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ABSTRACT 

A transportation method was used to evaluate the activity coefScients of the minor 

elements. As, Bi, Pb, and Sb, in both Cu - Fe and Ni - Cu mattes, white metal, and molten 

NisSa as a function of their concentration. Values for the activity coefficients are 

compared to values obtained by other investigators. In the comparison care was taken to 

assure that the comparison utilizes the same standard state and choice of system. With the 

Cu - Fe mattes and white metal, the analysis was conducted at Cu/Fe molar ratio between 

1 to 00, at sulfur deficiencies (defined as SD = Xs - l/2Xcu - Xpe, where Xs, Xcn and Xpe 

are the mole fi-action of S, Cu and Fe in Cu - Fe matte respectively) fi-om -0.02 to +0.02, 

and at temperatures between 1493 and 1573 K. Analysis of the data reveals that the 

activities of As and Sb in the mehs are both concentration dependent at weight percents 

less than 0.3. No such dependency is observed for Bi or Pb. First and second order self 

interaction parameters are also reported for As and Sb in Cu - Fe matte. 

With the Ni - Cu mattes only the sulfiir deficiency and the Ni/Cu molar ratio were 

varied. The experiments were conducted at 1473 K at Ni/Cu molar ratios of qo, 2, and 1, 

and at SD values fi"om 0 to -0.1. Experimentation has revealed that As and Sb are 

substantially more stable in Ni - Cu mattes than in Cu - Fe mattes, while for Pb and Bi the 

presence of Ni does not change the activity of Pb and Bi significantly. 

The Henrian activity coefficients of these minor elements in both Cu - Fe and Ni -

Cu mattes can be represented by the following equations: 



Cu/Fe = 2.5, SD = -0.02, and 1493 K < T ^ 1573 K 

logY^ = -242.02 + 031132T - 9.9594 x 10"'T^ 

logy^i = 2850-0.03421T +1.055 X 10-^T^ 

logy^b = -66.05 + 0.087598T - 2.861 x lO'^T^ 

logYsb = -1542 +0.1993T-6363 x lO'^T^ 

Cu/Fe = 2.5, T = 1533 K, and -0.02 < SD (for Bi and Pb) < +0.012 

-0.02 < SD (for As and Sb) £ +0.0043 

logy L = 1.41 + 36.1SD + 920SD^ 

logYsi =U9 + 11.6SD-213SD2 

logy Pb = 0561 - 562SD - 1420SD^ 

logysb =220 + 17.3SD 

Cu/Fe = 2.5, T = 1533 K, and 2.2x10"® atm < \ (for Bi and Pb) < 1.8x10"^ atm 

2.2x10"® atm £ Pg^ (for As and Sb) <3.5x10"^ atm 

logyL = 423 +1.08 logPg^ + 0.0908(logPs^)' 

logyli = 0586 - 0224IogPs^ - 0.043(logPs^)^ 

logy^ =-3.79-1.66logPg^ -0.141GogPg^)' 

logy°b =2.67 + 0.063IogPg^ -0.014(IogPg^)' 
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Cu/Fe = 00, T = 1533 K, and +0.001 < SD < +0.016 

logy Bi = 0-796 - lO.OSD + 3 lOSD^ 

logy pb = 0.745 - 3 liSD+87980̂  

Cu/Fe = 00, T = 1533 K, and 4.0x10"^ atm ^ < 1.3x10'^ atm 

logYBi = -0377-0.430logPg^ -0.038(IogPs^)^ 

logy^ =-2.79-1.28IogPs^ -0J10(logPs^f 

SD = -0.04 and 00 > Ni/Cu > 1 

logy°i = 033 + 0.17(Ni / Cu)"' - 0.072(Ni / Cu)-^ 

logy Pb = -023 + 0.74(Ni / Cu)-' - 0.14(Ni / Cu)-̂  

logy L = -1076 + 0.681(M / Cu)-' - 0.450(Ni / Cu)"̂  

logy sb = 0-556 - 0.445(Ni / Cu)"' + 0.185(Ni / Cu)"^ 

Ni/Cu = 2 and 0 > SD > -0.1 

logy Bi = 0.47 + 0.94SD - 2.4SD2 

logy Pb = -0.008 - 1.6SD -2.0SD̂  

logy L = -0-747 - 3.150SD - 15.909SD^ 

logysb = 0569 +2333SD - 59.868SD2 
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CHAPTER ONE 

INTRODUCTION 

1.1 Purpose 

The purpose of this study is to gain a comprehensive understanding of trace 

elements in copper matte (CuzSx - FeSy when x and y approach unity) and white metal 

(CujSx). Trace elements such as As, Bi, Pb and Sb are present in copper concentrates and 

adversely affect physical properties such as electrical conductivity and ductility, 

necessitating their removal during the copper making process. Although the theoretical 

potential difference between copper and these minor elements makes it possible to 

separate minor elements from copper by electrorefining, the lