material Floated 

1 + + + 5 

2 + + - 15 

3 + - + 8 

4 + - - 20 

5 - + + 18 

6 - + - 10 

7 - - + 12 

8 - - - • 7 

Variable Sum of 4 Test Results 
+ 

1. Hydrogen peroxide* 43 52 

2. Conditioning time 48 47 

3. Conditioning pH 48 47 

*Stat1stically significant at 95 percent confidence level. 

time and pH might exist. As was previously determined, an important 

Interreaction between the hydrogen peroxide addition and the condition

ing time was also indicated. 

Sixth Test Series 

This set of 12 tests was performed to investigate the possible 

1nterreaction between the conditioning time and conditioning pH. The 

sodium cyanide, hydrogen peroxide, and sodium ferrocyanide decahydrate 
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additions were held constant at 0.5, 1.5, and 2.0 pounds per ton of feed, 

resffBCtlvely. The results obtained In this test series are listed In 

Table VII. 

Table VII. Test Pattern and Results from Sixth Laboratory Test Series -
Varying Conditioning Time and pH 

Percentage of Material Floated 
Conditioning Time (Minutes) 

pH Range 6 9 12 15 

5.5 to 5.9 22 5 

6.0 to 6.4 N* 15 

6.5 to 6.9 N 35 

* "N" Indicates there was essentially no depression 

Conclusion 

The lower the conditioning pH, the shorter the condition time 

needed. The higher the conditioning pH, the longer the condition time 

required to obtain satisfactory results. 

Seventh Test Series 

Although the laboratory test work had not indicated an inter-

reaction between hydrogen peroxide and sodium ferrocyanide, the author 

was quite sure there was one from his experience obtained during the 

first pilot plant campaign. This set of 16 tests was performed to check 

this idea. The sodium cyanide addition was held constant at 0.50 pound 

per ton of feed and the conditioning time was held constant at 12 minutes. 

9 22 

6 12 

6 6 
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The pH range of 6.5 to 6.9 was used In all the tests. The results ob

tained in this test series are listed in Table Villi 

Table VIII. Test Pattern and Results from Seventh Laboratory Test 
Series - Varying Hydrogen Peroxide and Sodium Ferrocyanide 
Decahydrate Additions 

Percentage of Material Floated 

Sodium Ferrocyanide Decahydrate Hydrogen Peroxide Addition (lbs/ton) 
Addition (lbs/ton) 0.5 1.0 1.5 2.0 

1.50 N* 15 24 32 

2.00 N 13 5 18 

2.50 N 10 6 14 

3.00 N 16 12 6 

* "N" indicates essentially no depression 

I 

Conclusion 

There appears to be some relationship between the amount of 

hydrogen peroxide used and the amount of sodium ferrocyanide required. 

Generally, the more hydrogen peroxide used, the more sodium ferrocyanide 

was required to obtain a satisfactory amount of depression. 

Eighth Test Series 

To evaluate the possibility that the percentage of solids used 

in the conditioning stage might have an effect on the amount of hydrogen 

peroxide required by the process, a set of •nine tests was performed, 

varying these two items. The sodium cyanide and sodium ferrocyanide 
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decahydrate additions were held constant at 0.33 and 2.0 pounds per ton 

of feed, respectively. A ten minute conditioning time was used and the 

conditioning pH was held between 6.5 and 6.9 for ail the tests. The re

sults obtained In this test series are listed in Table IX. 

Table IX. Test Pattern and Results from Eighth Laboratory Test Series -
Varying Hydrogen Peroxide Addition and Conditioning Pulp Den
sity 

Percentage of Material Floated 

Hydrogen Peroxide Addition Clbs/ton) 
Percent Solids in Conditioner 0.5 0.75 1.00 

40 48 35 12 

50 28 8 5 

60 10 6 7 

f 

Conclusion 

The higher the pulp density (percent solids) in the conditioning 

stage, the less hydrogen peroxide is required to obtain satisfactory re

sults. 

Ninth Test Series 

To further evaluate the rather unexpected results obtained in 

the eighth test series, a more extensive series of tests was performed, 

varying the percentage of solids in the conditioning stage. A set of 

six tests was performed on three consecutive days, using three different 

samples. In each of the three sets of tests, the hydrogen peroxide addi

tion was held constant when calculated on the basis of parts per thousand 



of contained water In the feed pulp. However, the addition of hydrogen 

peroxide was varied when calculated on the normal pounds per ton of feed 

(dry) basis used by the industry to record reagent consumption rates In 

flotation processes, the sodium cyanide and sodium ferrocyanide deca-

hydrate additions were held constant at 0.33 and 2.0 pounds per ton of 

feed, respectively. A ten minute conditioning time was used and the 

conditioning pH was held between 6.5 and 6.9 for all the tests. The re

sults obtained in this test series are listed in Table X. 

Table X. Test Pattern and Results from Ninth Laboratory Test Series -
Varying Conditioning Pulp Density and Holding the Hydrogen 
Peroxide Addition, Based on Water Content, Constant 

Percentage of Material Floated 
(pounds of hydrogen peroxide per ton of feed) 

Percent Sol Ids in Hydrogen Peroxide Addition, parts/1000 
Conditioning Staqe 3 

x . , . . r 
a a of contained water > 

0.33 0.40 0.50 

40 10 (1.00) 5 (1.20) 7 (1.50) 

45 8 (0.82) 6 (0.98) 8 (1.22) 

50 10 (0.67) 5 (0.80) 6 (1.00) 

55 9 (0.55) 4 (0.65) 6 (0.82) 

60 10 (0.45) 6 (0.54) 7 (0.67) 

65 12 (0.36) 8 (0.43) 8 (0.54) 

Conclusion 

It was obvious from the test results that the amount of hydrogen 

peroxide required by the process depends on the amount of water rather 

than the amount of solids being treated. Since the three sets of tests 
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were performed on different samples, no conclusion could be made con

cerning the optimum amount of hydrogen peroxide required by the process. 

Tenth Test Series 

A set of nine tests was conducted to see if the results obtained 

in the ninth test series was due to chemicals present in the water con

tained in the pulp or whether a definite concentration of hydrogen per

oxide was required in the contained water for the dimerization reaction 

to take place properly. A sample of copper concentrates at approximately 

40 percent solids was thickened to 60 percent in the laboratory and 

divided into nine 2000 gram portions for the tests. The water reclaimed 

from this thickening operation was then used to dilute four of the samples 

to the required pulp density. Distilled water was used to dilute another 

four of the samples to the required pulp density. The ninth sample was 

conditioned at 60 percent solids with no dilution. The hydrogen peroxide 

addition was held constant when calculated on the basis of parts per 

thousand of contained water in the feed pulp at 0.40. The sodium cyanide 

and sodium ferrocyanlde decahydrate additions were held constant at 0.33 

and 2.0 pounds per ton of feed, respectively. A ten minute conditioning 

time was used and the conditioning pH was held between 6.5 and 6.9 for 

all the tests. The results obtained In this test series are listed in 

Table XI. 



55 

Table XI. Test Pattern and Results from Tenth Laboratory Test Series -
Varying Conditioning Pulp Density and Holding the Hydrogen 
Peroxide Addition, Based on Water Content, Constant - Reclaim 
Water vs. Fresh Water 

Percentage of Material Floated 
Percent Solids in (pounds of hydrogen peroxide per ton of feed) 
Conditioning Stage Type of Water Use(j for Di|u+|on 

Reclaimed Distilled 

40 6 (1.20) 5 (1.20) 

45 5 (0.98) 4 (0.98) 

50 5 (0.80) 5 (0.80) 

55 6 (0.65) 6 (0.65) 

60 6 (0.54) 

Conclusion 

Although the test performed with distilled water produced slightly 

better results, it appeared that a definite concentration of hydrogen per

oxide in the water contained in the pulp is required to obtain satisfac

tory results. It was believed that the results obtained using distilled 

water were better because of less frothing agent being present in the 

flotation stage. 

Eleventh Test Series 

A set of three tests was performed to check the possible effect 

of temperature on the process. The samples to be treated at 40 and 60 

degrees Fahrenheit were conditioned in an ice bath to obtain the desired 

temperature. In the case of the 40 degree sample, in addition, pieces 
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of ice had to be added to the conditioning pulp to maintain the tempera

ture, which diluted the pulp slightly. The samples were conditioned at 

50 percent solids (40 degree sample was probably diluted to 45 percent 

at the end of the conditioning period), for 15 minutes at a pH between 

6.5 and 6.9. The sodium cyanide, hydrogen peroxide, and sodium ferro-

cyanide decahydrate additions were 0.5, 1.5, and 2.0, respectively. The 

results obtained in this test series are listed in Table XII. 

Table XII. The Effect of Temperature on Hydrogen Peroxide-Sodium 
Ferrocyanide Procedure 

Temperature, °F Percentage of Material Floated 

40 (act. 38 to 43) 6.2 

60 (act. 58 to 61) 6.2 

80 (act. 78 to 80) 6.1 

Conclusion 

Based on the results listed in Table XII, it would appear that 

temperature, in the range tested, had no effect on the test procedure. 

However, visually it appeared that the test results should have improved 

with a decrease In temperature. 

Twelvth Test Series 

During the first pilot plant campaign and the following labora

tory test program, the author had tentatively concluded that the ferri-

cyanide ion, the reaction product between hydrogen peroxide and sodium 
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ferrocyanide, was the effective depressing ion in the process. If this 

was the case, it was reasoned that the process could be simplified by 

simply adding ferrIcyanide in place of ferrocyanide. A set of eight 

tests was performed using sodium ferrocyanide and four tests were per

formed using potassium ferricyanide, so that the actual quantity of iron 

cyanide complex added was held constant at I.I pounds per ton of feed. 

The sodium cyanide addition was held constant at 0.5 pound per ton of 

feed and the conditioning pH range of 6.5 to 6.9 was used. The results 

obtained in this test series are listed in Table XIII. 

Table XIII. The Effect of Using Potassium Ferricyanide Instead of 
Sodium Ferrocyanide in the Hydrogen Peroxide-Sodium 
Ferrocyanide Procedure 

Conditioning 
Time 

Minutes 

H202, parts/1000 
in contained 

water 

Percentage of Material Floated 

Conditioning 
Time 

Minutes 

H202, parts/1000 
in contained 

water 

Tests Using Sodium 
Ferrocyanide deca-
hydrate, 
2.5 lbs/ton 

Tests Using 
Potassium ferri
cyanide, 
1.7 lbs/ton 

10 0.50 8 6 

10 0.33 II 5 

15 0.50 6 5 

15 0.33 21 5 

Conclusion 

It was concluded from this test series that the ferricyanide was 

the effective depressing ion In the process and that satisfactory results 

could be obtained over a much wider range of conditions, if potassium 

ferricyanide were substituted for sodium ferrocyanide. 



CHAPTER 5 

THE PILOT PLANT TEST WORK 

The pilot plant test program has been divided Into three campaigns 

Although the work included in the first and third campaigns was not per

formed during one continuous period of time, it was felt that the work 

could best be presented using this classification. During the first cam

paign, the hydrogen peroxide-sodium ferrocyanide procedure developed in 

the laboratory was developed into a process for separating molybdenite 

from copper concentrates containing primarily chalcopyrite and pyrite. 

This work was conducted over a three-month period. The second campaign 

was conducted to confirm the results obtained during the first campaign 

and to compare the hydrogen peroxide-sodium ferrocyanide process with the 

sodium hypochlorlte-sodium ferrocyanide process. The third campaign in

cludes five tests performed to learn more about the process and to check 

previously observed phenomena. 

The copper concentrates treated in the pilot plant were produced 

according to the flowsheet Illustrated in Figure I. Oily type copper 

collectors and lime (CaO) were added to the rod mills. Water soluble 

collectors and methyl isobutyl carbinol (MIBC) frother were stage added 

to the classifier overflow and rougher. A small quantity of fuel oil 

and lime were added to the regrind mills. Refer to Appendix A for 

descriptions of reagents used in the pilot plant work. 
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Figure I. Flowsheet of Copper Concentrator Which Provides Feed to 
Pilot Plant. 
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Description and General Arrangement of the 

Pilot Plant Equipment 

Introduction 

Actually, two complete plants were built and utilized for the 

pilot plant test program. However, the general arrangement and types of 

equipment used in both plants were the same. The first campaign was 

conducted in what might be termed a temporary arrangement, whereas a 

more permanent pilot plant was utilized for the second and third cam

paigns. Both pilot plants were built near the copper cleaner circuit in 

a large concentrator located in Southern Arizona. The general pilot 

plant flowsheet is illustrated in Figure 2. 

I 

Method of Obtaining Plant Feed 

The feed to the pilot plant (final copper concentrates) was ob

tained from a two inch diameter pipe loop. A Diamond Port valve was used 

to regulate the amount of feed taken from the loop for use in the pilot 

plant. The loop was tied into the discharge pipe coming from the pump 

which pumped the final copper concentrates out to the molybdenite plant 

feed thickener. The loop returned to the sump which fed the pump. It 

should be realized that only a very small percentage of the total amount 

of concentrates went through the loop. 

Plant Feed Thickener 

The Diamond Port valve mounted on the loop discharged Into a 

feed box mounted on the circumference of the pilot plant feed thickener. 
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Plant Feed 
Copper Concentrate Containing Primarily Chalcopyrite and Pyrlte 

27-29% Cu and 0.7 to I.OjS MoS2 
Ground to 88 to 92% -325 mesh 

Plant Feed Thickener 

First Conditioning Tank 
(Fitted with Gas Burners) 

Second Conditioning Tank 

Rougher Flotation 

Concentrate 

First Cleaner Final Copper Concentrate 

TaiIIng Concentrate 

Final Cleaners 
(5 to 8 stages) 

Final Molybdenite Concentrate 

Figure 2. General Pilot Plant Flowsheet 
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The pulp ran down an open launder from the feed box to the center well 

of the thickener. The valve was mounted high enough above the feed box 

so that the pulp could easily be sampled at this point. During the first 

campaign a small Dorr thickener three feet in diameter and three feet 

deep was used. A Denver laboratory spiral-rake thickener six feet in 

diameter and four feet deep was used during the other test periods. The 

overflow water was allowed to spill on the floor where it was picked up 

by a floor sump pump and pumped back Into the copper cleaner circuit. 

Thickener Underflow Pumps 

During all the test periods a small one inch Dorrco duplex dia-

phram pump was used to pump the thickener underflow to a feed box mounted 

above the first conditioning tank. Two pumps were mounted in parallel to 

provide a spare when needed. Another Diamond Port valve was used to reg

ulate the amount of feed entering the conditioning tank from a conical 

shaped feed box. An overflow line from the feed box back to the thickener 

was provided. The underflow pump was regulated so that the box was nor

mally full with little, if any, material overflowing. 

Conditioners 

Two conditioning tanks were provided for use in both pilot plants. 

The same tanks were used in both plants. Both tanks were approximately 

two feet In diameter and three feet deep. An overflow hole four inches 

In diameter was placed approximately ten inches from the top of each tank. 

Each tank was agitated with a Lightening Mixer, model D-IA. Under 



agitation, each tank would hold approximately 130 liters of pulp. The 

first conditioner was provided with gas burners under it and it was 

mounted so that the overflow ran down a launder and discharged Into 

approximately the center of the top of the second tank. The second con

ditioner overflowed through a four inch pipe which was subsequently 

reduced down to a one inch pipe to feed the first rougher flotation cell. 

The top of the four inch pipe was cut away so that reagents and fresh 

water for dilution could be added at this point. The discharge from the 

Diamond Port valve entered a four inch pipe which discharged approximately 

two inches from the bottom of the first tank. Enough space was provided 

between the valve and the pipe so that the pulp could be easily sampled 

at this point. 

pH ControI System 

A Honeywell pH control system and a Beckman pH meter with sub

merged electrodes were used to maintain the desired pH in the condition

ing stage. A homemade positive displacement pump with Teflon parts was 

used to feed the acid. Normally, the pH was set at 6.7 to 6.8 and the 

control system was able to hold this value within a tenth of a pH unit 

when a five percent or less sulfuric acid solution was used. 

Rougher Flotation 

Four Denver No. 7 Sub-A type flotation machines were used for the 

rougher flotation. In the first plant four individual cast iron cells 

were used and in the second plant fabricated steel cells were used. In 



both cases, the tailings were discharged on the right hand side. The 

rougher tailings were pumped with a one inch Denver sump pump into a 

final copper concentrate sump — a different sump than the one providing 

feed to the pilot plant. The rougher concentrate was collected in a 

launder which fed the first first cleaner cell. 

First Cleaner Flotation 

Two Denver No. 7 Sub-A type flotation machines were used for the 

first cleaner flotation. In the first plant two individual cast iron 

cells were used and in the second plant, fabricated steel cells were 

used. In both cases, the tailings were discharged on the right hand 

side. Normally, only one first cleaner cell was used and in the case 

where the fabricated cells were used, the pulp was allowed to simply flow 

through the second cell. The first cleaner tailings were pumped back 

to the plant feed thickener with a one inch Denver sump pump. The first 

cleaner concentrate was collected in a launder which fed the second 

cleaner. 

Final Cleaner Flotation 

Denver No. 5 Sub-A type flotation machines were used for the 

final stages of cleaning. In the first pilot plant, two cast Iron cells 

were provided for the second cleaner and one each for the third through 

eighth cleaners. In the second plant, two fabricated steel cells were 

used for the second through fifth cleaners. There were only five cleaner 

stages provided in the second plant. All cells were built to discharge 



the tailings on the right hand side. Normally, in both plants, only one 

cell was used for each cleaning stage. The cells were arranged so that 

the tailing of each cleaning stage was returned directly to the preceding 

stage and the concentrates went directly to the following stage. The 

final cleaner concentrate was collected in eight liter buckets. 

Final Molybdenite Concentrate Handling 

The entire molybdenite concentrate production was filtered, dried, 

weighed, and sampled in the laboratory. Standard laboratory equipment was 

used in performing these operations. 

Mineralogical Description of Pilot Plant Feed 

A mineral analysis was performed on a composite sample of the 

copper concentrates fed to the pilot plant during each campaign. The 

composite samples for the first two campaigns cover only one month during 

each test period. The samples were wet screened through a 325 mesh 

screen, and the plus 325 material was mounted in Bakelite and polished 

using standard metallurgical techniques. The plus 325 mesh material 

amounted to between 30 and 35 percent of the total sample. The analyses 

were made using a Leitz Metal lux microscope at 500 magnifications. The 

mineral assays were performed excluding the molybdenite and then they 

were recalculated to Include the molybdenite content determined by chemi

cal analysis. This was done because the physical nature of molybdenite 

of being in thin flat plates made it impossible to obtain an accurate 

assay using a microscope. The molybdenite chemical assay was performed 
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on the whole sample— not just the plus 325 mesh fraction. It should 

be added that the copper content In samples one and three calculated 

from the mineral analyses were approximately two percent lower than the 

chemical assay performed on the whole sample. The copper content In 

sample two calculated from the mineral analysis was 0.72 percent higher 

than the chemical analysis performed on the whole sample. The mineral 

analyses of the pilot plant feed are Iisted in Table XIV. 

Table XIV. Mineral Content of Material Treated In Pilot Plant Test Work 

Minera1 

Mineral Content of Feed to 
Percentage 

the PI lot Plant 

Minera1 
1st Campaign 2nd Campaign 3rd Campaign 

Chalcopyrite 56.09 68.06 61.62 

Cove11i te 0.29 3.93 3.65 

Chalcocite 3.21 2.24 1.02 

Bornite 1.92 1.08 0.96 

Native Copper 3.94 0.68 0.61 

PyrIte 25.71 14.53 23.45 

Molybdenite 0.79 0.85 0.82 

Gangue 8.04 8.63 7.87 

100.00 100.00 100.00 
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First Pilot Plant Campaign 

Introduction 

A pilot plant was constructed at a Southern Arizona mining prop

erty in December 1961 to test a procedure for the separation of molyb

denite from that company's copper concentrates. It was agreed that the 

author could utilize this plant to test his hydrogen peroxide-sodium 

ferrocyanlde procedure following the conclusion of this test. Due to 

mechanical failures, the test work performed on the two procedures 

actually was meshed together. 

This campaign is divided into three test periods. During the 

first period a satisfactory operating procedure was developed through 

the rougher and first cleaner flotation stages. In the second period 

a complete process was developed using the hydrogen peroxide-sodium 

ferrocyanide procedure in the rougher flotation and sodium cyanide in 

the cleaner circuit. The third test period was utilized to evaluate 

the developed process. 

Test Period No. I 

Eight days of testing various procedures was required before one 

was found which would create a reproducible and satisfactory rougher 

flotation operation over an extended period of time. It must be stressed 

that at no time during this test period were samples taken for assay. 

All conclusions were arrived at on a visual wiIl-work-wiIl-not-work basis. 

It was arbitrarily decided that if less than 15 percent of the rougher 
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feed floated this would be considered satisfactory. The eight test days -

were not conducted consecutively, but were done over a month's time. 

The Developed Procedure 

The following procedure was found to produce a satisfactory 

operating condition over a period of several hours on two different days: 

1. Treating the plant feed with sodium cyanide prior to the 

conditioning period with hydrogen peroxide and sulfuric acid. 

This was first accomplished by adding the sodium cyanide directly 

to the plant feed thickener (two lbs/ton). Later, when the first 

cleaner was being operated using sodium cyanide (four to five 

lbs/ton) as a copper and iron sulfide mineral depressant, the 

cleaner tailing containing this reagent was returned to the plant 

feed thickener. 

2. Conditioning the thickened pulp for approximately 25 minutes 

with 0.7 to I.I pounds of hydrogen peroxide per ton of feed at a 

pH between 6.5 and 6.9. The percentage of solids in the condi

tioner feed varied between 45 and 55 percent with no noticeable 

effect on the operation. The conditioning time was obtained by 

using both conditioning tanks and holding the pulp feed rate to 

II ^ I liters per minute. All the peroxide and acid were added 

to the first tank. 

3. Adding the sodium ferrocyanide and fuel oil along with enough 

fresh water to dilute<the pulp to 30 to 36 percent solids just 

prior to the rougher flotation stage. Approximately 2.0 pounds 
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of sodium ferrocyanide decahydrate and 0.5 pound of fuel oil per 

ton of feed were found to produce satisfactory results. 

Discussion of Procedures Tested 

At first, various procedures were tried utilizing only hydro

gen peroxide, sodium ferrocyanide, and sulfuric acid. It was found that 

a fair amount of depression of the copper and iron sulfide minerals could 

be accomplished on occasion. However, these periods were of a short 

duration and occurred only when the circuit was out of equilibrium. As 

soon as the circuit had time to reach equilibrium, the amount of depres

sion decreased drastically. 

Next, the chelating agent, Versene 100, was used along with the 

other reagents in accordance with the developed laboratory procedure. 

It was quickly found that the frothing property of this reagent had been 

completely overlooked in the laboratory test work. The experimenter had 

complete control over the amount of air used in the laboratory cell, 

whereas with the old cast iron Denver No. 7 cells used for the pilot 

plant rougher, there was only partial control available. Even though 

visually there appeared to be some depression of the copper and iron sul

fide minerals, a voluminous, stiff, and sticky appearing froth made the 

plant completely inoperable. 

In looking for a substitute for the chelating agent, It was found 

in Ephraim's Inorganic Chemistry that hydrogen cyanide as well as other 

poisons would stop the catalytic decomposition of hydrogen peroxide caused 

by numerous metal ions including those of copper and iron (Thorne and 

Roberts, 1954). Since sodium cyanide was a commonly used reagent in 



molybdenite recovery circuits, it was tried. It was felt that the sodium 

cyanide would react with the sulfuric acid used in the conditioning step 

to form hydrogen cyanide. Actually, sodium cyanide rapidly hydrolyzes to 

hydrogen cyanide even in moderately alkaline solutions (Gaudin, 1957). 

It was quickly found that when sodium cyanide was added to the 

plant feed thickener a completely satisfactory operation of the rougher 

flotation stage could be obtained. In fact, at times there appeared to 

be an almost complete depression of the copper and iron sulfide minerals, 

resulting in the production of what appeared to be a pure molybdenite 

concentrate. It was noted that satisfactory results could not be ob

tained by adding the reagent directly to the conditioning stage and any 

excess sodium cyanide in the conditioner feed appeared to consume hydro

gen peroxide. It was later found that hydrogen peroxide would react with 

potassium cyanide to form cyanate and carbonate ions (Masson, 1907>. It 

was assumed that it reacts with sodium and hydrogen cyanides in a similar 

manner. 

On the last two days of this test period a first cleaner utiliz

ing sodium cyanide as a copper and iron sulfide mineral depressant was 

operated in addition to the rougher flotation stage. By returning the 

first cleaner tailing to the plant feed thickener, it was found that it 

was no longer necessary to add sodium cyanide at this point in the cir

cuit in order to obtain a satisfactory rougher operation. 

Test Period No. 2 

The second test period consists of an eight day around-the-clock 

test utilizing the previously developed procedure along with five stages 
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of cleaning in which sodium cyanide was used as the copper and iron sul

fide mineral depressant. The copper promoters contained in the plant 

feed were Z-105, described as a thiocarbamate, sodium isobutyl xanthate 

(Z—14), and sodium isopropyl xanthate (Z-ll). An extra shift at the end 

of the test was operated to determine whether the process could be used 

to treat pulp containing A. F. Promoter 404, described as a mercaptoben-

zothiazole. 

Test Procedure 

Only the second conditioner was used to condition the plant 

feed with sulfuric acid and hydrogen peroxide. For the first four days 

of the test, the first conditioning tank was used to heat the pulp to 95 

degrees Fahrenheit utilizing external gas burners and during the last 

four days of the test, the pulp simply passed through this tank with no 

treatment. Only one No. 7 Denver flotation cell was used for the first 

cleaner and only one No. 5 Denver flotation cell was used for each of 

the last four cleaners. The cleaner tailings were returned to the pre

vious cleaner stages and the first cleaner tailing was returned to the 

plant feed thickener. Sodium cyanide was added to the first and fifth 

cleaners. Very small quantities of methyl isobutyl carbinol (MIBC) 

frother and Exfoam 636 were occasionally added to the rougher and cleaner 

circuit, respectively. Throughout the test, the pH in the second condi

tioning tank was held between 6.5 and 6.9. 

The pilot plant was operated on a three shift per day basis with 

an operator and a helper. The author supervised the operation and was 



present at least four hours on each shift. The flow rate and pulp den

sity of the conditioner feed and rougher tailing (final plant tailing) 

were checked every 30 minutes. The plant feed, the final plant tailing, 

and the final molybdenite concentrate were sampled every 30 minutes. 

The plant recovery was calculated for each shift using standard 

material balance techniques based on composition. The test data and re

sults by shift are contained in Appendix B. It will be noted that the 

data for five shifts were not included. These shifts were lost due to 

mechanical problems. 

Discussion of Test Results 

The results of the test proved that the hydrogen peroxide-

sodium ferrocyanide procedure utilizing sodium cyanide as a depressant 

In the cleaner circuit could be used to recover molybdenite effectively 

In a continuous flow process. The average indicated recovery for the 

entire test period was over 95 percent and the average grade of the final 

concentrate was approximately 85 percent molybdenite with under 2.5 per

cent copper. 

The metallurgical results for the last four days of the test, when 

no heat was used, were almost identical to the first four days when the 

feed pulp was heated to 95 degrees Fahrenheit. When heat was being used 

over 40 minutes conditioning time was required to obtain a satisfactory 

circuit at equilibrium conditions, whereas when heat was not being used, 

the circuit could be operated indefinitely with one set of reagent addi

tion rates at 24 to 30 minutes conditioning time. 



During the test 0.7 to 2.7 pounds of hydrogen peroxide, 2.2 to 

9.4 pounds of sodium ferrocyanide decahydrate, 3.0 to 12.9 pounds of 

sodium cyanide, and 1.6 to 2.8 pounds of fuel oil per ton of feed were 

used. These large variations in reagent usage reflect the amount of 

experimentation which took place to determine the optimum operating con

ditions. 

The results for the extra shift when copper sulfide concentrates 

promoted with A. F. Promoter 404 were treated were very encouraging; how

ever, it was felt that a longer test period would have to be conducted 

before any valid conclusions could be made. 

An interesting phenomenon associated with the process was first 

observed during this test, which was not fully explained until the second 

pilot plant campaign. It was later attributed to having either a defi

ciency or excess of hydrogen peroxide in the pulp; however, at the time, 

ft was a complete puzzlement. The amount of depression of the copper and 

iron sulfide minerals decreased down the rougher bank. For example, it 

appeared that there was almost complete depression in the first rougher 

cell, whereas in the fourth (last) cell, the amount of depression was 

barely satisfactory. A normal plant procedure in such cases would be to 

stage add the depressant. On the first four days of the test, whenever 

this was tried, there was no improvement In the amount of depression 

noted. However, on the next three days of the test the stage addition 

of sodium ferrocyanide to the third rougher cell improved the amount of 

depression. Again, on the eighth (last) day of the test, the procedure 

was of no benefit. 



Test Period No. 3 

The third test period consists of a ten day around-the-clock test 

using the procedure developed in test period No. 2. The purpose of the 

test was to learn more about the process and to prove it could be used to 

treat copper concentrates promoted with A. F. Promoter 404. Other pro

moters present in the feed pulp were potassium hexyl xanthate (Z-10), the 

allyl ester of secondary butyl xanthate (S-3302), and sodium isopropyl 

xanthate (Z-ll). 

Test Procedure 

The same flowsheet was used In this test as was used In the 

previous test period except that eight instead of five cleaning stages 

were used. Sodium cyanide was added to the first, fifth, and eighth 

cleaners. Exfoam 636 was added almost continuously at one or two points 

in the cleaner circuit during the latter half of the test. 

During the test, the flow rate and pulp density of the condi

tioner feed, rougher tailing, first cleaner tailing, and thickener over

flow were measured every 30 minutes. The fresh feed to the thickener, 

rougher tailing, first cleaner tailing, and thickener overflow were 

sampled once an hour. The entire final molybdenite concentrate production 

for each shift was filtered, dried, weighed, and sampled for assay. The 

weight was divided by the number of minutes operated during the shift to 

determine its flow rate. The grams per minute of solids in the first 

cleaner tailing was subtracted from the grams per minute of solids in the 



7 5  

conditioner feed to determine the grams per minute of fresh feed enter

ing the circuit. 

Four recovery figures were calculated for each shift. Three of 

the figures were calculated on the basis of the weights and assays of 

two of the three products: feed, concentrate, and tailing. Also, an 

indicated recovery was calculated using the assays of the three products. 

No shifts were lost due to mechanical failures; however, C-shift 

on the fifth test day and A-shift on the sixth test day were not operated 

due to a shortage of reagents. The data and results obtained during the 

test are contained in Appendix B. 

Discussion of Test Results 

By the end of the third day of the test period, it was 

realized that the plant feed thickener was not thickening properly, but 

was acting as a hydroseparator. Only the sand fraction of the final 

copper concentrate being fed to the thickener was being treated in the 

pilot plant. Most of the slime portion (minus 325 mesh material) was 

being lost in the thickener overflow. It should be realized that the 

sand fraction is the easiest portion of the plant feed to treat, because 

ft contains the smallest portion of the total mineral surface area pres

ent in a concentrate and at the same time, only a minor fraction of the 

total amount of copper collectors present in a copper concentrate. Also, 

usually the slime molybdenite is the most difficult to recover. There

fore, the exceptionally high recovery figures obtained during the second 

test period and the first three days of this test period were invalidated. 
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During the remainder of the test period every effort was made to operate 

the thickener properly, but even the best efforts proved Inadequate. The 

thickener was just too small to provide the required amount of feed to 

the pilot plant. It was obvious that a bigger thickener would have to be 

obtained and another pilot plant campaign would have to be conducted to 

prove the process. 

Although all of the conclusions made from the various tests con

ducted during the test period were, at the time, considered to be tenta

tive, they were confirmed to be true in later test work. Actually, 

during the latter part of the test period, when the plant feed contained 

a considerable amount of slime material, it became evident that the pro

cess itself would only be slightly affected when a normal plant feed 

could be treated. However, the metallurgical results obtained by the 
I 

process probably would be adversely affected. Instead of the better 

than 95 percent recoveries previously accomplished, only about 90 per

cent recoveries could be expected from the process on this particular 

company's copper concentrates. 
—  •  . .  - j  

For the entire test period, approximately 90 percent of the molyb' 

denite In the conditioner feed was recovered as a 93 percent M0S2 grade 

concentrate containing about 1.2 percent copper. However, due to the 

thickener problem, only about 80 percent of the molybdenite in the actual 

plant feed was recovered. During the first three days, over 95 percent 

recoveries were Indicated using a 6.5 minute retention time In the 

rougher. On the fourth and fifth day, when every effort was being made 

to put as much slime as possible Into the conditioner feed, the Indicated 
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recovery figure dropped below 80 percent. It was decided to float at 40 

percent solids in the rougher during the second half of the test period 

Instead of 25 in order to approximately double the retention time. In 

doing so, the level of the indicated recovery was raised to 90 percent. 

However, the reagent addition rates had to be raised considerably in 

order to maintain a satisfactory operating condition: hydrogen peroxide, 

0.7 to I.I pounds per ton of feed; sodium ferrocyanide decahydrate, 2.2 

to 3.5 pounds per ton of feed; and sodium cyanide, 4.8 to 7.3 pounds per 

ton of feed. 

The first day and part of the second day of the test was spent 

trying to find the minimum quantity of hydrogen peroxide required by the 

process. On two occasions an excellent operating condition was achieved 

In the rougher flotation at a very low hydrogen peroxide addition rate 

(0.2 to 0.3 pound per ton of feed); however. In both cases, the rougher 

concentrate could not be cleaned up to an acceptable final molybdenite 

concentrate without using excessive amounts of sodium cyanide, 12 to 15 

pounds per ton of feed. At this high a usage rate, too much cyanide 

reached the conditioning stage via the first cleaner tailing, which In 

turn, consumed the hydrogen peroxide addition. This resulted in no de

pression In the rougher. It was hypothesized that the hydrogen peroxide 

was not reacting with the copper promoters in the conditioning stage, but 

was passing through It and reacting with part of the sodium ferrocyanide 

addition to form ferricyanide. The copper collectors were being hydro-

IIzed by the sulfuric acid and In this form, the depressing ions could 

compete favorably for the surface of the mineral particles. However, any 
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of the hydrolized collector that reached the cleaner circuit, which nor

mally had a pH of over 11.0, was re-activated and the sodium cyanide had 

to compete against It for the surface of the mineral particles. The Idea 

of trying to operate the plant at this low level of hydrogen peroxide was 

abandoned and its addition rate was set at the minimum satisfactory level 

used in the previous test period: 0.7 pound per ton of feed. 

On the fifth test day, an experiment was performed to see if con

ditioning at a lower pH could be used to shorten the required conditioning 

time. During A-shift, the feed rate of the pulp going into the conditioners 

was slowly raised and at the same time, the pH in the conditioner was 

slowly lowered to 5.8 to 6.0. The hydrogen peroxide and sodium ferrocyan-

Ide feed rates also had to be raised to maintain the same pound per ton 

values. At a pH of 5.8 to 6.0, the conditioning time required was only 

16 minutes. Temporarily, the pulp feed rate was raised and lowered to 

make sure this time was the optimum. Then, to make sure the circuit was 

In equilibrium at this conditioning pH, B-shift was operated under these 

conditions. It was clear that if the conditioning time had to be shortened 

for some reason, this could be accomplished by conditioning at a lower pH 

than 6.7, which by now had been accepted as normal for the process. 

No correlation between the hydrogen peroxide and the conditioning 

time was found. Although during the first five days of the test the 

hydrogen peroxide feed rate and the conditioning time were varied, it.was 

not until the last two days of the test that any formal attempt was made 

to shorten the conditioning time by adding more peroxide. Every effort 

In this area failed. In fact, if more peroxide than the minimum required 



. 7 9  

was used, the conditioning time had to be lengthened or more sodium 

ferrocyanide had to be added to obtain a satisfactory amount of depres

sion in the rougher. 

The test proved that the hydrogen peroxide-sodium ferrocyanide 

procedure could effectively treat copper concentrates promoted with A. F. 

Promoter 404 as well as the various xanthates commonly used as copper 

sulfide collectors. The most effective conditioning time during the test 

was found to be 27 to 28 minutes, which was only slightly longer than the 

conditioning time required in test period No. 2. The quantity of hydro

gen peroxide required was about the same. 

It was found that fuel oil could not be used to improve the molyb

denite recovery. At this particular mining property, the molybdenite is 

extremely fast floating and requires very little collector to promote it. 

Some fuel oil is regularly added in the copper cleaner circuit for its 

promotion, and apparently any further addition in the pilot plant was of 

no value. Fuel oil was added occasionally to help control the froth in 

the rougher. During the last half of the test period, Exfoam 636 had to 

be added continuously In the cleaner circuit to control the froth. The 

increased amount of slimes in the plant feed during this period appeared 

to stiffen the froth in the cleaner stages. 

There was not enough time during the test period to investigate 

further the phenomenon of the decreasing amount of depression down the 

rougher bank. It was present during the whole test and sodium ferrocyanide 

was stage added whenever it was advantageous. However, it was found that 
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there was no apparent difference between stage adding the reagent and 

simply increasing the amount added at the beginning of the bank of cells. 

Second Pilot Plant Campaign 

A new pilot plant was constructed in August 1962 with the speci

fic purpose of testing and studying the hydrogen peroxide-sodium ferro-

cyanide process developed in the first campaign. A much larger plant feed 

thickener was utilized in this plant to insure that the entire thickener 

feed was treated by the process. It proved to be quite adequate and the 

thickener overflow was essentially clear at all times. It must be pointed 

out that this campaign was conducted following a rather extensive labora

tory program and therefore, it was begun with a considerable amount of 

background information concerning the process which had not been avail-, 

able before the first campaign. 

The copper sulfide mineral collectors used in the copper concen

trator during the entire campaign were the a 11yI ester of secondary butyl 

xanthate (S-3302) and sodium isopropyl xanthate (Z-ll). The feed pulp 

also contained a small quantity of fuel oil added in the copper cleaner 

circuit to promote the molybdenite and methyl isobutyl carbinol (MIBC) 

frother. The pilot plant feed contained 90 to 92 percent minus 325 mesh 

material and its pH varied between 9.5 and 10.5. 

The pilot plant was operated almost continuously during the cam

paign, being shut down only when repairs were needed or special prepara

tions had to be made for the next stage of testing. The campaign has 

been divided into three test periods. The test data and results obtained 

during the campaign, calculated by shift, are contained in Appendix C. 
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Test Period No. 1 

The main purposes of this test period were to confirm the conclu

sions arrived at during the first campaign and prove that the hydrogen 

peroxide-sodium ferrocyanide process could be used to effectively treat 

a balance plant feed containing both sands and slimes. In addition, four 

experiments were performed to investigate or re-Investigate four phases 

of the operation; 

1. The effect of pH on the conditioning step. 

2. The flotation time in the first cleaner. 

3. The phenomenon of reduced depression down the rougher. 

4. The effect of temperature on the conditioning step. 

The test period is divided into four stages, each stage representing a 

separate investigation. 

The Test Procedures and Results 

During the test period only one conditioner was used and 

there were only five stages of cleaning. The plant was operated 24 hours 

a day, divided into three eight-hour shifts. There was an operator and 

helper present on each shift. The author supervised the test and was 

present at least four hours on each shift. The flow rate and pulp den

sity of the conditioner feed and the rougher tailing were checked every 

half hour. The total final molybdenite concentrate produced was fil-

tered, dried, weighed, and sampled for assay. The plant feed and the 

rougher tailing were sampled every hour. Other products such as the 

rougher concentrate and first cleaner tailing were normally sampled once 
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or twice a shift. The calculated weight of the tailing for a shift was 

added to the weight of the final concentrate produced to determine the 

weight of the fresh plant feed. Four plant recoveries were calculated 

for each shift based on the weights and assays of two of the three pro

ducts: feed, tailing, and concentrate. The fourth recovery figure was 

calculated using the assays of the three products. This was assumed to 

be the best of the four figures. 

Stage I. During this stage the average conditioning time 

was about 24.1 minutes with approximately one pound of hydrogen peroxide 

and two pounds of sulfuric acid per ton of plant feed being used. About 

four pounds of sodium ferrocyanide per ton of feed was added just prior 

to the rougher flotation along with enough fresh water to dilute the 

rougher feed to 35 percent solids. Excellent depression was obtained in 

the rougher; however, there was a definite lack of froth. On occasion, 

the operator would add methyl isobutyl carbinol frother to the first 

rougher cell with an eye dropper to improve the froth condition. The 
« 

pulp was conditioned at an average of 54 percent solids. Approximately 

two tons of fresh feed were treated in the plant each shift with about 

12 minutes retention time in the rougher. The average tailing assay for 

the nine shifts was 0.12 percent 

The rougher concentrate, containing about 15 percent of the 

rougher feed, was combined with the second cleaner tailing to form the 

feed to the first cleaner. An average of 4.6 pounds of sodium cyanide 

per ton of plant feed was added to the rougher concentrate. The feed to 

the first cleaner contained between five and seven percent solids and It 



was floated for about four minutes. Spot samples of the first cleaner 

tailing assayed between five and six percent MoS2« Approximately 0.9 

pound of fuel oil per ton of plant feed was added to the tailing before 

It was pumped to the plant feed thickener. 

The only other reagent additions were 4.5 pounds of sodium cyan

ide per ton of plant feed to either the fourth or fifth cleaner and 0.9 

pound of Exfoam 636 per ton of plant feed to the second or third cleaner. 

The final concentrate for the nine-shift period averaged 91.22 percent 

M0S2 and the average recovery was 86.9. 

Stage 11. During this stage, the pulp was conditioned an 

average of 26.5 minutes with about one pound of hydrogen peroxide and 1.8 

pounds of sulfuric acid per ton of original plant feed. Just before the 

rougher flotation, approximately 3.8 pounds of sodium ferrocyanide per 

ton of plant feed was added to the pulp along with enough fresh water to 

dilute the rougher feed to about 38 percent solids. Over two tons of 

fresh feed were treated each shift with a retention time of about 13 

minutes in the rougher. During this stage, there was considerably more 

froth on the rougher than during Stage I. At times it was necessary to 

reduce the amount of air being used in order to control the quantity of 

froth and to some extent, the amount of material floated. It should be 

mentioned that on the newer cells used in the second pilot plant, there 

was much more control over the amount of air used than with the older 

cells used in the first pilot plant. Normal operation was to use as much 

air as possible. The average tailing assay for the eight-shift period 

was 0.18 percent 



The rougher concentrate, containing about 14 percent of the 

rougher feed, was combined with the second cleaner tailing to form the 

feed to the first cleaner. Approximately 10.4 pounds of sodium cyanide 

per ton of plant feed had to be added to the rougher concentrate in order 

to obtain a satisfactory amount of depression in the first cleaner. The 

feed to the first cleaner contained about six percent solids and It was 

floated for approximately seven minutes. The first cleaner tailing 

assayed between one and three percent Approximately 0.8 pound of 

fuel oil per ton of plant feed was added to the first cleaner tailing 

before it was pumped to the plant feed thickener. 

Approximately 2.2 pounds of Exfoam 636 per ton of plant feed had 

.to be added to either the second cleaner or the second cleaner tailing 

+o control the froth in the first cleaner float. The only other reagent 

addition was 5.4 pounds of sodium cyanide per ton of plant feed to either 

the fourth or fifth cleaner. The percent solids in the flotation pulp of 

the last four cleaners was under five percent. The final concentrate 

grade for the eight-shift period averaged 89.74 percent M0S2 and the aver

age recovery was 81.9 percent. 

Stage III. During this stage, the pulp was conditioned for 

about 25.5 minutes with I.I pounds of hydrogen peroxide and approximately 

1.8 pounds of sulfuric acid per ton of plant feed. Just before the 

rougher flotation and, at times, to the second rougher cell tailing box, 

a total of 4.8 pounds of sodium ferrocyanide per ton of plant feed was 

added to the pulp. A very small quantity of hydrogen peroxide was occa

sionally added to the second rougher eel I tailing box. Methyl isobutyl 



carbinol was fed +o the first rougher flotation eel I-continuously; how

ever, It was very difficult to set the reagent feeder at a slow enough 

feed rate to meet the circuit's requirements. During the last three 

shifts of this stage, a three percent water solution of methyl isobutyl 

carbinol was tried with a limited amount of success. A pulp containing 

55.5 percent solids was conditioned and then diluted to 36.2 percent 

solids for the rougher float. Approximately 2.2 tons of plant feed were 

treated each shift with a retention time in the rougher of about 12.5 

minutes. The average tailing assay for the ten shifts was 0.11 percent 

MoS2. 

The rougher concentrate, containing an average of 14.2 percent of 

the rougher feed, was combined with the second cleaner tailing to form 

the feed to the first cleaner. Approximately 4.9 pounds of sodium cyanide 

per ton of plant feed was added to the rougher concentrate and 2.0 pounds 

of Exfoam 636 per ton of plant feed was added to the second cleaner tail

ing. The feed to the first cleaner contained between four and eight per

cent solids and it was floated for about three minutes. The first cleaner 

tailing assayed between three and eight percent Approximately 0.3 

pound of fuel oil per ton of plant feed was added to the first cleaner 

tailing before it was pumped to the plant feed thickener. The only other 

reagent addition point was the addition of 4.5 pounds of sodium cyanide 

per ton of plant feed to the fourth or fifth cleaner. The percent solids 

in the flotation pulp of the last four cleaners was under five percent. 

The final concentrate for the ten-shift period averaged 90.44 percent 

M0S2 and the average recovery for the third stage was 88.6 percent. 
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Stage IV. During this stage the conditioner feed was heated 

to 104 degrees Fahrenheit in the first conditioning tank and then condi

tioned for an average of 26.5 minutes with one pound of hydrogen peroxide 

and 1.8 pounds of sulfuric acid per ton of original plant feed in the 

second conditioner. Just before the rougher flotation, approximately 1.9 

pounds of sodium ferrocyanide per ton of plant feed was added to the 

pulp. Methyl isobutyl carbinol, as a three percent solution, was fed 

continuously to the first rougher flotation cell during the first five 

shifts of this stage. The froth on the rougher flotation cells was dif

ficult to control, and therefore, Dowfroth 250 was substituted for the 

methyl isobutyl carbinol during the last two shifts of this stage. Dow

froth 250 is described as a polypropylene glycol methyl ether and is 

completely miscible in water. This reagent was fed as a 0.5 percent 

solution, which permitted the operator to control accurately the quantity 

of froth on the rougher cells. A pulp containing 56.3 percent solids was 

conditioned and then diluted to an average of 37.1 percent solids for the 

rougher flotation. Approximately 2.2 tons of plant feed was treated each 

shift with a retention time of about 12.5 minutes. The average tailing 

assay for the seven shifts was 0.22 percent MoSj. 

The rougher concentrate, containing an average of 12.9 percent of 

the rougher feed, was combined with the second cleaner tailing to form the 

feed to the first cleaner. Approximately 5.8 pounds of sodium cyanide per 

ton of plant feed was added to the rougher concentrate. The feed to the 

first cleaner contained four to eight percent solids and it was floated 

for about 3.5 minutes. The first cleaner tailing assayed between five 
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and ten percent MoS^. Approximately 0.2 pound of fuel oil per ton of 

plant feed was added to the first cleaner tailing before it was pumped 

to the plant feed thickener. Approximately 2.6 pounds of Exfoam 636 per 

ton of plant feed was added either to the second cleaner or the second 

cleaner tailing to control the froth on the first cleaner cell. The only 

other reagent addition was 5.4 pounds of sodium cyanide per ton of plant— 

feed to the fourth or fifth cleaner. The percent solids in the flotation 

pulp of the last four cleaners was under five percent. The final con

centrate for the seven-shift period assayed 92.84 percent MoSj and the 

average recovery for the fourth stage was 76.7. 

Discussion of Results 

In general, the plant operated very similarly to the last 

half of the third test period in the first campaign. The concentrate 

grade produced and the reagent consumption rates during the two test 

periods were about the same. However, the percentage of molybdenite re

covered was less during this period. The lower recoveries were attrib

uted to the large amount of experimentation taking place and the lack of 

an adequate control over the quantity of froth in the rougher. The for

mer was especially true in Stages II and IV, when a longer first cleaner 

float and heat were tried, respectively. The latter problem was solved 

in Stage IV when a five percent solution of Dowfroth was substituted for 

the methyl isobutyl carbinol addition. 

In the first campaign, it had been established that the condition

ing process could be speeded up by lowering the pH below the established 



normal of 6.5 to 7.0. Also, on one or two occasions, the pH by accident 

had gone above 7.0 and in each case, the result was an almost complete 

loss of depression in the rougher. During Stage I it was found that by 

using very dilute sulfuric acid solution (five percent or less) instead 

of the previously used 10 to 20 percent, the pH in the conditioner could 

be held within a tenth of a pH. For example, if the controller was set 

for a pH of 6.5, the pH would cycle between 6.4 and 6.6. On three occa

sions, the pH set point was moved from 6.5 to 7.1 in tenth of a pH incre

ments over a period of three to four hours. The results were always the 

same. At a pH of 7.1, there appeared to be a complete loss of depression 

In the rougher. At pH settings of 6.9 and 7.0, there was a decided loss 

of depression, but the circuit could be operated. However, at a pH setting 

of 6.8 and below, excellent depression of the copper and iron sulfide 

minerals was achieved. In order to reduce the acid consumption rate and 

reduce equipment maintenance, it was decided to operate at a pH of 6.8 

during the remainder of the campaign. At this pH, the best conditioning 

time appeared to be 26 to 27 minutes. In contrast, at a pH setting of 

6.5, only 22 to 23 minutes were required. It should be added that the 

hydrogen peroxide requirements were the same at either pH setting. It is 

possible that the conditioning step could be carried out at above a pH 

of 7.0, but conditioning times up to 36 minutes and hydrogen peroxide 

loadings of up to two pounds per ton were tried without success. 

After observing that the first cleaner tailing during Stage I 

contained five to six percent it was decided to extend the float 

time In the first cleaner in Stage II. This was accomplished by adding 



an additional No. 7 Denver flotation cell to the first cleaner (a total 

of two). It was hoped that by lowering the molybdenite content in the 

first cleaner tailing which returned to the plant feed thickener, the 

molybdenite content of the rougher tailing might be lowered. However, 

even though the procedure did reduce the amount of molybdenite in the 

first cleaner tailing by over 50 percent, the molybdenite content of the 

rougher tailing was higher than in Stage I. On the average, about ten 

pounds of sodium cyanide per ton of plant feed had to be used in the 

first cleaner to maintain a satisfactory amount of depression in both 

float cells. It should be noted that this was about twice as much as 

was needed in all previous test work. There was a definite tendency for 

too much cyanide to reach the conditioner stage and consume a portion of 

the hydrogen peroxide. At the beginning of the test, this tendency was 

counteracted by raising the hydrogen peroxide addition rate; however, on 

the second day of the test It was found by adding fresh water to the 

thickener, the excessive amount of cyanide could be washed out into the 

thickener overflow. The relatively high sodium cyanide addition rate, 

also caused frothing problems in the cleaner circuit. The Exfoam 636 

addition rate had to be increased to maintain a satisfactory level of 

froth. The results of the test Indicated that there was no advantages 

for and several disadvantages against extending the first cleaner flota

tion time so the idea was terminated. 

During Stage III, a concentrated effort was made to understand 

what was happening in the rougher flotation stage to cause the decreasing 

amount of depression down the bank of cells. A portable Beckman pH meter 



was used to measure the pH of the rougher tailing on a regular basis. A 

glass burette was mounted so that hydrogen peroxide could be stage added 

to the tailing box of the second rougher flotation cell, if desired. 

Also, a reagent feeder was available for feeding sodium ferrocyanide to 

the same spot. Three phenomena were observed. First, the stage addition 

of one reagent or the other would always improve the amount of depression 

as long as the pH of the rougher tailing was below 8.6. If the pH was 

above 8.6, the stage addition of either reagent appeared to reduce the 

amount of depression. Second, if the stage addition of hydrogen peroxide 

improved the amount of depression, only one or two drops per minute of the 

50 percent solution could be added. If more were used, about five minutes 

after the addition was started the amount of depression would decrease. 

Third, it was found that if a stage addition of either hydrogen peroxide 

or sodium ferrocyanide would help, the same effect could be achieved by 

raising their addition rates at the normal place. 

At this time, it was felt that the results of this test proved 

that ferricyanide formed by hydrogen peroxide reacting with the.sodium 

ferrocyanide was the depressing ion and the reduction of the ferricyanide 

Ions back to ferrocyanide was causing the decreasing amount of depression 

down the rougher bank. However, this conclusion did not explain why only 

a very small quantity of hydrogen peroxide could be stage added without 

reducing the amount of depression. It was realized that further experi

mentation would have to be conducted before a complete explanation of the 

rougher flotation behavior could be obtained. 



91 

In Stage IV, the effect of heat on the process was again evaluated. 

Contrary to the results obtained in the first campaign, It was found that 

a quite satisfactory operation could be obtained using the same condition

ing time and hydrogen peroxide addition rate as in Stage III when no heat 

was used. However, the percentage of molybdenite recovered was adversely 

affected. During this period, it was found that only about half the 

amount of sodium ferrocyanide used in the previous stages was required 

to obtain a satisfactory amount of depression in the rougher. At the 

time, it was felt that the heat was having a depressing effect on the 

copper and iron sulfide minerals, which would be advantageous, if it were 

not for the fact the molybdenite also appeared to be depressed by the 

heat. 

Test Period No. 2 

This test period was considered to be the formal test for estab

lishing the hydrogen peroxide-sodium ferrocyanide procedure as a potential 

commercial process. The plant was operated on a round-the-clock basis 

with each day divided into three eight-hour shifts. As in the previous 

test periods, an operator and helper were used on each shift, but during 

this test, the author was only present during the day shift, the last 

half hour of the night shift, and the first half hour of the evening shift 

to advise the operators and to answer any questions they might have. 

Procedure and Results 

The test was conducted using only one conditioning tank and 

there were only five stages of cleaning. The primary reagent addition 
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rates were not changed unless it was absolutely necessary to maintain 

the circuit in an operable condition. The flow rate and pulp density of 

the rougher tailing, the conditioner feed and the first cleaner tailing 

were determined every half hour. The plant feed, rougher tailing, and 

the first cleaner tailing were sampled every hour. The entire final 

molybdenite concentrate production for each shift was filtered, dried, 

weighed, and sampled for assay. 

During the formal test period, the pump was conditioned for an 

average of 27 minutes with approximately one pound of hydrogen peroxide 

and I.8 pounds of sulfuric acid per ton of plant feed. Just prior to the 

rougher flotation and, at times, to the third rougher ceil, a total of 

about two pounds of sodium ferrocyanfde~decahydrate per ton of plant feed 

was added to the pulp. The sulfuric acid was added automatically to main

tain a pH of 6.8 +0.1 in the conditioner stage. During the test, a 0.5 

percent solution of one of the Dowfroths was fed to the first rougher 

flotation cell (Dowfroths 200, 250, and 400 were used). Regrettably, no 

consumption figures were kept for the frother during the test, but the 

amounts used were extremely small. A pulp containing an average of 57.2 

percent solids was conditioned and then diluted to about 36 percent solids 

for the rougher float. Approximately two tons of plant feed were treated 

each shift with a retention time in the rougher of about 11.5 minutes. 

The average tailing assay for the 23-shift period was 0.06 percent M0S2. 

The rougher concentrate containing six to 20 percent of the 

rougher feed (an average of 13 percent) was treated with approximately 

six pounds of sodium cyanide per ton of plant feed just prior to entering 
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the first cleaner. The rougher concentrate was combined with the second 

cleaner tailing, to which an average of 0.5 pound of fuel oil per ton of 

plant feed had been added, to form the feed to the first cleaner. During 

the first 17 shifts of the test period, only one No. 7 Denver flotation 

cell was used for the first cleaner; however, during the last six shifts, 

two cells were used because the amount of fresh water added to the cleaner 

launders was greatly increased during this short period. With one cell, 

the flotation time was about three minutes and with two cells, the time 

was extended to four minutes. The first cleaner tailing averaged 5.5 

percent MoS^ for the entire test and this value did not seem to vary with 

the change in float time. As in all the prior test work, the first 

cleaner tailing was pumped to the plant feed thickener. 

The first cleaner concentrate, containing approximately one-

fortieth of the plant feed, was combined with the third cleaner tailing, 

to which approximately 1.4 pounds of Exfoam 636 per ton of plant feed had 

been added, to form the feed to the second cleaner. One No. 5 Denver 

flotation cell was used for the second cleaner. The only other reagent 

addition was approximately four pounds of sodium cyanide per ton of plant 

feed, added either to the fifth cleaner or the fifth cleaner tailing 

(fourth cleaner). Due to inadequate mixing, the sodium cyanide consump

tion figures are not correct; however, the total consumption for the 

whole test, based on the weight of cyanide used and the tons of feed 

treated, was about ten pounds per ton of feed. Twice during the test all 

the concentrates produced by each flotation stage were sampled over an 
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hour's time to determine the effectiveness of each stage. The results 

are tabulated below: 

% Contained Molybdenite 

4th day 8th day 

Plant Feed 0.85 0.92 

Rougher Cone. 12.54 15.65 

1st Cleaner Cone. 36.34 40.52 

2nd Cleaner Cone. 55.40 75.50 

3rd Cleaner Cone. 78.23 82.93 

4th Cleaner Cone. 85.40 88.38 

5th Cleaner Cone. 87.62 92.78 

The final concentrate assayed 89.89 percent M0S2 for the 23 

shifts. However, during the last six shifts of the test, when the quan

tity of fresh water was increased in the launders, an average of 92.72 

percent was obtained. The average recovery for the formal test period 

was 93.3 percent. 

Discussion of Results 

The results of this test proved conclusively that the hydrogen 

peroxide-sodium ferrocyanide process could be used to separate molybdenite 

effectively from copper concentrates containing primarily chalcopyrite and 

pyrite on a commercial basis. An average recovery of over 93 percent had 

to be considered exceptional. Also, an average grade of 89.89 percent 

M0S2 with 1.21 percent copper was considered to be quite acceptable con

sidering that only five stages of cleaning were used. 



As in the previous test periods, four recovery figures were cal

culated. It should be noted that, except for the recovery based on the 

feed and concentrate, all the recovery figures are essentially the same. 

This indicates the smoothness of the operation and accuracy of the sampl

ing. In pilot plant test work, where the final product is only a very 

small percentage of the plant feed, the recovery figure based on the 

weights and assays of the feed and concentrate will always be low, due 

to the removal of pulp from the system for samples. A metallurgical 

balance for the test period is recorded in Table XV. 

Table XV. Metallurgical Balance for Test Period No. 2 of the Second 
Campa ign 

Percent — 
of wt. % Cu % MoS 

Assays Percent 
Distribution 

2 
Cu M0S2 

Feed (cal.) 100.00 27.65 0.86 

Concentrate 0.89 1.21 89.89 0.04 93.09 

Tailing 99.11 27.89 0.06 99.96 6.91 

A metallurgical balance was calculated for the pilot plant opera

tion covering the last 21 shifts of the test. The first two shifts could 

not be used because the flow rate of the first cleaner tailing was not 

determined during this period. The balance was made using the weight of 

the various products, their molybdenite content, and their copper content. 

The following formula was used to obtain the balance: 
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1st CI. TaiIing + Final Concentrate + Ro. Tailing = Thickener Underflow 
(grams per mln.) (grams per min.) (grams per (grams per minute) 

mln.) 

Using only the pulp weight the balance was only off by 40 grams per min

ute or 0.83 percent. Using the molybdenite content, the balance was off 

by 4 grams per minute or 5.9 percent and using the copper content, the 

balance was off by 26 grams per minute or 1.9 percent. 

The quantity of plant feed was determined by adding the pounds of 

final concentrate and the pounds of rougher tailing produced each shift. 

The percent of material floated in the rougher figure was determined by 

dividing the difference between the grams per minute of.conditioner feed 

and rougher tailing by the grams per minute of conditioner feed and mul

tiplying by 100. The conditioning time was calculated by dividing the 

liters per minute of conditioner feed into 130 liters, which was the ac

tive capacity of the conditioner. The retention time in the rougher was 

calculated by dividing the liters per minute of rougher tailing into 100 

liters, which was approximately the active volume of the four rougher 

flotation eel Is. 

Although no experiments were to be conducted during this test, 

some Information was gathered concerning the rougher flotation and the 

ever present problem of the decreasing amount of depression down the 

rougher bank of cells. Soon after the test was started, one of the opera

tors found a quick and easy way of determining whether the stage addition 

of sodium ferrocyanlde would be useful in improving the rougher depres

sion or whether more hydrogen peroxide was.needed In the system. At no 

time during the test was hydrogen peroxide stage added, but on occasion, 



the author would add a few drops of hydrogen peroxide with an eye dropper 

to check the conclusion of the operator. His test was to drip the sodium 

ferrocyanide solution directly on the surface of the third cfelI and If 

the froth or surface area, where the drops hit turned golden yellow, sodium 

ferrocyanide could not be effectively stage added and the stage addition 

of hydrogen peroxide would improve the amount of depression. The test 

was valid as long as the pH of the rougher tailing was below 8.6. Above 

this pH, which only occurred rarely due to an extraordinarily high pH 

of the fresh water, the stage addition of either reagent appeared to be 

of no benefit. 

The appearance of the rougher flotation looked exactly the same, 

whether hydrogen peroxide or sodium ferrocyanide was needed for a more 

perfect depression of the copper and iron sulfide minerals. However, under 

the microscope, a definite difference in the appearance of the chalcopy-

rlte particles which were floating could be detected. In the case where 

a stage addition of sodium ferrocyanide would help, approximately 85 per

cent of the particles looked at had at least a portion of their surface 

oxidized. In the case where a stage addition of hydrogen peroxide would 

be effective, over 90 percent of the particles looked at appeared to have 

bright clean surfaces. A Leitz polarizing microscope, the Student Model, 

was used for the examination and the samples examined were never allowed 

to dry. However, they were washed with fresh water to remove any slime 

present before being examined. 



Test Period No. 3 

The test work included in this test period was not conducted or 

supervised by the author. The only reason for including the work is for 

comparative purposes. The pilot plant was operated for approximately 

four weeks using the sodium hypochlorite-sodium ferrocyanide process to 

establish a normal from which the hydrogen peroxide-sodium ferrocyanide 

process could be judged. Only the best week's results are included. The 

test was conducted by a man who had over two years experience with the 

process. It should be noted that at this time the sodium hypochlorite-

sodium ferrocyanide process was probably the most effective and efficient 

method of separating molybdenite from copper concentrates containing prim

arily chalcopyrite. Since the author did not collect and tabulate the 

test data, only that data which were available to him could be included. 

Test Procedure and Results 

During the test, the underflow of the plant feed thickener 

containing approximately 43 percent solids was pumped to a small one-

gallon rougher feed sump where it was diluted to approximately 21 percent 

solids with fresh water. Approximately 6.5 pounds of sodium hypochlorite, 

1.2 pounds of sodium ferrocyanide decahydrate and 0.3 pound of fuel oil 

per ton of plant feed were added to the pulp in this sump. At times dur

ing the test, Dowfroth ET530 was added to the rougher as a 0.5 percent 

water solution to provide a satisfactory quantity and quality of froth on 

the rougher. Approximately one ton of plant feed was treated each shift. 

Three No. 7 Denver flotation machines were used for the rougher and they 
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provided an average retention time of 7.8 minutes. The average tailing 

assay for the 18 shifts was 0.12 percent 

The rougher concentrate containing approximately 35 percent of 

the rougher feed was combined with the second cleaner tailing to form the 

feed to the first cleaner. Approximately 1.7 pounds of sodium hypochlor

ite, 1.9 pounds of sodium ferrocyanide, and 0.1 pound of fuel oil per ton 

of plant feed were added to the rougher concentrate. The feed to the 

first cleaner contained six to seven percent solids and it was floated for 

about three minutes. Two No. 7 Denver flotation machines were used for 

the first cleaner. The first cleaner tailing, which was pumped to the 

plant feed thickener, assayed 0.5 to 2.0 percent Approximately 1.2 

pounds of sodium hypochlorite per ton of plant feed was added to the first 

cleaner concentrate and the second cleaner concentrate was treated with 

about 1.0 pound of sodium hypochlorite per ton of plant feed. The third 

cleaner concentrate was treated with about 2.4 pounds of sodium ferro-

cyanide per ton of plant feed and another 3.3 pounds of sodium ferrocyanide 

per ton of plant feed was added to the fourth cleaner concentrate. Dur

ing the last half of the test, about 0.2 pound of Exfoam 636 per ton of 

plant feed was added to either the fourth or fifth cleaner. One Denver 

No. 5 flotation cell was used for each of the last four cleaners and the 

percent solids in the flotation pulp of the last four cleaners was under 

five percent. The final concentrate for the 18 shift period averaged 

77.11 percent molybdenite and the average recovery was 87.22 percent. 
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Discussion of Results 

Listed in Table XVI is a summary of the results obtained in 

Test Period No. 2 using the hydrogen peroxide-sodium ferrocyanide process 

and in Test Period No. 3 using the sodium hypochlorite-sodium ferrocyan

ide process. The only difference between the physical equipment used in 

the two processes was the conditioning stage before the flotation circuit 

In the hydrogen peroxide process. 

Table XVI. A Comparison of the Metallurgical Results Obtained Using the 
Sodium Hypochlorite-Sodium Ferrocyanide and the Hydrogen 
Peroxide-Sodium Ferrocyanide Processes 

No. of Ibs. of Feed Tailing Cone. Indicated 
Process Shifts feed per * MoS, % MoS- % MoS, Percent 

shift 
z. 

Recovery 

HP-SF 23 4115 0.89 0.06 89.89 93.3 

SH-SF 18 2010 0.93 0.12 77.11 87.2 

It can be noted from the table that the hydrogen peroxide-sodium 

ferrocyanide process recovered approximately six percent more molybdenite 

and at the same time, treated over twice the tonnage through the same 

equipment. Also, the process using hydrogen peroxide produced a consider

ably better grade of concentrate; however, a comparison in this area is 

not completely fair, because only five cleaner stages were available and 

the sodium hypochlorite-sodium ferrocyanide process requires eight for 

best results. 
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Third Pilot Plant Campaign 

The third campaign consists of five tests performed to obtain 

specific information concerning the hydrogen peroxide-sodium ferrocyanide 

process. The first two tests were performed immediately following Test 

Periods No. 2 and 3 of the second campaign and were not included in that 

campaign for clarity and continuity of the pilot plant work presentation. 

The purpose of including these two tests is to illustrate the relation

ship between the amount of hydrogen peroxide required by the process and 

the amount of water contained in the plant feed. 

The third and fourth tests consist of several days' pilot plant 

results extracted from a rather extensive pilot plant campaign which was 

conducted to determine the feasibility of using a mixture of sodium cyan

ide (2/3) and zinc sulfate (1/3) as the copper and iron sulfide mineral 

depressant in the cleaner circuit in place of pure sodium cyanide. The 

data and results of this complete campaign were not included because the 

work was beyond the scope of this investigation. The purpose of includ

ing the data and results of the third test was to illustrate the effect 

on the hydrogen peroxide-sodium ferrocyanide process of controlling the 

rougher flotation pH as well as the conditioner pH. The fourth test, 

again, iIlustrates the effect of pH on the conditioning time required by 

the process. It is felt that the presence of zinc sulfate in the process 

system in no way affected the points to be illustrated by these two tests. 

The fifth test was conducted to determine whether potassium ferri-

cyanide could be effectively substituted for sodium ferrocyanide in the 

process. Laboratory test work had Indicated the feasibility of doing so, 
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but whether the reagent could be used In a continuous flow balanced cir

cuit had to be determined. Here again, the sodium cyanide-zinc sulfate 

mixture was used in the cleaner circuit instead of pure sodium cyanide, 

but it is felt that the presence of zinc sulfate in the system did not 

Interfere with the point to be illustrated. 

The data and results from the tests, calculated on a shift basis, 

are included in Appendix D. 

Test I 

For two days following Test Period No. 2 of the second campaign, 

the pilot plant was operated at about 40 percent solids in the conditioner 

feed instead of the previously used 50 to 55 percent solids. Laboratory 

work had indicated that the amount of hydrogen peroxide required by the 

process was dependent mainly on its molar concentration in the water con

tained in the feed pulp rather than on the quantity of solid material and 

the associated copper collectors. With the increase in the amount of 

water in the feed and the corresponding decrease in the amount of solid 

material, it was expected that the hydrogen peroxide consumption rate 

would almost double. 

Test Procedure and Results 

The test was conducted exactly like Test Period No. 2 of the 

second campaign, except for the lower solids in the conditioning stage. 

During this test, the pulp was conditioned for an average of 26.5 minutes 

with about 1.2 pounds of hydrogen peroxide and 1.8 pounds of sulfuric 
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acid per ton of plant feed. Just before the rougher flotation and on 

two occasions, to the third rougher cell, a total of about 3.0 pounds of 

sodium ferrocyanide decahydrate per ton of plant feed was added to the 

pulp. A 0.5 percent solution of Dowfroth 250 was fed to the first rougher 

cell continuously. A pulp containing 42.9 percent solids was conditioned 

and then it was diluted with water to 25.8 percent solids for the rougher 

float. Approximately 1.4 tons of plant feed were treated each shift with 

a retention time of about 12 minutes in the rougher. The average tailing 

assay for the six-shift period was 0.05 percent The rougher con

centrate contained 13.5 percent of the rougher feed and 6.2 pounds of 

sodium cyanide and 0.4 pound of fuel oil per ton of plant feed were added 

to it. The feed to the first cleaner contained between four and five 

percent solids and was floated for about four minutes. The first cleaner 

tailing assayed between two and eight percent M0S2. The only other 

reagent additions were 0.7 pound of Exfoam 636 per ton of plant feed to 

the second cleaner and 3.0 pounds of sodium cyanide per ton of plant feed 

to the fourth or fifth cleaner. The percent solids in the flotation pulp 

of the last four cleaners was under three percent. The final concentrate 

for the six-shift period assayed 91.48 percent M0S2 and the average re

covery for the test was 94.0 percent. 

Discussion of Results 

As predicted, the quantity of hydrogen peroxide required by 

the process did increase, but only by 20 percent, a figure far short of 

the one predicted. At least part of the reason for the lower increase was 
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due to the fact that the percent solids in the conditioner feed during 

the test were slightly higher than the desired 40 percent. It was also 

noted that there was some reduction in the amount of sodium cyanide used 

In the cleaner circuit and, therefore, there was a corresponding decrease 

In the amount of sodium cyanide being returned to the conditioning stage. 

However, both of these items could not account for the large discrepancy 

between the laboratory and pilot plant results. It was felt that the 

only possible explanation was that more hydrogen peroxide was being con

sumed by the sodium cyanide reaction than had been previously thought. 

Test 2 

The second test was performed to determine the relationship be

tween the quantity of hydrogen peroxide required in the conditioning 

stage and the quantity of water contained in the conditioner feed, when 

there was no first cleaner tailing being returned to the thickener. The 

results of the first test indicated that possibly a large portion of the 

hydrogen peroxide addition added in the previous campaigns was simply 

being consumed by the sodium cyanide in the circulating first cleaner 

ta iIi ng. 

Test Procedure and Results 

The test was conducted on an around-the-clock basis with each 

day divided into three eight-hour shifts. The circuit was operated only 

through the rougher flotation. The thickened plant feed was conditioned 

with approximately 0.5 pound of sodium cyanide per ton of plant feed in 
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the first conditioning tank and then conditioned with the hydrogen per

oxide at a pH of 6.8 +_ 0.I in the second conditioner. The flow rate and 

pulp density of the th-ickened plant feed (conditioner feed) and the 

rougher tailing were checked every half hour. The conditioner feed 

(plant feed), rougher tailing, and rougher concentrate were sampled every 

hour. The flow rate of the conditioner feed was held as close as poss

ible to 5.0 liters per minute which provided approximately 26 minutes con

ditioning time with first the sodium cyanide and then with the hydrogen 

peroxide. 

Four shifts were operated with approximately 60 percent solids in 

the conditioner feed, the first two shifts of which were spent determining 

the minimum amount of hydrogen peroxide required by the process. The next 

five shifts were operated with about 50 percent solids in the conditioner 

feed and the last six shifts of the test were operated with approximately 

40 percent solids in the conditioner feed. However, when the conditioner 

feed contained only 50 percent solids, this provided too long a retention 

time in the rougher, so the float solids were diluted to about 30 percent 

for the seventh through the ninth shifts. When the percent solids in the 

conditioner feed were cut to 40, the rougher flotation solids had to be 

reduced to about 25 percent to retain the desired amount of retention 

time in the rougher. The plant was operated three shifts under this con

dition. Then it was decided to operate the next three shifts at above 35 

percent solids and the number of flotation cells used was reduced from 

four to two to obtain the desired retention time. 
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Only an Indicated recovery was calculated for each shift using 

the assays of the three products: feed, concentrate, and tailing. The 

average recovery for the entire test period was slightly more than 96 per

cent. There appeared to be only a slight loss in recovery when the pulp 

was conditioned at the lower pulp density. The rougher tailing averaged 

0.04 percent M0S2 for the test period. It must be added that the plant 

operated more smoothly than during any of the previously described tests. 

This, of course, was due to the fact that there was no circulating load. 

Discussion of Results 

The results of this test checked very closely with the lab

oratory results. It was found that between 0.26 and 0.29 gram.of hydrogen 

peroxide was required per liter of contained water in the conditioner 

feed. The higher value was required at 60 percent solids while the lower 

value was satisfactory at 40 percent solids In the conditioner feed. It 

was felt that the higher value was required with the thicker pulp because 

of the amount of sodium ferricyanide required in the rougher flotation. 

It was interesting to note that the actual number of milliliters per min

ute of hydrogen peroxide used during the test only increased slightly, 

whereas the number of milliliters of sodium ferrocyanide required per 

minute actually decreased in proportion to the amount of solids in the 

feed. Translated into pounds of hydrogen peroxide required per ton of 

plant feed, almost exactly twice as much reagent was required at 40 per

cent solids than at 60 percent solids. The results of this test also in

dicated that about 0.5 pound of hydrogen peroxide per ton of plant feed 
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added In Test I was consumed by excess sodium cyanide entering the condi

tioner stage. 

Test 3 

A three-day test was performed to see if the hydrogen peroxide-

sodium ferrocyanide process could be made more effective by automatically 

contolling the pH in the rougher as well as in the conditioner. At the . 

time. It was believed that the ferricyanlde ion was the only effective 

depressing ion. By holding the pH In the rougher flotation between 7.0 

and 7.3, it was felt that the hydrogen peroxide-sodiurn ferrocyanide 

reaction would be driven more to completion and the reduction of the 

sodium ferricyanide back to sodium ferrocyanide down the rougher bank 

would be inhibited. For comparison purposes, the test data for the fol

lowing three days when the plant was operated normally are included. 

Test Procedure and Results 

The test was conducted In a manner similar to Test Period 

No. 2 of the second campaign. During the six-day period, the pulp was 

conditioned for an average of 26.4 minutes using both conditioning tanks 

with about 0.9 pound of hydrogen peroxide and 1.8 pounds of sulfuric 

acid per ton of plant feed being added to the first conditioner. The pH 

was held as close as possible to 6.8 in the second conditioning tank. 

Another 0.2 pound of sulfuric acid per ton of plant feed was used to 

control the pH in the rougher flotation between 7.0 and 7.3 during the 

three test days. A total of 2.78 pounds of sodium ferrocyanide decahydrate 
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per ton of plant feed was used in the rougher flotation during the three 

days of the test. A considerable amount of the time ten to 15 percent of 

the total was being stage added to the third rougher cell. On the days 

of normal operation, 1.83 pounds of sodium ferrocyanide decahydrate per 

ton of plant feed was used and only rarely was a portion of this amount 

stage added. A 0.5 percent solution of Dowfroth 250 was fed to the first 

rougher cell on a continuous basis. A pulp containing an average of 41.4 

percent solids was conditioned and then it was diluted to 36.4 percent 

solids for the rougher float. Approximately 3.2 tons of plant feed were 

treated each shift with an average retention time of 9.0 minutes in the 

rougher. The average plant tailing for the three-day test contained 

0.082 percent molybdenite compared to 0.074 percent during the normal 

period. 

The rougher concentrate contained an average of 9.9 percent of the 

rougher feed on the three test days and 4.6 percent of the rougher feed 

on the three normal days. Approximately 5.5 pounds of the sodium cyanide 

(2/3)-zinc sulfate (1/3) mixture per ton of plant feed was added to the 

first cleaner and an additional two to three pounds per ton of plant feed 

was added to either the fourth or fifth cleaner. The percent solids in 

the first cleaner float varied between four and five percent and the per

cent solids in the last four cleaners was below three percent. Approxi

mately 0.6 pound of fuel oil per ton of plant feed was added to the first 

cleaner tailing and about 0.30 pound of Exfoam 636 was added to the 

second cleaner. The final concentrate produced during the test averaged 

90.74 percent molybdenite with 2.05 percent copper compared to 94.00 



109 

percent molybdenite with 1.27 percent copper produced during the three 

normal days' operation. The average Indicated recovery for the test was 

90.65 percent compared to 91.55 percent produced during the normal period. 

Discussion of Results 

For the first four hours of the test, the procedure of con

trolling the rougher pH worked beautifully, but as the circulating load 

built up in the circuit, the amount of depression in the rougher flotation 

became less and less. The sodium ferrocyanlde decahydrate addition rate 

was steadily increased from about two pounds to approximately three pounds 

per ton of plant feed before the rougher flotation reached equilibrium 

with the rest of the circuit. The circuit proved to be no easier and 

possibly slightly more difficult to operate than without the pH control 

on the rougher. It should be noted that the quantity of sodium ferro-

cyanide decahydrate required by the process went down to a little less 

than two pounds per ton of plant feed almost immediately after the acid 

addition to the rougher was stopped. Both the percentage of molybdenite 

recovered and the grade of the final molybdenite concentrate were ad

versely affected by the rougher pH control. 

Test 4 

In a commercial operation, very often there is a variance of as 

much as 50 percent in the amount of feed to a by-product molybdenite 

plant. Any process used to recover by-product molybdenite, therefore, 

must be able to handle conveniently these swings in plant feed tonnage. 
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The results of Test 2 Indicated that the hydrogen peroxide-sodium ferro-

cyanlde process could easily handle such a variance by allowing the per

cent solids in the plant feed thickener underflow (conditioner feed) to 

vary. Using this procedure, the same volume of material would be treated 

in the conditioner stage at all times, but there could be up to a 100 

percent variance in the amount of dry plant feed treated. However, a 

thickener is normally operated to produce a consistent percent solids in 

Its underflow product. Therefore, it was desirable to find an alternate 

procedure for handling the variance in the amount of plant feed. 

It had been realized since the first campaign that the condition

ing time could be shortened by lowering the pH in the conditioner stage. 

It should be realized that if the size of the conditioner or conditioners 

and the percent solids in the plant feed are fixed, then any variance in 

the amount of plant feed would mean a variance in the conditioning time. 

This test was conducted mainly to determine whether it would be practical 

to vary the conditioner pH to meet changes in the quantity of plant feed; 

also, the lowest pH and corresponding conditioning time at which it 

would be practical to operate were to be determined. 

Test Procedure and Results 

The test was conducted in a manner similar to Test Period 

No. 2 of the second campaign. Both conditioning tanks and five stages 

of cleaning were used. The percent solids in the conditioner feed were 

held as close to 40 percent as possible by adjusting the thickener under

flow pump and the plant was to treat the resulting flow rate. At the 
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beginning of A and B shifts on the first two days, the feed to the thick

ener was Increased by an arbitrary amount. As the Increased tonnage began 

to register in the conditioner feed, the pH in the conditioner was lowered 

by two or three tenths. The conditioner feed rate was allowed to increase 

until a satisfactory operating condition was obtained. At this time the 

conditioner feed rate was held relatively steady and the percent solids 

In the underflow were allowed to vary. If it appeared the percent solids 

In the underflow was going above 45 percent, then the feed to the thicken

er was reduced. The reagent additions were raised as necessary to meet 

the increased through-put. On these "A" and "B" shifts, only the last 

four hours of each shift were sampled and the operational data recorded. 

The third shift of the first day was operated exactly like the 

evening shift. On the second day, it was felt that a completely satis

factory operating condition had not been reached during the evening shift, 

so the plant feed rate was reduced and the third shift was operated under 

approximately the same conditions as the day shift. The plant continued 

to be operated under these conditions during the day shift of the third 

day. At the end of this shift the plant feed rate was reduced so that 

the plant could be returned to a normal operation with a pH of 6.7 in the 

conditioner stage. It should be noted that the pH's mentioned were the 

set-points on the controller and the actual pH varied plus or minus a tenth 

of a pH from the set point. 

During the three day test period, the pulp was conditioned for an 

average of 19.3 minutes with about 1.0 pound of hydrogen peroxtde and 

about 2.8 pounds of sulfuric acid per ton of plant feed. An average of 
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2.1 pounds of sodium ferrocyanide decahydra+e per ton of plant feed were 

added to the conditioner stage discharge. No sodium ferrocyanide was 

stage added during the test. A 0.5 percent solution of Dowfroth 250 was 

fed to the first rougher cell on a continuous basis. A pulp containing 

an average of 41.7 percent solids was conditioned and then it was diluted 

with water to an average of 34.2 percent solids in the float. An average 

of four tons of plant feed were treated each shift with an average reten

tion time of 6.4 minutes in the rougher. The average tailing assay for 

the three-day period was 0.11 percent The rougher concentrate con

tained about ten percent of the rougher feed and it was treated with 

approximately 5.7 pounds of the sodium cyanide-zinc sulfate mixture per 

ton of plant feed just prior to entering the first cleaner. Approximately 

0.5 pound of fuel oil per ton of plant feed was added to the first cleaner 

tailing and an unrecorded amount of Exfoam 636 was added to the second 

cleaner. An average of 2.6 pounds of the sodium cyanide-zinc sulfate 

mixture per ton of plant feed were added either to the fourth or fifth 

cleaner. The final concentrate contained an average of 92.98 percent 

M0S2 for the three-day period and the average recovery for the period was 

87.0 percent. 

Discussion of Results 

The results of the test indicated that it would not be prac

tical to change the conditioning time by lowering and raising the pH dur

ing the course of a normal day's operation. On the other hand, if the 

plant feed tonnage was fairly constant, but Increased for a few days or 
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more, then 1+ would be practical to meet this increase by adjusting the 

pH. Each time the feed rate was increased and the pH lowered during the 

test, it was a minimum of two hours before the circuit could be brought 

into balance. It was found that a pH of 6.1 with a corresponding condi

tioning time of about 17 minutes was the lowest pH at which the plant 

could be practically operated. An attempt was made to operate the plant 

at a pH of 5.8, but after eight hours of trying to bring the circuit into 

balance, the idea was abandoned. After the test was over and the operat

ing data were analyzed, it was noticed that possibly the plant could have 

been operated at the 5.8 pH level if more hydrogen peroxide had been used. 

Even though the pounds of hydrogen peroxide used per ton of plant feed 

was high, the grams of hydrogen peroxide per liter of contained water 

were too low. However, it should be added that as the pH level in the 

conditioning tanks was lowered, the plant operation became more and more 

sensitive to variances in the reagent addition rates and the conditioning 

time. In other words, the plant was much harder to operate at a pH of 

6.1 than at a pH of 6.7. 

It should be noted that as the conditioning time was reduced, by 

necessity, the flotation time in the rougher flotation was also reduced. 

As a result, the percentage of molybdenite recovered was lower and at the 

same time, a slightly better concentrate grade was obtained. It must be 

added that the loss in recovery was considerably less than expected, which 

indicated that the molybdenite at this property, using the hydrogen per

oxide-sodium ferrocyanide process, would be extremely fast floating. 
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Test 5 

A one week around-the-clock pilot plant test was planned using 

potassium ferricyanide in place of sodium ferrocyanide in the process. 

Both laboratory and pilot plant work had indicated that the ferricyanide 

ion formed by the reaction between hydrogen peroxide and sodium ferro

cyanide was the effective depressing ion in the process. On the other 

hand, the results of Test 3 in this campaign and other observed phenomena 

indicated that this could not be completely true. 

After the plant had operated for a few hours it became apparent 

that the process could not be operated using ferricyanide. Although the 

metallurgical results were negative, the observations made during the test 

enabled the author to explain all previously observed phenomena and pro

vided htm with a complete understanding of the function of sodium ferro

cyanide in the process. 

Description of Test and Results 

The plant was arranged so that both conditioning tanks were 

utilized with the hydrogen peroxide and sulfuric acid additions being made 

to the first tank. No reagents were added to the second tank. The"potas

sium ferricyanide was added to the conditioner stage discharge just prior 

to the rougher flotation. A mixture of sodium cyanide (2/3) and zinc sul

fate (1/3) was added to the first and fifth cleaners. Only one flotation 

cell was used for each of five cleaner stages. The tailing of each stage 

was returned to the previous stage and the first cleaner tailing was 

pumped back to the plant feed thickener. Approximately 0.5 pound of fuel 
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oil per ton of plant feed was added to the first cleaner tailing. Exfoam 

636 and a dilute solution of Dowfroth 250 were available for use if 

needed. 

The plant was started with a conditioner feed rate of ten liters 

per minute, which provided about 26 minutes conditioning time, and the 

feed pulp contained approximately 40 percent solids. The pH in the condi

tioner stage was set at 6.7 and water was added to the conditioner stage 

discharge to provide about 35 percent solids in the rougher flotation. 

Approximately 1.0 pound of hydrogen peroxide and 1.5 pounds of potassium 

ferricyanide per ton of plant feed were added at the beginning of the 

test. About 5.0 pounds of the sodium cyanide-zinc sulfate mixture per 

ton of plant feed were added to the first cleaner and an additional 2.0 

pounds per ton were added to the fifth cleaner. 

- The plant started up beautifully with an excellent amount of de

pression in the rougher. Only molybdenite was visible on the surface of 

the rougher cells and frother had to be added to produce enough froth so 

that it could be extracted effectively. After about a little more than 

an hour, it was noted that some chalcopyrite was floating in the first 

rougher cell and during the following hour the amount steadily increased 

to the point where some chalcopyrite was noticed coming over the second 

cell. At this point, the hydrogen peroxide feed rate was reduced to about 

0.8 pound per ton of plant feed and the potassium ferricyanide feed rate 

was increased to about 1.8 pounds per ton of plant feed. For about the 

next 40 minutes, the amount of material floating over the rougher was 

less than ten percent of the rougher feed which was considered quite 
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satisfactory, but then the amount of chalcopyrite floating in the first 

cell began increasing. Over the next two hours, the ferricyanide feed 

rate was increased several times and each time the amount of depression 

was temporarily improved, but it was obvious that the amount of chalco

pyrite floating was steadily increasing. At this time, the planned test 

was cancelled, but the plant was operated for a full eight hours at which 

time the plant was shut down. At the end of the test over 2.5 pounds of 

potassium ferricyanide per ton of plant feed was being used and chalco

pyrite was floating over the first two rougher cells at almost an unman

ageable rate. On the other hand, there was still an excellent float 

condition on the fourth (last) rougher cell. 

The most interesting observation made during the test was that 

every particle of chalcopyrite that did float had an oxidized surface. 
t 

Visually, there did not appear to be a single particle of bright shiny 

chalcopyrite floating; all the particles had the characteristic red and 

blue irridescent colors of an oxidized surface. Also, it was interesting 

to note that every particle of chalcopyrite that wanted to float, floated 

Immediately. This phenomenon was exactly opposite to that observed when 

sodium ferrocyanide was used. 

The next day, the plant was started with exactly the same condi

tions as were used the first day except sodium ferrocyanide was used in 

place of the potassium ferricyanide. The plant operated quite normally 

for four hours with about eight percent of the rougher feed floating. 

After four hours, the sodium ferrocyanide was replaced by potassium ferri

cyanide. The result was the same as experienced the day before. In the 
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beginning there was what appeared to be a complete depression of the 

chalcopyrite, but as the test progressed, more and more oxidized chalco

pyrite floated over the rougher. 

Conclusion 

It was concluded from this test that although the ferricyan-

ide ion was the major depressing ion, some ferrocyanide ions also had to 

be present to depress those particles of chalcopyrite which had oxidized 

surfaces. In other words, the ferricyanide ion was required to depress 

the chalcopyrite particles with clean or natural surfaces and the ferro

cyanide ion was needed to depress the particles of chalcopyrite with 

oxidized surfaces. Since the oxidized particles normally were only a 

small percentage of the total, the author had previously been misled into 

thinking that the ferricyanlde ion was the only effective depressant. 



CHAPTER 6 

SUMMARY OF RESULTS AND CONCLUSIONS . 

The hydrogen peroxide-sodium ferrocyanide process for separating 

molybdenite from copper concentrates containing primarily chalcopyrite 

and pyrite depends on the proper application of two chemical reactions 

involving hydrogen peroxide. First, in the conditioning stage, hydrogen 

peroxide reacts with the water soluble thiol type copper collectors to 

form the corresponding disulfides. Second, the residual hydrogen peroxide 

In the conditioner discharge reacts with sodium ferrocyanide to form 

ferricyanide. Each reaction will be discussed separately; however, it 

must be pointed out that the requirements of the second reaction imposes 

limitations on the manner in which the first reaction is conducted. 

The Conditioning Stage and Dimerization Reaction 

In the original test plan, the purpose of using the hydrogen per

oxide was simply to oxidize the water soluble thiol type copper collectors 

to their corresponding disulfides. First, in the laboratory it was proven 

that hydrogen peroxide would react with sodium isopropyl xanthate in a 

mildly acid medium to form the corresponding dixanthogen and hydroxyl ions. 

Hydrogen peroxide also appeared to react in a similar manner with several 

of the other commonly used copper collectors. Next, it was proved that 

hydrogen peroxide would react with cuprous isopropyl xanthate to form the 

118 
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dlxanthogen. It was reasoned that If ft would react with the copper 

xanthate to form the dixanthogen, it more than likely would react with 

xanthate adsorbed on the surface of the chalcopyrite in a similar manner. 

Both of these reactions were relatively slow, requiring several minutes 

to essentially go to completion. 

The idea of conditioning the copper concentrates for several min

utes at a mildly acid pH in order to dimerize the contained copper col

lectors was very attractive, because it was felt that the second require

ment of the original test plan would be satisfied at the same time. 

Essentially all of the chalcopyrite particle surfaces would be cleaned 

to their natural condition. However, it was then discovered that the 

hydrogen peroxide would react with chalcopyrite in preference to the col-" 

lectors or at least the chalcopyrite would consume the hydrogen peroxide 

addition before the dimerization reaction could go to completion. Trans

lated into laboratory flotation test results, no depression of the chal

copyrite could be obtained. In fact, the. acid conditioning of the pulp 

with hydrogen peroxide appeared to activate the chalcopyrite and make it 

float better than without conditioning. 

The next step was to find a way of stopping or at least inhibit

ing the chalcopyrite reaction so that the dimerization reaction could take 

place. It was found that a chelating agent, the tetrasodium salt of 

ethylenediaminetetraacetic acid would essentially stop the chalcopyrite 

reaction and did not appear to adversely affect the dimerization reaction. 

A satisfactory flotation procedure for separating molybdenite from copper 

concentrates containing primarily chalcopyrite and pyrite was then developed 
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in the laboratory. It consisted of conditioning the pulp first with the 

chelating agent and then with hydrogen peroxide in a slightly acid medium. 

The sodium ferrocyanide and fuel oil were then added just prior to the 

flotation. 

When this procedure was later tried in a continuous flow pilot 

plant operation, it was found that it could not be used, due to a volumi

nous and stiff froth created by the chelating agent. Sodium cyanide was 

then successfully substituted for the chelating agent. It was known that 

hydrogen cyanide could be used to stop the catalytic decomposition of 

hydrogen peroxide by heavy metal ions such as those of copper and iron 

presumably by complexing them (Thorne and Roberts, 1954). When the sodium 

cyanide addition reached the acid conditioning stage, it was felt that it 

would react with the acid to form hydrogen cyanide. Since hydrogen cyan

ide is very soluble in water, there was little danger of it escaping into 

the atmosphere. A complete flotation process was then developed for 

effectively separating molybdenite from copper concentrates containing 

primarily chalcopyrite and pyrite, and grading it up into a saleable 

finished product. By using sodium cyanide as the copper and iron sulfide 

mineral depressant in the cleaner circuit and returning the firs* cleaner 

tailing back to the conditioning stage via the plant feed thickener, it 

was found that enough cyanide could be provided for the conditioning stage 

to allow the dimerization reaction to take place. 

Before discussing the dimerization reaction further, the require

ments of the hydrogen peroxide-sodium ferrocyanide reaction must be men

tioned. Enough hydrogen peroxide has to be left in the pulp leaving the 
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conditioner stage to react with the sodium ferrocyanlde addition to form 

an adequate amount of ferricyanide in order to obtain a satisfactory 

amount of depression of the chalcopyrite in the rougher flotation. If 

less than enough hydrogen peroxide Is present, the amount of depression 

is adversely affected. Also, if too much hydrogen peroxide reaches the 

rougher flotation, the amount of depression is adversely affected. In 

the latter case, the problem can be easily corrected by raising the 

sodium ferrocyanlde addition rate. However, due to the economics in

volved, the more satisfactory method of handling this situation was 

simply to reduce the hydrogen peroxide addition rate. The hydrogen 

peroxide-sodium ferrocyanide reaction will be discussed in detail later 

in this Chapter. 

The Effect of pH and Sodium Cyanide on the 

Conditioning Stage 

In the preliminary beaker tests, it was found that the rate at 

which the dimerization reactions would take place was Increased as the 

pH was lowered from 7.0 to 5.0. In the pilot plant essentially the same 

result was obtained except that as the pH was lowered the plant became 

more and more difficult to operate until at a pH of 5.8, it was almost 

impossible to maintain a satisfactory level of performance. It Is 

theorized that this situation is caused by the amount of free cyanide 

available In the conditioning stage. One of the problems associated with 

the developed process was the fact that hydrogen peroxide would react 

with any cyanide reaching the conditioning step that was not required by 
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the pulp to prevent the chalcopyrite reaction and catalytic decomposi

tion of hydrogen peroxide by heavy metal ions. However, it was known 

that this reaction does not go to completion (Masson, 1907) and there

fore, there would be some free cyanide available in the pulp to complex 

new mineral surfaces and heavy metal ions formed during the conditioning 

stage. 

As the pH is lowered, the rate of the dimerization reaction is 

increased and the required conditioning time is shortened, but at the 

same time, the rate at which heavy metal ions are formed, which if not 

complexed will catalyze the decomposition of hydrogen peroxide into 

oxygen and water, is also increased. At a pH.of 6.7 the time required, 

for the dimerization reaction to essentially go to completion was 

approximately 25 minutes; however, the plant still operated quite 

satisfactorily with 30 minutes conditioning time. This means that there 

was an adequate amount of cyanide present at the end of 30 minutes to 

complex enough of the heavy metal ions and new mineral surfaces being 

formed, so that a satisfactory amount of hydrogen peroxide reached the 

sodium ferrocyanide addition point. The approximately five minute satis

factory conditioning time range allowed for a relatively easy plant 

operation because small variances in the conditioner pulp feed rate 

(volume) could take place with no noticeable effect on the plant opera

tion. On the other hand, as the pH of the conditioning stage was lowered, 

the satisfactory operating range (conditioning time) was shortened until 

at a pH near 5.8, every small fluctuation in the feed rate adversely 

affected the amount of depression in the rougher. At this point, it is 
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felt that the minimum time required for the dimerization reaction to go 

essentially to completion and the time when there was just enough free 

cyanide available to complex a sufficient number of the newly forming 

metal ions and mineral surfaces so that a satisfactory amount of hydrogen 

peroxide reached the sodium ferrocyanide addition point, were the same. 

The pH level at which this point would be reached depended to a minor 

extent on the amount of cyanide reaching the conditioner and on the 

amount of hydrogen peroxide being added. It is possible the process 

could have been operated at a slightly lower pH, if the conditioning 

was all done in one tank. In this situation, partiaIly"conditioned pulp 

would be continually mixed with fresh feed. It should be noted that 

during the first pilot plant campaign the process was operated satisfac

torily at a pH of 5.8 using only one conditioner, while in the third 

pilot plant campaign, using two conditioners, the plant could not be 

operated at this pH. 

An alternate or possibly an accompanying explanation for the 

previously described situation would be that the hydrogen peroxide-

cyanide reaction is driven further to completion at the lower pH levels. 

Since it was undesirable to operate at the lower pH levels for several 

reasons, the matter was not explored further. 

The Effect of Hydrogen Peroxide Concentration 

on the Conditioning Stage 

During the first pilot plant campaign it soon became apparent 

that the conditioning time required by the process could not be shortened 
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by I ncreasing the hydrogen peroxide addition rate. In fact, it appeared 

that the conditioning time had to be lengthened, if the hydrogen peroxide 

addition rate was raised, to obtain a satisfactory rougher operation. 

This observation was later confirmed in the laboratory. It was also 

found during the pilot plant work that instead of lengthening the condi

tioning time the same result could be obtained by raising the sodium 

ferrocyanide addition rate. It was reasoned on the basis of these re

sults that the rate of the dimerization reaction was not affected by the 

hydrogen peroxide addition rate and that for some reason excess hydrogen 

peroxide reaching the rougher flotation was detrimental. In other words, 

the reaction appears to be zero-order or close to it as far as hydrogen 

peroxide is concerned in the range of concentrations used. Pascal and 

TarbelI obtained similar results in reactions between a mercaptan and 

""hydrogen peroxide (1957). 

In the laboratory it was found that a minimum concentration of 

hydrogen peroxide in the water contained in the mineral pulp was required 

for the process to work effectively and that the amount of hydrogen per

oxide required by the process depended on the amount of contained water 

and not on the quantity of solids present. At first it was felt that 

this phenomenon might be due to reagents contained in the water, so a 

series of tests was performed using fresh water. Although the test re

sults using fresh water were uniformly better, the overall result was the 

same. This discovery could not be translated directly to the pilot plant 

operation because of the excess cyanide reaching the conditioner in the 

first cleaner tailing, which consumed part of the hydrogen peroxide 
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addition. However, a test was conducted during the third campaign where 

the circuit was only operated through the rougher flotation in order to 

check the laboratory results and determine approximately how much hydro

gen peroxide was being consumed by the cyanide. The results of this test 

checked very closely with the laboratory results. 

The minimum amount of hydrogen peroxide required for a satisfac-

-2 -2 
tory plant operation was equivalent to about 0.7 x 10 to 0.9 x 10 

molar concentration in the water contained in the pulp. This value in

cludes the amount of hydrogen peroxide required by both the dimerization 

and sodium ferrocyanide reactions plus any losses due to the system. 

System losses would Include the reaction with some cyanide, auto-oxidation 

due to heavy metal ions and the mechanical agitation, and some oxidation 

of the mineral particle surfaces. At 40 percent solids in the plant feed, 

_2 
0.75 x 10 molar concentration amounts to approximately 0.75 pound of 

hydrogen peroxide per ton of plant feed (dry basis). Assuming that 90 

percent of the xanthate additions made in the copper flotation circuit 

reported in the final copper concentrates (pilot plant feed), then 

approximately six to 12 times the stoichiometric amount of hydrogen per

oxide was required by the process. The xanthate addition was varied 

often in the range indicated with no detectable change in the pilot plant 

operation. If the plant feed was thickened to 60 percent solids, approxi

mately 0.4 pound of hydrogen peroxide was required per ton of pilot plant 

feed (dry basis). This amounted to only four to six times the stoichio

metric requirement and a molar concentration in the contained water of 

-2 
0.87 x 10 . The slightly higher concentration required by the higher 
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percent solids in the pulp is thought to reflect those system losses 

which would be proportional to the amount of solids being treated and 

the sodium ferrocyanide reaction requirements. It was found that even 

though the amount of hydrogen peroxide required was based on the amount 

of water present, the sodium ferrocyanide addition rate had to be ad

justed on the basis of the amount of solids being treated. 

An extremely interesting phenomenon took place whenever the hydro

gen peroxide addition was drastically reduced to about half the minimum 

amount required to obtain a satisfactory amount of depression in the 

rougher. The rougher flotation would gradually get worse (less depres

sion) to the point where it was barely manageable and then very quickly 

the amount of depression would increase to a more satisfactory level than 

in the beginning. However, the particles of chalcopyrite that did float 

over the rougher were extremely difficult to depress In the cleaner cir

cuit, making it impossible to produce a satisfactory grade of molybdenite 

concentrate without increasing the sodium.cyanide additions 25 to 30 per

cent above their normal rates. Of course, when this extra amount of 

cyanide reached the conditioner via the plant feed thickener, it consumed 

the hydrogen peroxide addition and very quickly there was no noticeable 

depression in the rougher. This phenomenon was observed on several occa

sions and it was hypothesized that the hydrogen peroxide was not reacting 

with the xanthate and was simply passing through the conditioning tank 

and reacting with the sodium ferrocyanide to form ferricyanide as in the 

normal process. At the same time, the xanthate present was being hydro-

lyzed to xanthic acid. In essence, these are the conditions required by 
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the "Morenci Process" except that sodium ferricyanide instead of ferro-

cyanide was present as the depressant (Barker and Young, 1953). Any 

xanthic acid that reached the cleaner circuit was then reverted back to 

xanthate ions, due to the high pH (11.3 to 11.8) used at this point In 

the process, which in turn, made it very difficult to obtain a satisfac

tory amount of depression of the copper and iron sulfide minerals. 

Since the plant could not be operated using this procedure, it 

was not studied in detail during the pilot plant work. However, when 

the hydrogen peroxide-sodium ferrocyanide procedure was installed in a 

commercial plant operation which did not use sodium cyanide in their 

cleaner circuit and discarded the first cleaner tailing, the phenomenon 

was investigated further (Burke and Shirley, 1965). The plant was being 

operated at 40 percent solids in the plant feed and 0.75 pound of hydro

gen peroxide per ton of plant feed was being used. The hydrogen peroxide 

addition rate was lowered to less than 0.20 pound per ton over a four 

hour period. A fairly successful attempt was made to determine the amount 

of hydrogen peroxide in the conditioning stage discharge using the 

standard potassium permanganate titration. At regular intervals, samples 

of the pulp were filtered and the filtrate was titrated. At first, the 

rougher flotation became quite difficult to manage with a decided loss 

in depression and at the same time, the amount of hydrogen peroxide re

porting in the conditioner discharge went'down. However, at a point 

close to 0.40 pound of hydrogen peroxide per ton of feed, the amount of 

hydrogen peroxide in the discharge increased (two or three times the pre

vious sample). At this point the rougher still was very difficult to 
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manage, but as the hydrogen peroxide addition rate was reduced further, 

the amount of depression in the rougher steadily increased. Finally, 

when the hydrogen peroxide addition was reduced even further, the 

rougher began loosing depression. Admittedly, the test was crude and 

only relative amounts of hydrogen peroxide were being measured, but the 

result did support the proposed theory. It is regretable that only one 

test was performed, but it must be pointed out that nearly eight hours' 

production of molybdenite was ruined by performing the test because of 

the extremely poor depression obtained during the transitional period 

and the apparent inability of the cleaner circuit to depress the chalco-

pyrite which floated over the rougher during the period when the hydrogen 

peroxide addition rate was low. 

The Effect of Heat on the Dimerization Reaction 

A series of laboratory flotation tests were performed varying the 

conditioning temperature between 40 and 80 degrees Fahrenheit to deter

mine the effect of heat on the conditioning stage. Although the metal

lurgical results indicated no effect, the visual appearance of the floats 

done at the lower temperatures made it appear that they would produce 

better results. In addition, two pilot plant tests were performed at 

elevated temperatures; 95 degrees Fahrenheit during the first test and 

104 degrees Fahrenheit in the second test. The results of the first test 

Indicated that more hydrogen peroxide and conditioning time would be re

quired at the higher temperature. However, the results of the second 

test indicated essentially no effect on the process due to heat. The 
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author tends to discount the results of the first test, since it was 

later found that during a normal plant operation without heat, a raise 

in the hydrogen peroxide rate above the minimum amount needed made it 

necessary to either extend the conditioning time or raise the sodium 

ferrocyanide addition rate in order to maintain a satisfactory amount of 

depression in the rougher. 

Suggested Mechanism for Dimerization Reaction 

It is suggested that the mechanism of the dimerization reaction 

is as follows: 

ac i d 
rocs2" + h2o + rocs2h + oh" 

2 R0CS2H + H202 -»• R0CS2S2C0R + 2 H2<) 

The first equation is probably the rate determining reaction. Both in 

the pilot plant and laboratory, it had been found that the lower the pH 

(down to a pH of 5.0), the faster the reaction to dixanthogen takes 

place. If the second reaction was the rate determining one or if the 

hydrogen peroxide reacted directly with the absorbed xanthate, the oppo

site effect wouldhave been expected, because Pascal and TarbelI found 

that when O-mercaptophenyI acetic acid was reacted with hydrogen peroxide 

in an acid media to form the disulfide, the reaction rate increased as 

the pH increased (1957). The previously described pilot plant operation 

at the very low hydrogen peroxide addition level tends to give support to 

the suggested mechanism as does the fact that the reaction apparently 
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stops almost exactly at a pH of 7.0. Several times during the pilot 

plant test program the pH In the conditioning tanks was allowed to rise 

above 7.0, sometimes on purpose and sometimes by accident. In every 

case, the result was a complete loss of depression in the rougher. At a 

pH of 6.8 excellent depression could be obtained, but at a pH of 7.1, 

very little depression would result. 

It must be pointed out that the presence of cupric or ferrous 

- ions normally tends to speed up the rate of oxidation of thiols to disul

fides with oxygen and the presence of a complexing agent such as cyanide 

or ethylenediaminetetraacetic acid (EDTA) tends to slow down the reaction 

rate (Tarbell, 1961). Therefore, it is possible that in the hydrogen 

peroxide-sodium ferrocyanide process, when the pH goes down in the condi

tioning step, more cupric. and ferrous ions are put into solution which. 

In turn, tends to speed up the dimerization reaction. However, it is 

felt that free cyanide is always present to complex these ions; otherwise 

they would catalyze the decomposition of the hydrogen peroxide. 

Although In the laboratory It was found that isopropyl dixantho-

gen could be reduced back to xanthate with copper sulfate above a pH of 

8.0, there was no evidence or indication that the dixanthogen was being 

reduced during a normal pilot plant operation. If the pH of the rougher 

was 8.6 or above, there was a decided loss of depression In the rougher. 

However, above this pH the iron cyanide complexes are no longer effect

ive depressants for copper and iron sulfide minerals (Barker and Young, 

1953). 
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The Rougher Flotation and Sodium Ferrocyanide Reaction 

In the original test plan, a way was to be found whereby sodium 

ferrocyanide could be used to effectively depress chalcopyrite after the 

water soluble copper collectors had been removed from the surface and 

dimerized. It was felt that the sodium ferrocyanide could easily dis

place any oily collectors and disulfides formed by the dimerization reac

tion which might be present on the mineral surfaces. Sodium ferrocyanide 

had been selected for use, because in the past its behavior as an effective 

chalcopyrite depressant had been unpredictable. At some properties it was 

being used to depress chalcopyrite, while at others the reagent could not 

be used because it would not depress chalcopyrite. An important part of 

this investigation was to develop a theory to explain why this situation 

ex i sted. 

During the preliminary flotation test work, it soon became appa

rent that the ferricyanide ion formed by hydrogen peroxide reacting with 

the sodium ferrocyanide was a better depressant for chalcopyrite than 

ferrocyanide. Although all the results of this test series were poor, 

those procedures tested where hydrogen peroxide and sodium ferrocyanide 

were added together always appeared to produce slightly better results. 

When the flotation procedure using the tetrasodium salt of ethylenedi-

aminetetraacetic acid (Versene 100) was developed, it was quickly found 

that the pulp could be overconditioned as well as underconditioned. In 

both cases, little depression could be obtained in the flotation stage 

using sodium ferrocyanide. 
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There were only two possible explanations for the overcondition-

Ing phenomenon. Either there was no hydrogen peroxide left In the pulp 

to react with the sodium ferrocyanide to form ferricyanide, which was 

actually the depressing ion, or enough soluble Ions were being formed in 

the conditioning stage to precipitate or in some other way neutralize 

the depressing ability of the ferrocyanide. However, if the latter were 

the case, the simple addition of more ferrocyanide should have corrected 

the situation and it did not. Therefore, it was concluded that the 

ferricyanide was the depressing ion and that at least in this case, 

ferrocyanide would not depress chaIcopyrite. This conclusion later 

proved to be partly erroneous. 

Important Observations Concerning the Rougher Flotation 

Made During the Pilot Plant Campaigns 1 

Due to the extent of the pilot plant test data and the complexity 

of the hydrogen peroxide-sodium ferrocyanide process, the author will 

first review the important observations made of the rougher operation 

which enabled him to determine the complete function of the hydrogen per

oxide-sod I um ferrocyanide reaction in the process. 

I. If there was not enough conditioning time, there was essen

tially no noticeable depression in the rougher flotation. The addition 

of more hydrogen peroxide and/or sodium ferrocyanide would not improve 

the situation. The required conditioning time could only be shortened 

by lowering the pH. 
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2. If there was too much conditioning time, the amount of de

pression in the rougher was extremely poor but normally there was a 

noticeable amount of depression on the first cell of the rougher. Some

times this situation could be corrected by adding more hydrogen peroxide. 

3. If more than the required amount of hydrogen peroxide was 

being added, the rougher flotation would lose depression. Either the 

sodium ferrocyanlde addition rate would have to be raised or the condi

tioning time lengthened to obtain a satisfactory operating condition. 

4. Even when there was a satisfactory amount of depression in 

the rougher flotation, the amount of depression would decrease down the 

rougher bank. For example, there would normally be 95 percent depression 

of the copper and iron sulfide minerals in the first cell and only an 80 

percent depression in the last cell. If the pH of the rougher flotation 

stage was below 8.6, which was almost always the case, the amount of de

pression could always be Improved by the stage addition of either hydrogen 

peroxide or sodium ferrocyanlde. If the stage addition of sodium ferro-

cyanide would improve the amount of depression, the addition of hydrogen 

peroxide would decrease the amount of depression and vice versa. If an 

Improvement was obtained by stage adding hydrogen peroxide, only a very 

small quantity could be added or the amount of depression would quickly 

decrease. If, for some unexplained reason, the pH of the dilution water 

was above the normal 7.8 to 8.2, the pH In the rougher would go above 

8.6, at which point the stage addition of either reagent would not improve 

the amount of depression. 
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5. If the pH of the rougher increased above 8.6 because the 

dilution water had an extraordinarily high pH, the amount of depression 

In the rougher would steadily decrease until at a pH of 9.0, the circuit 

would become unmanageable. 

6. If the plant was operating satisfactorily, the sodium ferro-

cyanide addition could never be reduced without decreasing the amount of 

depression even though it was obvious that too much was being used. The 

hydrogen peroxide addition rate would have to be reduced first and then 

the ferrocyanide addition could be reduced without adversely affecting 

the amount of depression. 

7. If a stage addition of sodium ferrocyanide would improve the 

amount of depression, most of the particles of chalcopyrite that did float 

over the rougher had partially oxidized surfaces. A microscopic examina-
i 

tion was required to determine this. On the other hand, a microscopic 

examination of the particles of chalcopyrite that floated over the rougher 

when a stage addition of hydrogen peroxide was required to improve the 

amount of depression, determined that most of the particles exhibited no 

indication of surface oxidation. 

8. In a test where the pH in the rougher flotation was auto

matically controlled between a pH of 7.0 and 7.3, it was found that the 

amount of depression in the rougher was greatly improved for a couple of 

hours and then the amount of depression started to decrease. It was then 

found that the amount of sodium ferrocyanide used had to be increased 

almost 50 percent above the amount required without controlling the 

rougher pH in order to maintain a satisfactory operation. 
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9. In a test where potassium ferricyanlde was substituted for 

the sodium ferrocyanide, it was found that the amount of depression in 

the rougher was quite satisfactory for about two hours and then it steadily 

decreased over the next few hours until the plant was completely unmanage

able. Almost all the particles of chalcopyrite that floated over the 

rougher had oxidized surfaces. A microscopic examination was not required 

to determine this; it was obvious to the naked eye. Also, any particles 

of chalcopyrite that wanted to float would do so at the beginning of the 

rougher flotation. Therefore, the general appearance of the rougher 

flotation stage was exactly opposite to when sodium ferrocyanide was used. 

The amount of depression gradually improved down the rougher bank. 

Explanation of Observed Phenomena 

Residual hydrogen peroxide in the discharge of the conditioner 

stage reacts with the sodium ferrocyanide to form ferricyanide as was 

previously concluded. However, the reaction does not go to completion, 

so some ferrocyanide ions are present in the rougher to depress those 

particles of chalcopyrite which have oxidized surfaces. The bulk of the 

material, which have clean or natural surfaces, is effectively depressed 

with the ferricyanide ion. In other words, sodium ferrocyanide will not 

depress chalcopyrite particles which are in their natural condition but 

will depress those particles which have oxidized surfaces. On the other 

hand, the ferricyanide ion will depress particles with natural surfaces 

but will not depress particles with oxidized surfaces. 

The hydrogen peroxide reacts with the sodium ferrocyanide when 

the pulp is mildly acid to form ferricyanide and hydroxyl ions. Then in 



136 

the rougher, which is conducted at a mildly alkaline pH, the ferricyanide 

is slowly reduced back to ferrocyanide by the hydroxyl ions and possibly 

the sulfide minerals (Fredenhagen, 1902). Translated into flotation re

sults, there would be a loss in depression down the rougher bank. 

If essentially all the hydrogen peroxide was not consumed by the 

sodium ferrocyanide reaction, the excess will react with the chalcopyrite 

particles in the flotation stage, oxidizing their surfaces. The protect

ion provided by the cyanide in the conditioning appears to end at the 

beginning of the flotation stage or shortly after it. This would be 

expected, because the amount of free cyanide available in the pulp was 

normally consumed at the end of the conditioning period. At the same time 

the excess hydrogen peroxide inhibits the reduction of the ferricyanide 

back to ferrocyanide. Translated into flotation results, there would be 

a loss In depression down the rougher flotation bank. 

It was known that the Iron cyanide complexes are poor depressants 

for copper and Iron sulfide minerals above a pH of 8.5 (Barker and Young, 

1953), so it was not unexpected that the rougher flotation would lose 

depression above this value. 

Theory concerning the Depression of Chalcopyrite with 

Sodium Ferrocyanide 

In the hydrogen peroxide-sodium ferrocyanide process the function 

of the sodium ferrocyanide is to provide ions which will produce a hydro-

phylIic surface on the copper and Iron sulfide minerals. The following 

theory explains all of the observed phenomena pertaining to the depression 

$• 
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of chalcopyrite and pyrl+e noted during the development of the hydrogen 

peroxide-sodium ferrocyanide process. It also explains all of the ob

served phenomena pertaining to the depression of chalcopyrite in other 

processes using sodium ferrocyanide of which the author is familiar. 

However, it does not explain all of the observed phenomena pertaining to 

the depression of pyrite in other sodium ferrocyanide circuits. _ 

The key to the satisfactory depression of chalcopyrite with iron 

cyanide complexes appears to be the formation of Prussian Blue either 

directly at the surface or with adsorbed ions on the surface. Prussian 

Blue can be formed either by reacting ferric ions with sodium ferrocyanide 

or by reacting ferrous ions with sodium ferricyanide (Turnbull's Blue). 

In both cases, the resulting compound is the same NaFeFe(CN)g (Weiser, 

Milligan, and Bates, 1942). 

The crystal structure of chalcopyrite is essentially a super 

lattice on that of sphalerite with each metal atom surrounded with a 

tetrahedra of sulfur atoms. However, if the bonding is considered ionic, 

which is easily permittable because of the atomic distances, the crystal 

structure can be considered a slightly distorted cubic close packing of 

large sulfur ions with the metal ions in the interstices (Wyckoff, 1953). 

In the latter description the iron content in chalcopyrite would have to 

be considered present as ferrous ions. 

Therefore, if the surfaces of the chalcopyrite particles are in 

their natural or reduced state, the ferricyanide ion would depress them. 

On the other hand, If the chalcopyrite particles have been subjected to 

oxidation by roasting, aeration, or chemical means, then the effective 
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depressant would be the ferrocyanide Ion. In any commercial operation, 

it is extremely difficult to get all of the chalcopyrite surfaces either 

In an oxidized or reduced condition; therefore, it is desirable to have 

both ferrocyanide and ferricyanide present. 

Naturally, the surface of the mineral must be receptive to the 

adsorption of whichever iron cyanide complex is required. By this it Is 

meant that the copper promoters used to promote the chalcopyrite origin

ally must either be removed prior to the iron cyanide complex addition 

or the iron complex must be able to compete favorably against the pro

moters for the surface. In the hydrogen peroxide-sodium ferrocyanide 

process the thiol type promoters are oxidized to their corresponding 

disulfides. Specifically in the case of xanthates, they are dimerized 

to dlxanthogens. It Is well known that dixanthogens are excellent col

lectors for copper and iron sulfide minerals (Taggart, 1945). However, 

It has been found that the ferrocyanide and ferricyanide ions can compete 

for the surface of chalcopyrite more favorably against dixanthogens than 

their correspondIng xanthates. 

The iron cyanide complex ioris must also be able to compete favor

ably for the mineral surface.against other ions present in the pulp. The 

main concern here is the hydroxy I ion. Between a pH of 7.0 and 8.0, the 

Iron complexes can compete very favorably against the hydroxy I ion. How

ever, between a pH of 8.0 and 9.0, the competition gradually becomes 

less and less favorable until at a pH of 9.0, the iron complexes are no 

longer effective depressants. As the pulp leaves the conditioner in the 

hydrogen peroxide-rsodium ferrocyanide process, the surface of the 
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chalcopyri+e particles must be covered with some sort of cyanide com

plexes, due to the fact hydrogen cyanide protects these surfaces from 

being attacked by the hydrogen peroxide. However, whatever ions are 

present, they do not create a hydrophyllic film and present no obstacles 

to the adsorption of the iron cyanide complex Ions on the surface of the 

particles. 

During this discussion, no mention has been made of the possible 

formation of copper iron cyanide complexes which, no doubt, are also 

formed because they simply are not an important factor in explaining the 

observed phenomena. This is because either they do not enter into the 

depressing mechanism, which is extremely unlikely, or both ferrocyanide 

and ferricyanide adsorb equally as well at the copper positions. If the 

structure of chalcopyrite is considered to be ionic then the copper con

tent would be present as cupric ions. Therefore, cupric Ions would be 

present at the surface whether a natural or an oxide surface is considered. 

If It is assumed that ferrocyanide and ferricyanide ions adsorb 

at the copper positions, then it must be concluded that adsorption at the 

copper positions alone does not result in a completely hydrophyllic sur

face, because sodium ferrocyanide will not depress particles with a 

natural surface effectively, and sodium ferricyanide will not depress 

particles with an oxidized surface effectively. By effective depression 

the author means at least a 90 percent depression of the chalcopyrite in 

a flotation test. It should be mentioned that the ferricyanide ion is a 

much better depressant of particles with oxidized surfaces than the ferro

cyanide ion is of natural or reduced surfaces. It might be concluded from 
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this that ferricyanide adsorbs at the copper positions more readily than 

ferrocyanide, which may or may not be true, but it must be remembered 

that sulfide minerals with oxidized surfaces generally float rather poorly 

and that fresh clean surfaces are continually being formed due to attri

tion taking place in the flotation cell. 

As mentioned at the beginning of this discussion, the formation 

of Prussian Blue does not explain all of the observed phenomena pertaining 

to the depression of pyrite in other processes utilizing sodium ferro

cyanide. In processes treating copper concentrates containing primarily 

chalcocite and pyrite, the pyrite Is effectively depressed with sodium 

ferrocyanide. It is possible that in some cases the surface of the pyrite 

might be oxidized, but in the Duval process, this is very unlikely (Atwood 

and Curtis, 1963). The only possible explanation the author can suggest 

Is that a copper ferrocyanide is the depressant. It could be formed 

between ferrocyanide ions and copper ions adsorbed on the surface of the 

pyrite. 

Final Conclusions 

A process was developed during the investigation utiIizing hydro

gen peroxide and sodium ferrocyanide which can be used to effectively 

separate molybdenite from copper concentrates containing primarily chat-, 

copyrite and pyrite, by allowing the molybdenite to float and depressing 

the iron and copper sulfide minerals. Also, a theory was developed ex

plaining the behavior of sodium ferrocyanide as a depressant for chaIco

pyrite. Therefore, all of the original objectives of the investigation 

were achieved. 
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Since the completion of this investigation, the author has had 

an opportunity to test the developed procedure on many other copper con

centrates containing both chaI copyrite and chalcocite. In all but one 

case the procedure produced quite satisfactory results. In the case 

where it failed to do so, there was a large quantity of limestone in the 

concentrates which required an exceptionally high acid addition rate to 

lower the pH to 6.8. The calcium sulfate thus formed appeared to have a 

depressing effect on the molybdenite and at the same time produced a very 

stiff froth in the flotation stage, which was extremely difficult to 

handle. It must be pointed out that the molybdenite contained in the con

centrates used in both the laboratory and pilot plant studies was extremely 

easy to float. Sometimes this is not the case and in these situations one 

of the other established processes may produce better metallurgical re

sults, because the chemicals used to depress the copper and iron sulfide 

minerals may have an activating effect on the molybdenite. 

For several years the hydrogen peroxide-sodium ferrocyanide has 

produced excellent results at the San Manuel Division of the Magma Copper 

Company (Burke and Shirley, 1965). Also, a similar procedure using 

sodium hypochlorite in place of hydrogen peroxide is producing satisfac

tory results at the Toquepala concentrator of the Southern Peru Copper 

Corporation (Shirley, Campbell, and DeJong, 1967). At the present time, 

two companies are investigating the possibility of using other oxidizing 

agents as substitutes for hydrogen peroxide in the developed procedure. 
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Hydrogen Peroxide 

The hydrogen peroxide used in the pilot plant tests was obtained 

from the Shell Chemical Company as a 50 percent solution with water in 

polyethylene lined steel drums or in aluminum drums. The hydrogen per

oxide solution was occasionally assayed using the standard potassium 

permanganate titrating procedure. The results of these tests indicated 

that the solution contained one to three percent more peroxide than was 

indicated on the level. Stainless steel pipe fittings were used to fill 

a stainless steel Clarkson feeder directly from the drums. All stainless 

steel parts, including the feeder, which were to come in contact with 

the hydrogen peroxide were carefully washed with soap and water, soaked 

briefly in isopropyl alcohol, rinsed with distilled water, and then 

soaked overnight in concentrated nitric acid. Ordinary household alumi

num foiI was used to cover the open area on top of the feeder to prevent 

dust from getting to the hydrogen peroxide. Normally, there was some 

decomposition through autoxidation of the hydrogen peroxide while it was 

in the feeder. Occasionally, dust would get into the feeder and the 

peroxide would decompose extremely rapidly, causing what can best be 

described as a small "explosion". After this would happen, the feeder 

was carefully rinsed out with distilled water before more peroxide was 

put into it. 

The solution was fed into a small glass laboratory funnel where 

it was diluted with a stream of water to wash it through Tygon tubing 

into the conditioning tank. Great care had to be taken to make sure the 
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hydrogen peroxide solution was added directly into the pulp. Occasion

ally, a layer of froth would form on top of the tank which made it 

necessary to submerge the end of the Tygon tubing into the pulp. Other

wise, the solution was added into the vortex by the agitator. If the 

peroxide hit the froth or the exposed part of the tank a considerable 

amount of reagent would decompose through autoxidation or be consumed 

reacting with the chaI copyrite. The specific gravity of the 50 percent 

solution was I.2. 

Sodium Ferrocyanide 

Sodium ferrocyanide was obtained from the American Cyanamid 

Company as a decahydrate, which is the standard commercial product. If 

was used In the pilot plant either as a 100 gram per liter solution or 

a 200 gram per liter solution, which are commonly designated at 10 or 20 

percent solutions. The reagent was received in 50 pound paper sacks and 

was prepared for use in large batches requiring one or more sacks. A 

head tank system utilizing ordinary iron pipe was used to supply the 

reagent to the pilot plant. It was added to the conditioning tank dis

charge through a needle valve or with a Clarkson feeder. 

Sodium Cyanide 

Sodium cyanide was obtained from the American Cyanamid Company 

In steel drums. It had a designated purity of 96 to 98 percent and was 

In the flake form. It was used in the pilot plant as a 100 gram per 
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{iter (10 percent) or a 200 gram per liter (20 percent) solution. It 

was normally prepared in batches requiring 50 to 200 pounds per batch. 

It was weighed on a platform balance. A head tank system utilizing 

ordinary iron pipe and steel pipe fittings was used to supply the reagent 

to the pilot plant. It was added to two or three cleaner stages with 

either needle valves or Clarkson feeders. 

Sulfuric Acid 

Chemically pure sulfur acid was obtained from various laboratory 

chemical supply companies in the standard laboratory size bottles con

taining pounds of acid. It was diluted with water before being used in 

the pilot plant. Although various strength solutions were used, nor

mally the reagent was prepared by adding one bottle of acid to enough 

water to fill a five gallon carboy. The dilute acid was pumped auto

matically from the carboy to the conditioning tank (the first tank, if 

two were used) with a positive displacement pump to maintain a desired 

pH In the conditioning step. The parts of the pump and the tubing 

through which the acid was pumped were made of Teflon. A Honeywell pH 

control system and a Beckman pH meter with submerged electrodes were 

used. Normally, the pH was set at a pH of 6.7 to 6.8 and the control 

system was able to hold this value within a tenth of a pH. It should be 

mentioned that the more dilute the acid was, the closer the desired pH 

could be held. 
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Frothers 

During the first and part of the second pilot plant campaigns, 

methyl isobutyl carblnol (MIBC) was added occasionally to the feed to 

the rougher flotation to maintain a desired quantity of froth. This 

reagent was obtained from the Shell Chemical Company and it was used as 

received. Although this reagent is an excellent frother, it proved to 

be too powerful a frothing agent to be added continuously to the circuit. 

Even an addition rate of one drop every two minutes was too much. By 

having to add this reagent on an on-and-off basis, the froth condition 

in the entire flotation circuit was never completely satisfactory. 

During the second pilot plant campaign a five percent water,solu

tion of Dowfroth 250 was substituted for the MIBC. This reagent is 

supplied by the Dow Chemical Company and is described as a poly propylene 

gycol methyl ether. Since this reagent is completely miscible with water 

It could be fed continuously into the flotation circuit as a very dilute 

solution. This reagent was fed with a CIarkson feeder. 

Fuel Oil 

During the first and third pilot plant campaigns a light fuel 

oil designated as stove oil was used. This reagent was supplied by the 

Shell Oil Company from a West Texas oil field. A redistilled kerosene 

supplied by the Standard Oil Company of California was used during the 

second campaign. Before being used in the pilot plant, one percent by 

volume (1.3 percent by weight) of Dowfax 9N9, an emulsifying agent, was 
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added to these reagents. Dowfax 9N9 is a product of the Dow Chemical 

Company and is described as a nonionic surfactant. Fuel oil was normally 

added only to the rougher flotation feed with a Clarkson feeder. Care 

had to be taken that no spray or wash water entered the feeder because 

if it did, the fuel oil would turn to a gelatinous mass. The fuel oil 

had a specific gravity of 0.93. 

Exfoam 636 

Exfoam 636 is a proprietary formulation sold by the Grace-Dearborn 

Company. It has been found to contain 60 percent mineral oils and some 

polyglycols. It was used as received and was added to one or two of the 

cleaner flotation stages with Clarkson feeders. Its specific gravity is 

0.67. 

Potassium Ferricyanide 

The potassium ferricyanide used in the third pilot plant campaign 

was a commercial anhydrous grade obtained from the Hunt Chemical Works, 

Inc. It was used in the pilot plant as a 100 gram per liter solution (10 

percent), and was fed to the rougher flotation feed with a Clarkson 

feeder. 

Sodium Hypochlorite 

The sodium hypochlorite used in the second pilot plant campaign 

was produced by the San Manuel Copper Corporation by reacting liquid 
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chlorine with a dilute sodium hydroxide solution. Both these chemicals 

were obtained from the Dow Chemical Company and were standard commercial 

grade. The sodium hydroxide was received as a 50 percent solution. The 

resulting product was a 1.7 percent sodium hypochlorite solution with a 

pH of about 10.0. A head tank system utilizing a PVC plastic lined tank, 

PVC plastic pipe, and PVC plastic pipe fittings was used to supply the 

reagent to the pilot plant. PVC plug type valves or Clarkson feeders 

made of PVC plastic were used to feed the sodium hypochlorite to the 

rougher and first three cleaner stages. 

Water 

Although water is normally not considered a reagent. In molyb

denite flotation it is an extremely critical item. The water used in 

the pilot plant test program was fresh well water suitable for drinking. 

The water was considered to be moderately hard and It normally had a pH 

of 7.8 to 8.2. Water was added to the conditioner discharge to dilute 

the feed to the rougher and It was also added as spray water in all of 

the launders, which diluted the feed to the cleaning stages. 
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Pilot Plant Campaign No. I - Test Period 2 
Meta11urgIcaI ResuIts 

Percent Assays (Percent) 
Day and Shift Floated Feed Tai I ings Concentrates Indicated 

in Cu MoS„ Cu MoS_ Cu MoS„ Recovery 
Rougher 

z z z 

1 A 17.5 22.90 0.89 20.30 0.16 4.45 64.46 82.1 
B 23.8 27.35 0.89 24.00 0.01 2.65 76.23 98.8 
C 9.1 29.40 0.89 27.10 0.02 2.30 80.40 97.8 

2 A 12.2 26.95 1.01 27.40 0.06 1.10 91.45 94.1 
B 28.50 1.01 25.80 0.02 1.75 85.87 97.9 
C 29.25 1.01 26.90 0.03 2.10 82.84 96.9 

3 A 12.9 28.35 1.09 26.90 0.03 0.90 94.75 97.2 
B 19.4 28.65 1.09 25.85 0.02 2.00 83.03 98.2 

4 B 24.2 29.10 0.92 26.10 0.02 0.80 93.34 97.8 
C 10.8 28.10 0.92 27.15 0.04 1.50 88.20 95.7 

Average 27.86 0.97 25.75 0.04 1.96 84.06 95.7 
5 B 22.8 28.95 0.93 26.30 0.03 1.50 89.87 96.8 

C 10.1 29.80 0.93 28.00 0.03 2.90 84.51 96.8 
6 A 22.3 29.60 0.82 27.30 0.03 3.40 82.90 96.3 

C 41.2 28.30 0.82 25.75 0.02 1.65 90.51 97.6 
7 B 19.1 29.95 0.82 26.50 0.01 1.80 89.62 98.5 

C 20.2 28.95 0.82 27.20 0.03 3.60 81.06 96.3 
8 A 23.2 27.85 0.86 26.55 0.06 2.45 86.78 93.0 

B 26.0 28.10 0.86 24.55 0.02 2.30 86.32 97.8 
C 4.9 27.10 0.86 26.20 0.03 2.00 89.52 96.4 

Average 28.73 0.86 26.48 0.03 2.40 86.79 96.6 
9 A 14.2 27.00 0.98 25.30 0.03 1.40 93.22 97.0 



Pilot Plant Campaign No. I - Test Period 2 
Operational Data 

Conditioner Feed Rougher Ta111ngs 

Day and Shift ^Solids g/mln. l/mln. % Solids g/mln. 

Conditioning Time Retention 
Heat Reagents Time In 
min. min. Rougher 

mln. 

1 A 6.9 55 6677 13.6 31 5511 24 24 7.6 
B 3.2 62 3643 6.3 34 2776 51 51 16.5 
C 3.4 64 4253 8.6 34 3868 48 48 12.1 

2 A 5.7 61 6487 11.8 36 5695 29 29 8.8. 
B 3.9 65 5041 12.9 35 5702 42 42 8.1 
C 3.7 62 4337 10.1 35 4703 44 44 10.3 

3 A 5.5 59 5866 11.3 34 5108 30 30 9.2 
B 3.5 65 4372 8.2 33 3522 47 47 12.7 

4 B 5.4 67 7423 12.0 35 5629 30 30 8.7 
C 4.8 60 5436 13.2 29 4851 34 34 7.9 

Average 4.6 62 5354 10.8 34 4737 38 38 10.2 
5 B 5.7 49 4579 10.6 28 3537 29 9.8 

C 5.1 50 4177 13.0 24 3754 32 8.0 
6 A 5.4 54 4894 10.1 29 3803 no 30 10.3 

C 5.0 45 3480 7.7 22 2048 heat 33 13.5 
7 B 6.9 49 5415 14.2 25 4381 used ' 24 7.3 

C 6.6 47 4904 15.6 21 3916 25 6.7 
8 A 6.5 54 5935 12.3 29 4561 25 8.5 

B 7.1 55 6753 15.4 26 4997 23 6.8 
C 6.9 49 5451 14.9 27 5186 24 7.0 

Average 6.1 50 5065 12.6 26 4029 27 8.7 
9 A 6.7 57 6719 13.0 30 5094 24 8.0 



Pflot Plant Campaign No. I - Test Period 2 
Reagent Consumption 

H„0_ (50% sol.) Na.FetCN),-10.H_0 

Day and Shift (S.G. 1.2) 
H O 
(102 sol .) NaCN (io2 sol.) Fuel Oil (S.G. 0.93) 

cc/min. lbs/ton cc/mln. lbs/ton cc/min 1bs/ton cc/min. 1bs/ton 

1 A 5.0 1.0 60 2.2 144 5.2 — 

B 5.0 2.0 70 5.0 180 12.9 -

C 5.0 1.4 70 3.6 200 10.4 -

2 A 5.6 I.I 66 2.3 142 5.0 5 1.6 
. B 5.6 I.I 66 2.3 142 5.0 5 1.6 
C 5.0 1.2 60 2.6 120 5.1 -

3 A 5.0 I.I 80 3.1 110 4.3 5 1.8 
B 7.5 2.3 72 4.1 180 10.2 5 2.6 

4 B 6.0 1.2 108 3.8 110 3.9 5 J.6 
C 6.0 1.4 120 4.9 72 3.0 5 1.9 

Average 5.6 1.4 77 3.4 140 6.5 (5) (1.9) 
5 B 4.0 1.2 90 5*.l . 100 5.6 5 2.5 

C 4.0 1.2 71 3.8 110 5.9 5 2.4 
6 A 4.0 1.2 92 4.8 240 12.6 5 2.4 

C 5.0 2.7 96 9.4 125 12.3 5 4.4 
7 B 4.0 1.0 90 4.1 1 15 5.3 5 2.1 

C 4.0 I.I 90 4.6 110 5.6 5 2.6 
8 A 3.0 0.7 90 3.9 120 5.3 7 2.8 

B 3.2 0.7 90 3.6 108 4.3 4 1.4 
C 3.4 ' 0.7 90 3.5 105 4.1 4 1.5 

Average 3.8 1.2 89 4.8 126 6.8 5 2.5 
9 A 4.0 0.9 88 3.5 140 5.5 8 2.8 



Pilot Plant Campaign No. I - Test Period 3 
Metallurgical Results 

Final Concentrate Percent Molybdenite Recovered 
Day and Shift Based on Cone. Based on Based on Feed 

JO CIUO2 /> lsU 
and Ta11Ing Feed and Cone. and TaIIfng Indicated 

1 A 95.40 0.70 87.8 36.7 94.9 95.7 

B 92.90 1.20 96.1 106.3 95.7 96.8 
C 95.08 0.95 97.6 80.8 98.0 97.8 

2 A 95.75 0.75 92.8 56.3 95.6 96.7 
B 94.80 1.00 96.1 72.7 97.1 96.7 
C 94.52 1.05 94.9 79.1 95.8 95.6 

3 A 88.60 1.85 95.3 103.5 94.9 95.3 
B 91.61 1.40 96.0 100.7 95.8 95.3 
C 90.16 1.70 95.6 101.0 95.4 95.3 

4 A 83.71 2.70 77.5 68.0 80.2 78.1 
B 95.50 0.73 75.7 57.2 81.7 78.1 
C 92.83 1.08 93.4 110.5 92.2 91.8 

5 A 83.75 2.15 77.3 92.0 73.0 78.8 
B 95.62 0.80 76.3 70.1 78.0 78.8 

Average 92.16 1.29 89.1 81.4 90. i 91.0 
6 B 97.66 0.40 89.1 45.5 94.5 93.0 

C 79.75 2.75 96.9 83.7 97.3 97.0 
7 A 82.84 2.35 92.8 55.3 95.8 95.6 

B 96.44 0.65 80.9 48.8 88.4 88.0 
C 96.05 0.65 90.1 64.9 92.9 91.3 

8 A 96.29 0.75 89.9 116.1 87.0 87.7 
B 96.44 0.70 88.3 64.2 91.5 - 90.8 
C 95.50 0.95 87.7 94.5 86.8 85.7 

9 A 92.12 1.50 91.0 69.4 93.1 92.5 
B 95.26 0.60 93.2 99.1 92.7 92.5 
C 96.97 0.40 85.0 64.2 88.7 88.3 

10 A 95.05 0.65 78.3 41.5 88.5 83.0 
B 86.79 0.40 78.3 70.3 80.6 79.4 
C 96.62 0.50 90.7 96.3 - 90.2 87.9 

Average 93.84 0.95 89.6 77.4 91.0 89.2 



Pilot Plant Campaign No. I - Test Period 3 
Reagent Consumption 

H707 (50* sol.) Na4Fe(CN) ,-io h2o Exfoam 636 Fuel Oil 

Day and Shift (S.6. 1.2) 10* sol. NaCN (105? sol.) (S.G. 0 .07) (S.G. 0.93) 
cc/m i n. lbs/ton cc/min. 1bs/ton cc/min. 1bs/ton cc/m1n. 1bs/ton cc/m i n. 1bs/ton 

1 a N.R. N.R. — N.R. — -—- — — 

b N.R. N.R. — N.R. — — 

C 2.5 0.7 30 1.4 N.R. — — — 

2 a 2.0 0.6 75 3.8 N.R. — — — 

b 2.5 0.6 70 2.9 N.R. — — — 

C 3.0 0.7 60 2.3 150 5.7 — — 

3 a 3.0 0.7 60 2.2 141 5.2 — — 

b 3.3 0.6 58 1.8 140 4.3 : 
C 3.5 0.6 • 60 1.7 120 3.5 — 

4 a 3.5 0.8 60 2.2 120 4.3 8.0 2.7 
b 3.5 0.8 58 2.3 195 7.6 8.0 2.9 
C 3.5 0.8 60 2.2 180 6.5 8.0 2.7 

5 a 5.0 0.9 72 2.2 115 3.5 1.0 0.20 
b 5.0 0.8 72 1.9 1*15 3.1 1.0 0.18 

Average 3.4 0.7 61 2.2 142 4.8 
6 b 3.5 0.8 90 3.6 140 5.5 1.0 0.26 

C 3.5 0.9 60 2.5 150 6.2 1.0 0.28 — 

7 a 4.0 0.8 72 2.3 270 8.7 3.0 0.65 
b 4.5 1.0 70 2.7 265 10.3 1.5 0.39 6.0 2.2 
C 3.5 0.8 60 2.3 177 6.8 1.5 0.5 

8 a 3.5 i . i  60 3.0 177 8.9 1 .0 0.34 
b 3.7 0.8 88 3.3 110 4.1 ' 1.7 0.43 10.0 3.5 
C 6.5 1.6 100 4.1 168 6.9 1.0 0.28 — 

9 A 6.5 1.6 105 4.2 215 8.7 0.8 0.22 
b 6.0 1.6 130 5.7 150 6.6 0.8 0.23 1.7 0.7 
C 3.0 0.6 60 2.1 178 6.3 i . i  0.26 

10 a  4.0 1.0 75 3.2 232 9.7 5.0 1.41 
b  7.2 1.8 130 5.4 150 6.3 5.8 1.63 
C 6.0 1.4 120 4.7 190 7.5 2.4 0.63 

Average 4.7 i . i  87 3.5 184 7.3 1.9 0.50 

N.R. = used but value not recorded. 



Pilot Plant Campaign No. I - Test Period 3 
Operational Data - Page I 

Conditioner Feed Rougher Tai1ing 1st Cleaner Tail ing Fresh Feed 
Day and Shift L/min. % Sol ids g/min. L/min. % Sol ids g/mln. L/min. g/min. To cond. 

g/min. 

1 A 5.9 59.9 6508 19.0 25.3 5966 15.5 1437 5071 
B 5.6 57.8 5785 9.6 28.4 3504 11.4 1515 4276 
C 5.5 56.3 5374 15.7 21.8 4098 14.2 1000 4374 

2 A 5.3 55.3 5062 18.4 23.7 5336 12.1 1067 3995 
B 6.2 55.8 6020 1 1.4 30.1 4457 1 1.1 1142 4878 
C 5.8 57.9 6009 16.7 24.2 4960 15.3 796 5213 

3 A 6.5 54.8 6117 17.4 26.6 5812 13.9 719 5398 
B 7.7 54.5 7176 17.3 26.9 5847 11.2 618 6558 
C 7.5 57.3 7628 19.3 27.2 6639 13.3 701 6927 

4 A 7.3 51.9 6263 18.3 26.4 6039 1 1.8 752 551 1 
B 5.3 60.4 5931 14.4 24.1 4262 9.8 791 5140 
C 5.5 58.9 5951 20.2 22.0 5333 8.7 441 5510 

5 A 7.5 55.3 7185 17.5 29.8 6755 11.0 669 6516 
B 10.0 49.6 7980 17.2 33.2 7650 13.1 585 7395 

Average 6.5 ' 56.1 6356 16.6 26.4 5476 12.3 874 5478 
6 B 6.1 55.3 5832 6.9 40.7 4064 11.3 780 5052 

C 6.0 58.1 6264 7.9 38.5 4306 14.8 1407 4857 
7 A 5.9 63.8 7366 7.8 48.8 6092 13.3 1148 6218 

B 6.0 54.8 5646 9.2 37.8 4885 9.1 510 5136 
C 6.0 56.0 5860 8.4 36.8 4295 11.2 628 5232 

8 A 5.7 51.6 4845 8.0 37.4 4184 10.5 883 3962 
B 5.7 57.2 5780 7.6 43.4 4925 9.1 450 5330 
C 6.0 53.6 5400 8.1 38.6 4420 9.5 563 4837 

9 A 6.0 56.1 5880 7.0 43.9 4613 10.9 896 4984 
B 6.1 51.5 5167 8.0 38.8 4408 9.3 579 4588 

C 6.0 56.9 6030 11.9 33.6 5379 8.6 419 5611 
10 A 5.1 59.1 5554 7.2 33.5 3240 8.8 799 4755 

B 6.1 53.9 5576 6.3 46.2 4492 8.8 803 4773 
, C 6.0 55.9 5844 5.8 45.7 4066 9.8 760 5084 
Average 5.9 56.0 5789 7.9 " 40.3 4526 ' 10.4 759 5030 



Pilot Plant Campaign No. 1 - Test Period 3 
Operational Data - Page 2 

Percent Retention Time Final 
Floated Conditioning In Rougher Concentrate Thfckener 

*
 

o
 

H-O
 

Day and Shift In Rougher Time, mln. min. g/mln. L/m i n. g/m i n. 

1 A 8.3 28 5.5 18.1 84.0 8299 
B 39.4 29 10.8 45.4 69.0 11,130 
C 23.7 30 6.6 34.6 76.6 9260 

2 A 31 5.7 21.4 77.4 9260 
B 25.9 26 9.1 34.1 64.2 9740 
C 17.5 28 6.2 39.7 77.6 9941 

3 A 5.0 25 6.0 52.9 71.1 10,452 
B 18.5 21 6.0 60.6 55.0 5973 
C 13.0 22 5.4 65.2 66.8 8617 

4 A 3.6 22 5.7 47.3 33.3 2691 
B 28.1 31 • 7.2 26.5 30.0 1617 
C 10.4 30 5.2 56.4 38.7 3727 

5 A 6.0 22 5.9 52.1 34.6 1955 
B 4.1 16 6.0 48.7 34.4 761 

Average 14.5 26 6.5 43.1 58.1 6673 
6 B 29.1 27 • 17.1 23.5 26.5 1717 

C 31.2 27 13.2 18.2 40.5 2240 
7 A 17.3 28 13.3 37.8 30.7 2272 

B 13.5 27 11.3 23.6 21.0 836 
C 26.8 27 12.4 32.2 27.3 1253 

8 A 13.6 29 13.0 46.3 25.1 1534 
B 14.8 29 13.7 34.4 22.2 1119 
C 18.2 27 12.8 46.4 21.2 409 

9 A 21.6 27 14.8 35.0 21.8 1554 

B 14.7 27 13.0 44.4 24.7 889 

C 10.8 27 8.7 34.5 32.1 1390 
10 A 41.7 32 14.4 17.0 17.7 1266 

B 19.4 27 16.5 28.4 23.7 685 
C 30.4 27 - 17.9 41.6 33.3 1445 

Average 21.7 28 • 13.6 33.1 26.3 1329 
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PHot Plant Campaign No. I - Test Period 3 
Molybdenite Content of Products 

Fresh Plant Feed Rougher Tai1Ing 1st Cleaner Tailing Thickener O'flow Final Concentrate 
Day and Shift grams grams grams grams grams 

% MOS2 MoS2/m!n % M0S2 MoS2/min % MoS^ MoS2/min % M0S2 MoS2/mIn % M0S2 MoS2/min 

1 A 0.93 47.2 0.04 2.4 2.06 29.6 1.08 90 95.40 17.3 
B 0.93 39.7 0.03 1.7 0.86 13.0 0.97 108 92.90 42.2 
C 0.93 40.7 0.02 0.8 1.74 17.4 0.97 90 95.08 32.9 

2 A 0.91 36.4 0.03 1.6 1.71 18.2 1.08 100 95.75 20.5 
B 0.91 44.4 0.03 1.3 2.86 32.7 1.08 105 94.86 32.3 
C 0.91 47.4 0.04 2.0 2.97 23.6 0.93 92 94.52 37.5 

3 A 0.84 45.3 0.04 2.3 1.89 13.6 0.97 101 88.60 46.9 
B 0.84 55.1 0.04 2.3 3.99 24.7 1.13 67 91.61 55.5 
C 0.84 58.2 0.04 2.7 2.70 18.9 0.87 75 90.16 58.8 

4. A 0.86 58.2 0.19 11.5 2.32 17.5 0.97 26 83.71 39.6 
B 0.86 44.2 0.19 8.1 ' 2.52 19.9 1.04 17 95.!p0 25.3 
C 0.88 47.4 0.07 3.7 5.90 26.0 1.04 39 92.83 52.4 

5 A 0.89 47.4 0.19 12.8 3.41 22.8 . 1.14 22 83.75 43.6 
B 0.89 65.8 0.19 14.5 3.47 20.3 1.41 1 1 95.62 46.6 

Average 0.89 48.4 0.08 4.8 2.74 21.3 1.05 67 92.16 39.4 
6 B 1.00 50.5 0.07 2.8 3.22 29.4 1.41 24 97.66 23.0 

C 1.00 48.6 0.03 1.3 2.09 29.4 0.96 22 79.75 40.7 
7 A 0.91 56.6 0.04 2.4 1.84 21.1 1.33 30 82.84 31.3 

B 0.91 46.7 0.1 1 5.4 3.96 20.2 1.44 12 96.44 22.8 
C 0.91 47.6 0.08 3.4 6.08 38.2 1.37 17 96.05 30.9 

8 A 0.97 38.4 0.12 5.0 1.71 15.1 1.19 18 96.29 44.6 
B 0.97 51.7 0.09 4.4 5.79 26.1 • 1.27 14 96.44 33.2 
C 0.97 46.9 0.14 6.2 4.24 23.9 1.42 6 95.50 44.3 

9 A 0.93 46.4 0.07 3.2 3.33 29.8 1.41 22 92.12 32.2 
B 0.93 42.7 0.07 3.1 3.94 22.8 1.46 13 95.26 42.3 
C 0.93 52.2 0.11 5.9 2.51 10.5 0.90 13 96.97 33.5 

10 A 0.82 39.0 0.14 4.5 1.16 9.3 0.82 10 95.05 16.2 
B 0.82 39.1 0.17 7.6 4.51 36.2 1.52 10 96.79 27.5 
C 0.82 41.7 0.10 4.1 3.24 24.6 1.16 17 96.62 40.2 

Average 0.92 46.5 0.10 4.2 3.40 24.0 1 .26 16 93.84 36.0 
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Pilot Plant Campaign No. 2 - Test Per.iod I 
Meta11urgIcaI ResuIts 

Final Concentrate Percent Molybdenite Recovered 
Day and Shift Based on Feed Based on Based on Cone. 

JS MoS2 % Cu and Tal1Ing Feed and Cone. and Tai1Ing Indicated 

Stage 1 . 
1 A 91.00 1.20 85.6 45.2 75.9 85.6 

B 91.30 1.05 82.7 68.9 79.9 82.6 
C 90.69 1.20 88.1 78.9 86.9 88.2 

2 A 91.39 1.00 90.9 83.9 90.2 90.8 
B 90.86 1.09 89.9 83.3 89.2 89.8 
C 93.23 0.70 89.3 37.9 77.9 89.3 

3 A 91.1 1 1.00 88.7 81.6 87.9 88.8 
B 89.40 1.45 80.8 76.4 79.9 80.8 
C 92.00 1.42 86.4 79.0 85.3 86.3 

Average 91.22 1.12 86.9 70.6 83.7 86.9 
Weighted Ave. 91.12 1.12 87.0 70.5 84.5 87.5 
Stage 2 
4 A 84.50 3.30 87.7 19.7 61.6 87.6 

B 89.17 1.75 75.4 59.2 70.6 75.2 
C 96.72 0.40 86.9 31.2 70.5 87.0 

5 A 91.04 1.10 77.4 91.0 80.1 77.3 
B 91.66 0.80 66.1 56.9 62.7 66.2 
C 85.46 1.20 91.6 92.4 91.6 91.8 

6 A 84.48 1.55 86.6 42.4 75.9 86.6 
B 94.86 0.90 83.6 37.4 69.5 83.8 

Average 89.74 1.38 81.9 53.8 72.8 81.9 
Weighted Ave. 89.41 1.25 81.0 54.8 74.3 81.2 

ui VO 



Pflot Plant Campaign No. 2 - Test Period I 
Meta11urg f caI ResuIts—ContInued 

Final Concentrate Percent Molybdenite Recovered 
Day and Shift Based on Feed Based on Based on Cone. 

56 MoS2 % Cu and Ta.I1 i na Feed and Cone. and Tat 1Ing Indicated 

Stage 3 

6 C 90.00 1.10 92.4 100.9 93.0 92.5 
7 A 88.53 1.20 92.6 100.5 , 93.1 92.5 

B 90.34 1.22 78.8 90.1 : 81.0 78.8 
C 86.59 1.57 95.9 79.6 95.1 95.9 

8 A 89.12 1.20 83.3 70.7 80.9 83.3 
B 93.13 0.92 84.7 63.1 80.5 84.7 
C 92.64 1.32 92.1 34.7 81.4 92.0 

9 A 89.71 2.02 91.3 70.9 89.1 91.4 
B 91.49 1.45 91.8 66.3 89.0 91.8 
C 92.87 1.25 82.9 64.8 ; 79.1 82.8 

Average 90.44 1.47 88.6 74.2 86.2 88.6 
Weighted Ave. 89.80 1.43 88.8 75.1 87.0 88.3 

Stage 4 

10 A 93.65 1.07 80.1 71.6 78.3 80.4 

B 94.58 0.89 74.4 66.8 72.3 74.4 
C 93.65 0.90 83.7 80.5 83.2 83.8 

11 A 88.60 2.35 78.1 88.3 80.1 78.1 

B 95.40 0.77 67.0 59.7 64.4 67.2 
C 94.73 0.90 72.3 87.2 75.9 72.6 

12 A 89.24 2.65 80.5 83.6 81 .1 80.6 

Average 92.84 1.35 76.6 76.8 76.5 76.7 
Weighted Ave. 92.84 1.43 76.4 76.3 76.4 76.5 

o\ 
o 
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Pilot Plant Campaign No. 2 - Test Period I 
Operational Data and Assay Results 

Conditioner Feed 
Percent 

rVinri 
Retention 
X imo T n % Molybdenite Content 

Day and Shift L/mln. % Sol Ids 
r i od rea 

In 
uunu • 
Time 

i i iiio i n 
Rougher 

Feed Ta 111ng Cone. 

Rougher mln. ml n. 

Stage 1 

1 A 6.2 51.0 28.8 21.0 12.8 0.97 0.14 91.00 
B 5.7 53.1 12.0 22.7 II .0 0.97 0.17 91.30 
C 5.7 50.4 9.1 22.7 11.2 0.92 0.11 90.69 

2 A 5.5 51.5 24.9 23.6 11.9 0.97 0.09 91.39 
B 5.0 51.4 7.7 26.0 10.4 0.97 0.10 90.86 
C 5.9 53.5 9.9 22.0 10.2 0.93 0.10 93.23 

3 A 5.3 57.4 17.5 24.5 13.0 0.97 0.1 1 91.11 
B 4.9 59.4 16.5 26.5 It .9 0.88 0.17 89.40 
C 4.5 59.4 7.0 28.9 (1.9 0.94 0.13 92.00 

Average 5.4 54.1 14.8 24.2 11.6 0.95 0.12 91.22 
Weighted Ave. 14.9 24.1 j 1.6 0.95 0.12 91.12 

Stage 2 
I 

4 A 5.5 60.0 36.7 23.6 . 11.2 0.96 0.12 84.50 
B 4.8 62.4 15.6 27.1 II.9 1.08 0.27 89.17 
C 4.3 51.5 9.3 30.2 12.8 1.07 0.14 96.72 

5 A 4.8 58.0 13.2 27.1 12.5 0.96 0.22 91.04 
B 4.9 58.7 12.3 26.5 13.3 0.91 0.31 91 .66 
C 4.8 55.8 4.8 27.1 12.0 0.73 0.06 85.46 

6 A 5.1 56.0 7.8 25.4 12.0 0.89 0.12 84.48 
B 5.0 58.1 4.7 26.0 11.9 0.98 0.16 94.86 

Average 4.9 57.6 13.1 26.6 12.2 0.95 0.18 89.74 
Weighted Ave. 13.8 26.5 12.7 0.95 0.18 89.41 



Pilot Plant Campaign No. 2 - Test Period I 
Operational Data and Assay Results—Continued 

Day and Shift 
Conditioner Feed 
l/m I n. % Sol ids 

Percent 
FIoated 

in 
Rougher 

Cond. 
Time 
min. 

Retention 
Time in 
Rougher 
min. 

% Molybdenite Content 
Feed Tailing Cone. 

Stage 3 

6 C 5.0 54.8 26.0 1 1.2 0.92 0.07 90.00 
7 A 4.9 59.2 14.6 26.5 12.2 0.92 0.07 88.53 

B 4.9 58.2 17.2 26.5 1 1.6 0.98 0.21 90.34 
C 4.9 55.4 15.8 26.5 12.5 0.96 0.04 86.59 

8 A 4.9 56.3 9.9 26.5 13.1 0.89 0.15 89.12 
B 4.8 57.2 12.8 27.1 1 I.I 0.91 0.14 93.13 
C 5.1 , 54.6 25.4 11.0 0.87 0.07 92.64 

9 A 4.9 i' 54.7 15.5 26.5 12.5 0.92 0.08 89.71 
B 5.1 55.2 20.2 25.4 13.1 0.97 0.08 91.49 
C 5.0 56.2 26.0 11 .7 0.98 0.17 92.87 

Average 5.0 56.2 13.7 26.2 12.0 0.93 0.11 90.44 
Weighted Ave. 9.0 26.0 12.4 0.93 0.1 1 89.80 

10 A 4.9 55.8 12.4 26.5 13.0 0.96 0.19 93.65 
B 4.9 58.5 12.4 26.5 10.4 0.93 0.24 94.58 
C 4.7 55.3 6.8 27.7 10.4 0.98 0.16 93.65 

11 A 4.9 58.3 20.0 26.5 13.5 0.86 0.19 88.60 
B 5.0 54.4 4.7 26.0 1 1.3 0.97 0.32 95.40 
C 5.0 54.9 12.2 26.0 12.2 0.87 0.24 94.73 

12 A 5.1 56.9 24.1 25.4 12.4 0.97 0.19 89.24 

Average 4.9 56.3 13.2 26.4 1 1.9 0.93 0.22 92.84 
Weighted Ave. 12.9 26.5 12.2 0.93 0.22 92.84 

! 



Pilot Plant Campaign No. 2 - Test Perfod I 
Operational Data 

Rougher Tailing Cone. 
_ /_  ? _  t  „  •  — I  I  i  i  Day and Shift L/min. % Sol ids g/mIn. Ibs/min. mi n. lbs 1 bs 

reea 
lbs 

Stage 1 

1 A 8.1 33.8 3680 8.11 360 2920 14.1 2934 
B 9.4 34.9 4460 9.84 480 4725 34.8 4760 
C 9.3 33.8 4220 9.30 480 4460 35.9 4496 

2 A 8.7 30.7 3490 7.69 480 3690 33.2 3723 
B 10.0 30.0 3890 8.57 450 3855 34.6 3890 
C 10.2 34.6 4800 10.58 480 5080 19.3 5099 

3 A 8.0 39.2 4470 9.84 480 4720 41.4 4761 
B 8.7 36.8 4446 9.78 480 4690 35.5 4726 
C 8.6 37.7 4549 10.02 300 3010 24.5 3035 

Average 9.0 34.6 4223 9.30 443 . 4128 30.4 4158 

Stage 2 

4 A 8.9 32.5 3845 8.47 330 2795 6.3 2801 
B 8.4 40.0 4830 10.64 480 5107 36.9 5144 
C 7.8 32.0 3300 7.27 480 3490 12.1 3502 

5 A 8.0 38.3 4325 9.52 480 4574 44.3 4618 
B 7.5 41.7 4580 10.09 480 4843 27.5 4871 
C 8.3 37.9 4424 9.74 480 4675 37.2 4712 

6 A 8.3 38.9 4590 10.11 420 4246 19.0 4265 

B 8.4 40.9 4980 11 .97 480 5266 20.4 5286 

Average 8.2 37.8 4359 9.6 454 4375 25.5 4400 
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Pilot Plant Campaign No. 2 - Test Period I 
Operational Data—Continued 

Rougher Ta 111 ng Cone. 
Day and Shift L/mln. % Sol ids g/m in. lbs/min. mi n. lbs lbs 

reea 
1 bs 

Stage 3 

6 C 8.9 37.6 4700 10.55 480 4968 51.8 5020 
7 A 8.2 38.9 4520 9.96 480 4781 50.4 4831 

B 8.6 35.9 4240 9.34 480 4483 44.3 4527 
C 8.0 38.1 4320 9.52 480 4570 40.6 4611 

8 A 7.6 39.9 4355 9.59 480 4603 32.8 4636 
B 9.0 34.7 4240 9.34 480 4483 27.9 4531 
C 9.1 36.8 4645 10.23 480 4910 16.1 4926 

9 A 8.0 35.6 3890 8.57 420 3599 26.3 3625 
B 7.6 36.8 3880 8.55 480 4104 29.1 4131 
C 8.5 43.2 5470 12.05 270 3254 22.4 3276 

Average 8.4 37.8 4426 9.75 453 4376 34.3 4412 

Stage 4 

10 A 8.0 37.1 4136 9.1 360 3276 24.2 3300 
B 8.8 37.0 4532 10.0 480 4800 31.7 4832 
C 8.8 34.9 4180 9.2 480 4416 37.5 4452 

11 A 7.7 37.3 4012 8.8 480 ' 4224 36.4 4260 
B 9.2 35.2 4425 9.7 480 4656 38.4 4684 
C 8.5 35.6 4148 9.1 480 4368 35.3 4403 

12 A 8.4 35.6 4259 9.4 480 4512 41.3 4553 

Average 8.5 36.2 4242 9.3 463 4322 33.5 4355 

o* a 



Pilot Plant Campaign No. 2 - Test Period I 
Reagent Consumption 

pounds per ton of plant feed -

Hydrogen Sod I urn 
Peroxide Ferrocyanlde Exfoam Sodium Cyanide 10% sol. 

50J6 sol. Decahydrate Fuel ol1 636 4th and 5th 
Day and Shift S.G. 1.2 102 sol. S.G. 0.93 S.G. 0.67 1st Cleaner Cleaners Total 

Stage 1 

1 A I.I 3.8 1.5 0.2 5.1 5.0 10.1 
B 1.0 3.4 0.6 0.2 4.2 4.2 8.4 
C 1.0 4.2 0.9 0.7 4.2 4.8 9.0 

2 A 1.2 4.8 1.4 0.6 5.0 6.0 11.0 
B I.I 5.1 0.5 0.8 5.0 5.2 10.2 
C 0.9 3.3 0.7 1.0 4.0 4.0 8.0 

3 A 0.9 4.0 0.8" 1.4 4.5 4.4 8.9 
B 1.0 4.4 0.9 1 .3 4.5 3.6 8.1 
C 1.0 4.3 0.7 1.3 4.2 3.8 8.0 

Average 1.0 4.1 0.9 0.8 4.5 4.5 9.1 
Wt. Ave. 1.0 4.1 0.9 0.9 9.0 

Stage 2 

4 A 1.1 4.5 0.9 2.7 12.1 6.0 18.1 
' B 0.9 3.7 0.7 2.2 12.7 4.2 16.9 

C 1.4 4.8 I.I 3.2 19.0 6.4 25.4 
5 A I.I 3.5 0.8 2.4 11.9 6.0 17.9 

B 1.0 3.4 0.8 2.3 11.5 5.0 16.5 
C I.I 4.4 0.2 2.4 7.9 6.0 13.9 

6 A 0.9 3.4 0.8 2.3 4.0 6.0 10.0 
B 0.9 3.2 0.6 0.5 3.9 3.8 7.7 

Average 1.0 3.9 0.7 2.2 10.4 5.4 15.8 
Wt. Ave. 1.0 3.8 0.8 • 2.2 15.0 



Pilot Plant Campaign No. 2 - Test Period I 
Reagent Consumption—Continued . 
pounds per ton of plant feed 

Hydrogen Sod i urn 
-

Perox1de Ferrocyanide Exfoam Sodium Cyanide 10% sol • 
50% so 1. Decahydrate Fuel Oil 636 4th and 5th 

Day and Shift S.6. 1.2 \0% so1. S.G. 0.93 S.G. 0.67 1st Cleaner Cleaners Total 

Stage 3 

6 C 1.0 4.2 0.6 0.6 3.8 4.3 8.1 
7 A 1.0 4.4 0.3 1.5 6.0 4.0 10.0 

B 1.0 4.8 0.3 1.5 6.3 4.2 10.5 
C 1.0 4.2 0.3 1.5 4.6 4.6 9.2 

8 A l.l 4.2 0.3 1.0 4.6 4.5 9.1 

B I.I 4.4 0.3 1.3 4.7 4.7 9.4 
C 1.0 4.1 0.3 1 .2 4.3 4.3 8.6 

9 A 1.5 6.2 0.2 4.3 5.2 4.9 10.1 
B 1.5 7.2 0.2 4.3 5.3 5.2 10.5 
C 1.0 4.5 0.1 3.1 4.4 4.0 8.4 

Average l.l 4.8 ' ' 0.3 2.0 4.9 4.5 9.4 
Wt. Ave. l.l 4.8 0.3 2.0 9.4 

Stage 4 

10 A l.l 1.8 0.2 2.7 5.0 6.3 1 1.3 
B 1.0 1.8 0.2 2.5 4.0 6.1 10.1 
C l.l 1.9 0.2 2.7 5.0 5.9 10.9 

11 A l.l 2.1 0.2 3.5 6.0 5.4 11.4 

B 1.0 1.8 0.3 2.3 7.0 4.8 11.8 

C 1.0 1.9 0.3 2.4 8.0 4.5 12.5 
12 A 1.0 2.0 0.3 2.3 5.7 5.0 10.7 

Average 1.0 1.9 0.2 2.6 5.8 5.4 11.2 
Wt. Ave. 1.0 1.9 0.2 2.6 II.1 



Pilot Plant Campaign No. 2 - Test Period 2 
Metal Iurgleal - Results 

Final Concentrate Percent Molybdenite Recovered 
Day and Shift Based on • Based on Based on 

MOS2 % Cu Feed & Ta111ng feed & Cone. Cone. & Tailing Indicated 

1 B 92.00 0.77 86.9 99.0 88.4 86.9 
C 92.71 0.90 88.8 97.2 89.7 88.7 

2 A 94.00 0.65 90.3 81.5 89.2 90.0 
B 92.08 0.90 88.4 83.3 87.4 88.6 
C 90.51 1.20 80.9 117.0 85.9 80.6 

3 A 93.23 1.10 93.3 57.2 89.4 93.5 
B 91.40 1.25 95.5 78.0 94.4 95.6 
C 90.51 1.30 95.2 107.0 95.7 95.2 

4 A 92.83 1.45 94.5 71.1 94.0 95.6 
B 87.20 1.25 • 96.6 83.3 96.0 96.5 
C 82.94 1.65 96.3 100.0 - 96.7 96.7 

5 A 84.58 1.52 94.5 86.4 93.9 94.6 
B 84.24 1.70 96.8 85.0 96.3 96.7 
C 89.12 " 1.35 95.7 80.5 • 94.8 95.6 

6 A 90.41 1.55 91.5 97.2 91.9 91.6 
B 87.20 1.37 95.6 97.7 95.7 95.4 
C 88.51 1.25 95.1 122.3 96.1 95.0 

7 A 92.07 1.00 93.7 84.0 93.0 93.5 
B 92.43 4 0.87 95.4 90.2 93.3 93.4 
C 91 .91 1.00 94.7 104.5 95.1 . 94.6 

8 A 93.43 0.85 93.2 76.9 81.9 93.3 
B 92.61 1.10 95.7 76.9 94.7 95.7 

C 92.71 0.90 96.7 101.7 96.8 96.7 

Average 90.3 1.20 93.3 90.2 93.1 93.2 
Wt. Ave. 89.89 1.21 93.4 89.9 93.2 93.3 



Pilot Plant Campaign No. 2 - Test Period 2 
Assay Results and Operational Data 

Day and Shift 
Feed 

JS Molybdenite Content 
Ta i1J ng Cone. 

Percent 
Floated 
In Rougher 

Cond. 
Time 
min. 

Retention 
Time In 
Rougher 
. min. 

1 B 0.76 0.10 92.00 6.4 26.5 11.2 
C 0.79 0.09 92.71 12.8 26.0 11.9 

2 A 0.89 0.09 94.00 19.7 26.0 12.2 
B 0.96 0.11 92.08 14.7 27.1 11 .4 
C 0.87 0.17 90.51 9.8 26.0 10.6 

3 A 0.91 0.06 93.23 20.7 24.5 12.7 
B 0.89 0.04 91 .40 14.4 28.9 13.0 
C 0.83 0.04 90.51 19:. 3 28.2 13.2 

4 A 0.91 0.04 92.83 14.4 24.9 12.7 
B 0.86 0.03 87.20 8.8 26.0 1 1.8 
C 0.91 0.03 82.94 20.4 28.2 13.2 

5 A 0.91 0.05 84.58 18.4 27.7 12.3 
B 0.91 0.03 84.24 17.7 26.5 12.0 
C 0.90 0.04 89.12 7.3 27.7 11.5 

6 A 0.94 0.08 90.41 19.1 27.7 12.0 
B 0.87 0.04 87.20 11.8 26.0 II.0 
C 0.79 0.04 88.51 7.0 27.7 10.5 

7 A 0.92 0.06 92.07 14.5 27.1 12.3 
B 0.90 0.06 92.43 9.6 27.1 10.6 
C , 0.92 0.05 91.91 10.2 27.7 10.8 

8 A . 1.03 0.07 93.43 12.8 27.7 11.9 
B ' 0.93 0.04 92.61 26.0 10.3 
C 0.90 0.03 92.71 8.2 29.6 II.1 

Average 
Wt. Ave. 

0.89 
0.89 

0.06 
0.06 

90.38 
89.89 

13.5 
13.0 

27.0 
27.1 

1 1.7 
11.6 



Pilot Plant Campaign No, 2 - Test Period 2 
Operational Data 

Day and Shift 

,_a 

Rougher Tal1Ing Cone, 
lbs. 

Cal. 
Feed 
lbs. 

Day and Shift 
L/mln. £ Sol Ids g/m i n. mm. lbs/mln. lbs. 

Cone, 
lbs. 

Cal. 
Feed 
lbs. 

1 B 8.9 37.3 4637 480 10.2 4896 40.3 4936 
C 8.4 35.7 4116 480 9.1 4368 36.5 4405 

2 A 8.2 36.9 4207 480 9.3 4464 34.8 4509 
B 8.8 35.8 4330 480 9.5 4560 38.4 4598 
C 9.4 32.4 4051 240 . 8.9 2136 24.3 2160 

3 A 7.9 40.3 4590 240 10.1 2425 13.6 2439 
B 7.7 38.4 = 4181 480 9.2 4420 33.9 4454 
C 7.6 38.5 3990 450 8.8 3960 39.2 3999 

4 A 7.9 38.4 4290 180 9.5 1705 12.0 1717 
B 8.5 39.3 4769 480 10.5 5045 41.9 5087 
C 7.6 37.3 3960 480 8.7 4190 46.6 4237 

5 A 8.1 35.3 3912 480 8.6 4140 38.8 4179 
B 8.3 35.9 4100 480 9.0 4340 40.3 4380 
C 8.7 34.6 4080 480 9.0 4320 35.5 4356 

6 A 8.3 35.8 4090 480 9.0 4330 44.3 4374 
B 9.1 36.5 4595 480 10.1 4855 48.7 4904 
C 9.5 33.8 4325 480 9.5 4575 50.5 4626 

7 A' 8.1 38.3 4380 480 9.6 4730 39.2 4669 
B 9.4 34.2 4350 480 9.6 4600 40.8 4641 
C 9.3 33.2 4140 420 9.1 3830 40.5 3871 

8 A 8.4 34.3 3906 480 8.6 4128 35.3 4163 
B 9.7 36.8 4957 480 10.9 5232 40.7 5273 
C 9.0 33.2 4005 480 8.8 2640 26.3 2666 

Average 8.6 36.2 4259 434 9.4 4078 36.6 4115 

o> 
vO 



Pilot Plant Campaign No. 2 - Test Period 2 
Operational Data—Contfnued 

First Cleaner Tailing Thickener Underflow 
Day and Shift L/mln. % Sol ids Grams/m1n. L/mln. % Sol ids Grams/mln. 

1 B _ M M L 4.9 57.1 4954 
C 5.0 54.9 4720 

2. A 8.0 9.27 600 . 5.0 58.3 5240 
B 8.8 6.33 581 4.8 58.6 5074 
C 8.7 5.53 496 5.0 53.3 4490 

3 A 7.1 8.75 667 '' 5.3 59.6 5788 
B 9.1 6.97 673 4.5 59.4 4883 
C 8.0 4.88 400 4.6 59.1 4945 

4 A 7.3 8.80 694 5.2 55.2 4956 
B 8.2 5.56 713 5.0 57.9 5175 
C 7.5 5.09 398 4.6 59.3 4977 

5 A 8.2 7.25 631 4.7 57.4 4794 
B 10.2 5.25 561 . 4.9 57.3 4983 
C 7.1 6.88 518 4.7 54.7 4399 

6 A 7.6 6.13 486 4.7 59.1 5055 
B 8.8 5.19 466 5.0 58.1 5210 
C 6.8 4.85 340 4.7 56.4 4650 

7 A 14.6 4.41 672 4.8 58.8 5120 
B 14.0 4.50 658 4.8 56.8 4810 
C 12.2 4.49 573 4.7 56.1 4610 

8 A 10.3 4.61 494 4.7 55.2 4479 

B 14.0 4.44 644 5.0 56.0 4885 
C 12.2 4.55 573 4.4 56.5 4365 

Average 9.5 5.89 573 4.8 57.2 4894 

o 

/ 



Pilot Plant Campaign No. 2 - Test Period 2 
Reagent Consumptions 

pounds per ton of plant feed 

Hydrogen Sod i um . . 

PeroxIde Ferrocyanlde Exfoam Sodium Cyanide \0% sol.* 
50% sol. Decahydrate Fuel oil 636 4th and 5th 

Day and Shift S.G. 1.2 \0% sol. S.G. 0.93 S.G. 0.67 1st Cleaner Cleaners Total 

1 B 1.0 1.9 0.3 2.1 6.6 3.3 9.9 
C I.I 2.1 0.3 2.4 9.0 3.7 12.7 

2 A I.I 2.1 0.3 2.4 9.3 4.6 13.9 
B 1.0 1.9 0.3 2.3 9.8 5.0 14.8 
C 1.2 2.0 0.2 2.0 9.1 4.6 13.7 

3 A 0.9 1.8 0.2 1.6 8.4 4.3 12.7 
B I.I 2.1 0.2 0.7 14.2 5.0 19.2 
C I.I 2.2 0.2 0.7 1,0.4 5.2 15.6 

4 A I.I 2.0 0.5 0.6 1.3.2 
71.8 

4.4 17.6 
B 0.9 1.8 0.5 0.6 

1.3.2 
71.8 4.0 15.8 

C 1.2 2.2 0.6 0.7 14.0 5.0 19.0 
5 A 1.0 2.2 0.6 0.4 10.2 5.0 15.2 

B 1.0 2.1 0.6 0.7 9.5 5.0 14.5 
C 1.1 2.2 0.6 I.I . 9.6 5.0 14.6 

6 A 1.0 2.0 0.6 2.0 5.8 5.8 11.6 
B 0.9 1.8 0.5 1.8 5.2 5.2 10.4 
C 1.0 2.0 0.5 0.9 6.1 6.0 12.1 

7 A 0.9 1.9 0.5 1.5 4.5 9.1 13.6 
B 0.9 1.9 0.5 1.3 4.0 7.9 1 1.9 
C 0.9 2.0 0.5 1.0 5.0 8.4 13.4 

8 A 0.9 2.1 0.6 2.4 4.0 7.7 11.7 
B 0.8 1.7 0.4 1.5 4.0 6.0 10.1 
C 1.0 2.2 0.5 1.5 7.0 6.9 13.9 

Average 1.0 2.0 0.4 1.4 8.3 5.5 13.8 
Wt. Ave. 1.0 2.0 0.5 1.3 13.7 

*Not true consumption due to improper mixing - total cyanide used for test amounted to 
approximately 10 lbs, per ton of plant feed. 



Pilot Plant Campaign No,: 2 - Test Period 2 
Meta11urglea I BaIance 
Weight and Molybdenite 

1st CI. Ta i 1 i ng Thick. U'f1ow Concentrate Rougher Tal1Ing 

Day and Shift g/m1n. 
g.  M0S2 
per min. g/m in. 

g. M0S2 
per min. g/m i n. 

g. M0S2 
per min. g/m i n. 

g. M0S2 
per min. 

1 A 600 59.2 5240 88.0 32.9 30.9 4207 3.8 
B 581 27.2 5074 77.6 36.3 33.4 4330 4.8 
C 496 26.6 4490 68.7 46.0 41.6 4051 6.9 

2 A 667 53.4 5788 74.1 25.7 24.0 4590 2.8 
B 673 31.4 4883 65.4 32.1 29.3 4181 1.7 
C 400 14.2 4945 53.9 39.5 35.8 3990 1.6 

3 A 694 29.4 4956 68.9 30.3 28.1 4290 1.7 
B 713 27.0 5175 55.9 39.6 34.5 4769 1 .4 
C 398 10.4 4977 51.3 44.1 36.6 3960 1.2 

4 A 63! 24.4 4794 60.4 36.7 31.0 3912 2.0 
B 561 22.7 4983 57.8 38.1 32.1 4100 1.2 
C 518 23.7 4399 57.2 33.6 29.9 4080 1.6 

5 A 486 28.9 5055 66.2 41.9 37.9 4090 3.3 
' B 466 26.2 5210 63.6 45.2 39.4 4595 1.8 
C 340 24.0 4650 64.2 47.8 42.3 4325 1.7 

6 A 672 63.8 5120 79.9 37.1 34.2 4380 2.6 
B 658 53.6 4810 63.5 38.6 35.7 4350 2.6 
C 573 33.2 4610 ' 59.0 43.8 40.3 4140 2.1 

7 A 494 22.7 4479 61.4 33.4 31.2 3906 2.7 
B 644 34.3 4885 63.0 38.5 35.7 4951 2.0 
C 573 30.9 4365 53.7 39.8 36.9 4005 1.2  

Average 573 31.8 4899 64.5 38.1 34.3 4248 2.4 

Metal IurgleaI Balance 1st CI. TalIing + Final Cone. + Ro. TaiIing = Thickener U'flow 
Weight Balance 573 + 38.1 + 4248 = 4859 (actual 4899) 
Molybdenite Balance 31.8 + 34.3 + 2.4 = 68.5 (actual 64.5) 



Pilot Plant Campaign No* 2 - Test Period 2 
Meta11urg tea I BaIance 

Copper 

1st CI. Tal1Ing Thick. U? f1ow Concentrate Rougher Ta11i ng 
g. Cu g. Cu g. Cu g. Cu 

Day and Shift % Cu per mtn. % Cu per min. % Cu per min. % Cu per min. 

1 A 29.00 232 28.86 1509 0.65 2.14 28.50 1199 
B 31.60 184 30.10 1527 0.90 3.27 29.20 1264 
C 30.60 152 29.60 1329 1.20 5.02 30.00 1215 

2 A 31.10 207 29.75 1699 1.10 2.83 28.70 1317 
B 31.60 213 28.50 1392 1.25 4.01 28.70 1200 
C 31 .20 125 28.00 1385 1 .30 5.13 28.35 1 131 

3 A 32.70 227 29.90 1482 1.45 4.39 28.80 1236 
B 30.10 215 20.70 1382 1.25 4.95 27.00 1288 
C 30.00 119 27.20 1354 1.65 7.28 26.50 1049 

4 A 29.70 187 28.10 1347 1.52 5.58 27.70 1084 
B 29.80 167 27.70 1380 1 .70 6.48 26.80 1099 
C 30.80 160 27.40 1205 1.35 4.55 27.00 1 102 

5 A 28.60 139 27.80 1405 1.55 6.50 27.20 1 1 13 
B 29.90 139 27.10 1412 1 .37 6.19 26.75 1216 
C 28.45 97 26.70 1242 1.25 6.45 26.70 1155 

6 A 27.70 186 27.40 1403 1.00 3.71 26.40 1178 
B 27.60 182 28.30 1261 0.87 3.36 27.60 1201 
C 29.80 171 28.90 1332 1.00 4.38 29.00 1201 

7 A 29.00 143 29.30 1312 0.85 2.84 29.30 1 145 
B 29.40 189 28.10 1373 1 -10 4.24 27.80 1378 
C 28.10 161 27.20 1 187 0.90 3.13 27.10 1085 

Average 29.56 171 28.22 1382 1.20 4.59 27.89 1184 

Meta11urglea I BaIance 1st CI. Tailing + Final Cone. + Ro. Tailing = Thickener u'flow 
Copper Balance 171 + 5 + 1184 = 1360 (actual 1382) 



Pilot Plant Campaign No. 2 - Test Period 3 
Metallurgical Results 

I ndIcated 
% Molybdenite Content Percent • Rougher Flotation 

Day and Shift Feed Ro. Tai1. 1st CI. Tai1 Cone. Recovery pH mi n. Ratio/Cone. 

1 A 0.97 0.22 1.17 31.71 77.86 8.7 6.4 4.40 
B 0.88 0.08 0.36 73.33 91.01 8.7 7.4 2.41 
C 0.87 0.06 0.49 57.62 93.20 8.5 10.0 2.30 

2 A 0.87 0.11 0.90 88.86 87.46 8.5 10.5 2.26 
B 0.89 0.14 0.78 63.55 84.46 8.7 7.0 4.80 
C 0.86 0.08 0.32 75.86 90.79 8.5 6.9 3.86 

3 A 0.99 0.10 0.49 80.35 90.01 8.8 7.3 4.82 
B 0.81 0.07 0.64 83.57 91.43 7.8 7.0 3.86 
C 0.92 0.06 0.50 82.49 93.55 8.8 8.1 2.96 

4 A 1.03 0.08 1.63 88.11 92.32 8.5 9.9 3.08 
B 0.72 0.08 2.28 86.85 88.97 8.5 7.3 3.46 
C 0.96 0.08 1.24 66.08 91.78 8.5 7.8 1.80 

5 A 0.99 0.20 1.82 87.86 79.98 8.5 8.3 2.05 
B 1.03 0.18 1.20 91.30 82.69 8.5 8.5 2.01 
C 0.96 0.16 1.83 82.75 83.58 8.2 7.0 2.72 

6 A 0.98 0.16 1.46 74.43 83.85 8.5 7.4 2.22 
B 1.02 0.14 1.13 86.47 86.41 8.5 7.5 3.08 
C 1.02 0.20 1.18 86.76 80.58 8.2 5.2 3.92 

Average 0.93 0.12 1.08 77.11 87.22 8.5 7.8 2.80 



Pilot Plant Campaign No. 2 -Test Period 3 
Reagent Consumption 

pounds per ton of plant feed 

Day and Shift 
Na 0 CI (1.7* sol .) 

Sodium Ferrocy 
Decahydrate (1 

janlde 
so 1.) Fuel Oil 

S.G. 0.93 

Exfoam 
636 

S.G. 0.67 Day and Shift Rougher 1st CI. Total Rougher 1st CI j. Tota 1 
Fuel Oil 
S.G. 0.93 

Exfoam 
636 

S.G. 0.67 

1 A 4.86 1.66 7.08 0.62 1.52 

[ 
j 4.47 0.43 0 

B 5.66 1.89 8.61 0.68 1 .94 j 5.92 0.47 0 
C 7.17 0.91 10.39 0.86 1.23 | 7.40 0.69 0 

2 A 9.22 2.27 16.75 0.63 2.81 ! 10.00 . 0.31 0.63 
B 5.32 1.37 9.72 0.35 1.66 6.23 0.18 0.35 
C 5.98 0.88 9.15 0.30 1.70 4.80 0.48 0 

3 A 5.69 1.23 . 9.00 0.37 1.68 5.33 0.37 0 
B 4.07 1.06 7.20 0.32 1.59 4.92 0.37 0 
C 5.73 1.15 8.82 1.96 1.67' 11.25 0.27 0 

4 A 7.94 1.32 12.97 1 .82 2.46 14.28 0.10 0.17 
B 7.11 1.30 11.90 1.63 2.44 13.22 0.1 1 0.16 
C 8.02 2.76 14.48 1.95 2.34 12.05 1.04 0.21 

5 A 9.44 3.23 16.98 2.85 2.57 13.99 0.91 0.35 
B 7.51 2.56 12.18 2.56 2.43 12.42 0.88 0.15 
C 6.32 2.02 9.72 1.32 1.98 9.43 0.33 0.09 

6 A 7.82 2.25 12.08 1.64 2.32 12.59 0.53 0.13 
B 5.64 1.66 8.72 1 .15 1.73 9.02 0.39 0.04 
C 4.15 1.17 6.35 1.04 1.25 5.89 0.21 0.01 

Average 6.54 1.70 10.67 1.23 1.96 9.07 0.44 0.13 



Pilot Plant Campaign No. 2 - Test Period 3 
Operational Data 

Thick. Feed Thick. U'f1ow Rougher Ta i 11 ng 1st CI. Ta11Ing 
Day and Shift % Sol ids lbs % Solids 1 bs % Sol ids lbs % Sol ids lbs 

1 A 14.9 2370 42.9 3070 16.0 2370 3.3 700 
B 20.1 2180 42.9 3720 17.0 2180 7.1 1540 
C 21.4 1710 48.4 3020 17.9 1710 6.9 1310 

2 A 21.6 1350 41 .6 2430 15.3 1350 6.0 1080 
B ' 20.3 2410 41.3 3190 19.1 2410 4.9 780 
C 22.7 2110 41.7 2850 15.6 21 10 5.1 740 

3 A 21.1 2266 41.6 2850 17.3 2260 3.0 590 
B 23.4 2660 42.6 3590 19.3 2660 4.5 930 
C 23.7 2160 45.2 3280 18.1 2160 5.4 1120 

4 A 24.0 1630 42.5 ' 2410 16.9 1630 4.1 780 
B 20.3 1820 41.9 2560 14.3 1820 4.0 740 
C 22.6 1630 49.3 3660 13.8 1630 7.8 2030 

5 A 20.0 1480 46.5 2900 14.5 1480 7.0 1420 
B 19.8 1730 44.1 3440 15.7 1730 7.9 1710 
C 21.1 1920 42.3 3040 14.6 1920 7.1 1 120 

6 A 22.4 1540 41.8 2810 17.5 1540 5.7 1270 
B 21.8 2200 42.7 3260 17.5 2200 5.0 1060 
C 22.2 3050 45.1 4170 17.0 3050 5.2 1120 

Average 21.3 2010 43.6 3130 16.3 2010 5.6 1110 
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Pflot Plant Campaign No. 3 - Test I 
Metallurgfcal Results 

Final Concentrate Percent Molybdenite Recovered 
Based on Based on Based on 

Day and Shift % MoS? O
 

c
 

Feed & Tal1 ing Feed & Cone. Cone. & Tal1Ing Indicated 

1 A 96.57 0.72 93.9 32.7 84.4 95.3 
B 94.46 0.97 95.3 83.5 94.7 95.0 
C 83.19 1.70 93.4 93.4 93.4 > 93.2 

2 A 94.52 0.75 91.4 80.2 90.4 91.1 
B 91.65 0.92 96.4 97.1 96.4 96.7 
C 88.46 1.42 92.6 80.4 91.6 92.9 

Average 91.48 1.08 93.8 77.9 91.8 94.0 

Operational Data and Assay Results / 

Percent Retention 
Floated Cond. Time in 

Conditioner Feed i n Time Rougher % Molybdenite Content 
Day and Shift L/min. % Sol ids Rougher mln. min. Feed Ta i1i ng Cone. 

1 A 4.7 43.6 22.1 27.7 12.5 0 .86 0.04 96.57 
B 5.0 43.2 7.6 26.0 11.6 0 .80 0.04 94.46 
C 4.9 49.2 23.1 26.5 11.9 0 .87 0.06 83.19 

2 A 4.7 42.3 8.5 27.7 11.8 0 .90 0.08 94.52 
B 5.0 41.0 2.4 26.0 1 1.8 0 .90 0.03 91.65 
C 5.0 37.8 17.0 26.0 12.2 0 .97 0.07 88.46 

Average 4.9 42.9 13.5 26.7 12.0 0 .88 0.05 91.48 



Pflot Plant Campaign No. 3 - Test I 
Operational Data 

Rougher Tal 1 Ing Cone. 
Cal. 

Day and Shift 
L/m 1 n. % Sol Ids g/min. • lbs/mln. min. 1 bs lbs 

1 bs 

1 A 8.0 24.3 2392 5.3 360 1908 5.6 1914 
B 8.6 27.4 2976 6.6 480 3168 22.5 3191 
C 8.4 27.8 2965 6.5 480 3120 30.8 3151 

2 A 8.5 25.4 2674 5.9 480 2832 21.8 2854 
B 8.5 27.1 2907 6.4 480 3072 29.6 3102 
C 8.2 22.6 2230 4.9 480 2352 20.9 2373 

Average 8.4 25.8 2691 5.9 460 2742 21.9 2764 

Reagent Consumption 
i 

pounds per ton of plant feed 

Hydrogen Sod I urn 
Peroxide Ferrocyanlde Exfoam Sodium Cyanide \Q% sol • 
50? sol. Decahydrate Fuel 01 1 636 4th or 5th 

Day and Shift S.G. 1.2 10? sol. S.G. 0. 93 S.G. 0. 67 1st Cleaner Cleaner Total 

1 A 1.29 3.31 0.39 0.89 6 .95 3.25 11.43 
B 1.03 2.66 0.31 0.62 6 .46 2.82 8.59 
C 1.08 2.68 0.32 0.63 5 .00 2.85 8.70 

2 A 1.15 2.66 0.41 0.59 5 .60 2.73 7.69 
B 1.20 2.73 0.38 0.73 6 .04 3.22 8.19 
C 1.53 3.73 0.50 0.95 7 .20 3.26 10.92 

Average 1.21 2.96 0.39 0.74 6 .21 3.04 9.25 



Pilot Plant Campaign No. 3 - Test 2 
Meta11u rgIcaI Resu11s 

Water Retention 
Indicated Content Conditioning Time in 

% Molybdenite Content Percent of Plant Feed Time Float 
Day and Shift Feed Ta?1Ing Cone. Recovery g/m in. mi n. mi n. 

1 A 0.80 0.04 9.60 95.4 3765 26.0 10.8 
B 0.97 0.04 7.20 96.4 3572 26.5 10.6 
C 0.98 0.02 15.10 98.1 3685 26.0 10.0 . 

2 A 0.96 0.03 20.60 97.0 3718 25.5 9.2 

Average 0.93 0.03 13.13 96.7 3685 26.0 10.2 

2 B 1.01 0.02 7.60 98.3 3975 26.0 1 1.6 
C 0.93 0.03 6.30 97.2 4040 26.0 13.0 

3 A 1.06 0.05 26.25 95.5 4151 25.5 10.8 
B 0.96 0.04 10.85 96.2 3878 27.1 11.2 
C 0.99 0.04 16.90 96.2 3940 26.0 9.3 

Average 0.99 0.04 13.58 96.7 3997 26.1 11.2 

4 A 0.93 0.04 15.85 95.9 ' 4265 26.0 10.3 
B 0.88 0.04 1 1.85 95.8 4325 25.5 10.3 
C 1.09 0.04 12.95 96.6 4315 26.0 12.3 

5 A 0.86 0.03 3.75 97.3 4166 27.1 12.5 
B 0.89 0.05 13.60 94.7 4376 25.5 9.3 
C 0.92 0.05 11.80 95.0 • 4390 26.0 10.2 

Average 0.93 0.04 1 1.63 95.9 4306 26.0 10.8 



Pilot Plant Campaign No. 3 - Test 2 
Operational Data 

Ro. 
Cone. 

Conditioner (Plant) Feed Rougher Ta11i ng grams Percent 
Day and Shift L/min. % Solids g/m in. L/min. % Sol ids g/min. per min. F1 oa ted 

1 A 5.0 58 5195 9.3 36.8 4779 416 8.0 
B 4.9 61 5581 9.4 36.5 4878 703 12.6 
C 5.0 60 5525 10.0 37.2 5178 347 6.3 

2 A 5.1 61 5809 10.9 36.5 5548 261 4.5 

Average 5.0 60 5528 9.9 36.8 5096 432 7.9 

2 B 5.0 52 4305 8.6 34.4 3762 543 12.6 
C 5.0 50 4040 7.7 36.6 3402 638 15.8 

3 A 5.1 49 3988 9.3 31 .6 3848 140 3.5 
B 4.8 50 3878 8.9 30.5 3537 341 8.8 
C 5.0 53 4445 10.7 30.1 4187 258 5.8 

Average 5.0 51 4131 9.0 32.6 3747 384 9.3 

4 A 5.0 42 3090 9.7 24.6 2926 164 10.2 
B 5.1 43 3259 9.7 25.2 3031 228 7.0 
C 5.0 40 2875 8.1 25.8 2628 247 8.6 

5 A 4.8 39 2664 4.0 36.6 2053 611 9.3 
B 5.1 41 3040 5.4 38.0 2864 176 5.8 
C 5.0 37 2575 4.9 35.4 2389 186 7.2 

Average 5.0 40 2917 7.0 30.9 2649 269 8.0 



Pilot Plant Campaign No. 3 - Test 2 
Reagent Consumption 

Hydrogen Peroxide (50/6 sol.) 
S.G. 1.2 

g/liter Molar 

Sodium Ferrocyanlde 
Decahydrate 
10% sol. 

Sodium Cyanide 
10$ so I. 

Day and Shift cc/mfn. of water Cone. 1bs/ton cc/m i n. 1bs/ton cc/mln. 1bs/ton 

1 A 2.5 0.40 0.012 0.60 50 1.9 13 0.50 
B 2.0 0.34 0.010 0.43 50 1.8 13 0.47 
C 1.8 0.29 0.0085 0.39 45 1.6 13 0.47 

2 A 1.8 0.29 0.0085 0.37 50 1.7 13 0.45 

Average 2.0 0.33 0.0098 0.45 49 1.8 13 0.47 

2 B 1.8 0.27 0.0079 0.50 40 1.9 10 0.47 
C 1.8 0.27 0.0079 0.49 40 1.8 10 0.46 

3 A 2.0 0.29 0.0085 0.60 40 2.0 10 0.50 
B 1.9 0.29 0.0085 0.59 35 1.8" 10 0.52 
C 1.9 0.29 0.0085 0.51 35 1.6 10 0.45 

Average 1.9 0.28 0.0083 0.54 38 i .8 10 0.48 

4 A 1.9 0.27 0.0079 0.74 35 2.3 7 0.45 
B 1.9 0.26 0.0076 0.70 30 1.8 7 0.43 
C 1.9 0.26 0.0076 0.79 25 1.7 7 0.49 

5 A 1.9 0.27 0.0079 0.86 25 1.9 7 0.53 
B 1.9 0.26 0.0076 0.75 25 1.6 7 0.46 
C 2.0 0.27 0.0079 0.93 25 1.9 7 0.54 

Average 1.9 0.27 0.0078 0.80 28 1.9 7 0.48 

00 
M 



Pilot Plant Campaign No. 3 - Test 3 
Meta11urgIcaI ResuIts 

Final Concentrate Percent Molybdenite Recovered 
Based on Based on Based on 

Day and Shift % MOS2 Cu ' Feed & Ta i 11 ng Feed 4 Cone. Cone. & Ta i1i ng 1ndIcated 

1 A 90.69 2.13 96.29 69.05 94.91 96.06 
B 90.69 2.13 91.00 77.56 89.60 90.43 
C 90.69 2.02 89.92 II 5.04 91.94 90.43 

2 A 84.24 3.65 92.65 76.90 91.27 92.66 
B 90.34 2.00 89.14 73.18 87.08 89.16 
C 91.56 1.55 86.50 80.11 85.58 86.51 

3 A 91.42 2.25 88.02 47.81 79.95 88.06 
B 94.35 1.20 90.64 50.00 84.23 90.68 
C 92.64 1.50 91 .89 77.02 90.47 91.89 

Average 90.74 2.05 90.67 74.07 88.34 90.65 

4 A 93.65 1.40 91.69 65.63 88.77 91.70 
B 93.30 1.40 89.73 70.34 87.26 89.74 
C 93.30 1 .30 91.39 64.29 88.19 91.41 

5 A 95.22 1.00 92.08 70.01 89.83 92.09 
" B 94.59 1.20 91.78 75.36 90.16 91.79 
C 93.30 1.30 92.79 80.36 91.77 92.80 

6 A 94.84 1.15 91.98 75.13 90.35 91.99 
B 93.83 1.38 90.85 77.04 89.37 90.86 

Average 94.00 1.27 91.54 72.27 89.46 91.55 

i 



Pilot Plant Campaign No. 3 - Test 3 
Operational Data and Assay Results 

Percent RetentIon 
Floated Cond. Time In 

Conditioner Feed In Time Rougher % Molybdenite Content 
Day and Shift L/min. % Sol ids Rougher min. min. Feed Tai1ing Cone. 

1 A 10.0 35.3 12.9 26.0 10.9 0.83 0.033 90.69 
j 

B 10.7 40.7 12.5 24.3 8.5 0.86 0.083 90.69 
C 9.6 40.9 7.8 27.1 9.3 0.86 0.083 90.69 

2 A 9.8 40.6 8.0 26.5 9.3 0.97 0.072 84.24 
B 10.2 39.5 13.4 •25.5 9.5 0.86 0.094 90.34 
C 8.8 41.7 15.1 29.5 10.2 0.86 0.1 17 91.56 

3 A 9.2 40.7 28.3 8.6 0.88 0.106 91.42 
B 9.7 39.4 8.1 26.8 8.3 0.83 0.078 94.35 
C 9.5 41.3 10.5 27.4 9.1 0.88 0.072 92.64 

Average 9.7 40.0 9.9 26.8 9.3 0.87 0.082 90.74 

4 A 10.2 44.1 5.3 25.5 8.4 0.86 0.072 93.65 
B 9.8 44.3 4.8 26.5 8.6 0.86 0.089 93.30 
C 10.3 41.7 3.7 25.2 8.7 0.90 0.078 93.30 

5 A 10.0 44.7 7.5 26.0 8.0 0.84 0.067 95.22 
B 9.7 43.7 7.2 26.8 9.0 0.87 0.072 94.59 

C 9.5 43.1 2.1 27.4 9.3 0.84 0.061 93.30 
6 A 10.2 41.3 0.6 25.5 8.0 0.83 0.067 94.54 

B 10.4 41.4 5.5 25.0 9.2 0.91 0.083 93.83 

Average ICL2 42J 4.6 26.0 8̂  0.86 0.074 94.00 

00 
A 



Pilot Plant Campaign No. 3 - Test 3 
Operational Data 

Rougher Tai1Ing Cone. 
Cal. 

Day and Shift L/mln. % Sol ids g/min. 1bs/min. mi n. lbs lbs 
r cou 
lbs 

1 A 9.1 32.5 4189 9.2 480 4428 30 4458 
B 11.7 35.0 5512 12.1 480 5826 46 5872 

C 10.8 35.5 5256 11.6 480 5556 58 5614 
2 A 10.8 35.7 5298 J 1.7 480 5596 50 5646 

B 10.5 34.9 4991 1 1.0 480 5275 37 5312 
C 9.8 • 35.0 4617 10.2 480 4880 37 4917 

3 A 11.6 35.9 5730 12.6 480 6057 28 6085 
B 12.1 32.1 5139 11.3 480 5432 24 5456 
C 11.0 35.7 5392 1 1.9 480 5699 42 5741 

Average 10.8 34.7 5125 11.3 480 5417 39 5456 

4 A 1 1.9 38.1 6397 14.1 480 6763 41 6804 
B 11.6 38.1 6232 13.7 480 6559 43 6632 
C 1 1.5 37.6 6063 • 13.4 480- 6410 40 6450 

5 A 12.5 36.3 6275 13.8 480 6547 41 6638 
B 1 I.I 38.1 5963 13.1 480 6304 44 6348 
C 10.8 38.9 5970 13.1 480 6312 46 6358 

6 A 12.5 35.1 67! 5 14.8 480 7100 47 7147 
B 10.9 38.5 5943 13.1 480 5105 38 5143 

Average 11.6 38.0 6195 13.6 480 6398 .43 6440 

00 
U1 



Pilot Plant Campaign No. 3 - Test 3 
Reagent Consumption 

pounds per ton of plant feed 

Sodium Cyanide (2/3) 
Zinc sulfate (1/3) 

Hydrogen Sod I urn , 
Peroxide Ferrocyanlde Exfoam 15% sol. 
50$ sol. Decahydrate Fuel Oil 636 4th or 5th 

Day and Shift S.G. 1.2 \Q% sol. S.G. 0.93 S.G. 0.67 1st Cleaner Cleaner Total 

1 A 1.01 2.11 0.78 0.62 6.33 2.53 8.86 
B 0.74 2.24 0.59 0.41 4.95 1.92 6.87 
C 0.90 2.63 0.70 0.45 5.64 2.82 8.46 

2 A 0.85 3.19 0.66 0.24 •5.32 2.13 7.45 
B 0.90 2.63 0.70 0.30 5.64 2.25 7.89 
C 0.98 2.86 0.76 0.33 6.10 2.44 8.54 

3 , A 0.79 2.96 0.61 0.22 4.93 2.47 7.40 
B 0.88 3.30 0.68 0.29 5.49 2.75 8.24 
C 0.84 3.14 0.65 0.28 5.23 2.61 7.84 

Average 0.88 2.78 0.68 0.35 5.51 2.44 7.95 

4 A 0.88 1.76 0.55 0.14 5.29 2.65 7.94 
B 0.91 1.81 0.56 0.20 5.44 2.72 8.16 
C 0.93 1.86 0.58 0.31 5.57 3.03 8.60 

5 A 0.91 1.81 0.56 0.28 5.44 2.96 8.40 
B 0.95 1.89 0.58 0.25 5.68 3.09 8.77 
C 0.94 1.89 0.58 0.25 5.66 3.08 8.74 

6 A 0.84 1.68 0.52 0.28 5.04 2.94 7.98 
B 1.17 1.95 0.72 0.26 7.00 3.50 10.50 

Average 0.94 1.83 0.58 0.25 5.64 3.00 8.64 



Pilot Plant Campaign No. 3 - Test 4 
Meta11urgIcaI ResuIts 

Percent Molybdenite Recovered % Cu Water In 
Based on Based on Based on .In Plant 
Feed & Feed & Cone. & Final lbs lbs Feed 

Day and Shift Tall. Cone. Tall. Indicated Cone. Cone. Feed g/mln. 

1 A 93.1 68.1 90.8 93.0 1.12 46 7164 10,276 
B 88.0 81.5 87.2 88.0 0.82 60 8253 11,755 
C 88.1 78.3 86.8 88.0 0.75 56 8105 12,139 

2 A 83.4 61.7 78.7 83.5 0.72 62 9868 13,548 
B 78.5 71.6 76.9 78.5 0.95 58 9080 15,719 
C 83.6 68.4 80.7 83.7 0.84 64 9512 12,827 

3 A 87.6 67.5 84.5 87.6 0.91 59 8589 12,970 
B 91.0 91.9 91.1 91.0 0.95 46 6073 8991 
C 89.3 83.0 88.6 89.4 1.05 47 6235 8612 

Average 87.0 74.7 85.0 87.0 0.90 55 8098 11,871 

Reagent Consumption 

Sodium Cyanide (2/3) -

Hydrogen Peroxide Sod Ium . Zinc Su 11 fate (1/3) 
S.G. 1.2, (50* sol.) Ferrocyanlde (1 5% sol.) 

grams per Decahydrate Fuel Oil 4th or 5th 
1 Iter 10$ sol. S.G. 0.93 1st Cleaner Cleaner Total 

Day and Shift 1bs/ton of water 1bs/ton 1bs/ton 1bs/ton 1bs/ton 1bs/ton 

1 A 1.00 0.35 2.1 0.52 6.3 1.7 8.0 

B 1.01 0.36 1.9 0.45 5.4 1.8 7.2 
C 1.03 0.35 2.0 0.46 5.6 2.9 8.5 

2 A 0.98 0.35 2.0 0.38 4.6 3.0 7.6 

B 1.06 0.31 2.2 0.41 5.0 3.3 8.3 
C 1.00 0.37 2.1 0.39 4.7 3.2 7.9 

3 A 0.98 0.33 2.3 0.43 5.3 3.5 8.8 
B 0.99 0.33 2.0 0.61 7.4 2.0 9.4 
C 0.96 0.35 1.9 0.60 7.2 1.9 9.1 

Average 1.00 0.34 2.1 0.47 5.7 2.6 8.3 



Pflot Plant Campaign No. 3 - Test 4 
Operational Data 

Cond 111 oner Feed Rougher Ta 111 ngs Percent 
Day and Shift L/mln. % Solids g/min. L/mln. % Solids g/mIn. lbs Floated 

1 A 12.2 41.6 7320 13.2 36.7 6732 7118 8.0 
B 13.8 42.4 8653 18.9 31.3 7749 8193 10.4 
C 14.1 40.5 8263 14.5 37.5 7613 8049 7.9 

2 A 16.0 43.2 10,304 24.8 29.1 9275 9806 10.0 
B 18.2 39.8 10,392 23.0 28.9 8533 9022 17.9 
C 15.2 43.7 9956 19.3 34.2 8936 9448 10.2 

3 A 15.1 40.8 8939 16.2 36.1 8068 8530 9.7 
B 10.5 41.0 6248 11.2 36.5 5701 6027 8.8 
C 10.I 42.1 6262 11.3 37.2 5853 6188 6.5 

Average 13.9 4k7 8482 16.9 34̂ 2 7607 8042 9.9 

Operational Data and Assay Results 

Conditioning Time Rougher Float % Molybdenite Content 
Retention 
Time 

Day and Shift Max. Min. Ave. pH min. Feed Tailing Cone. 

1 A 22.4 20.8 21.3 6.5 7.6 0.85 0.06 90.16 
B 19.1 18.5 18.8 6.3 5.3 0.83 0.10 93.00 
C 18.6 18.1 18.4 6.3 6.9 0.83 0.10 94.05 

2 A 16.6 16.1 16.2 6.1 4.0 0.96 0.16 93.72 
B 14.5 14.2 14.3 5.8 4.3 0.83 0.18 93.12 
C 17.3 16.3 17.1 6.1 5.2 0.91 0.15 92.50 

3 A 17.3 17.0 17.2 6.1 6.2 0.96 0.12 94.40 
B 25.5 23.6 24.8 6.7 8.9 0.77 0.07 93.30 
C 26.5 25.2 25.7 6.7 8.8 0.84 0.09 92.60 

Average 19.3 6.3 6̂ 4 0.86 0.11 92.98 
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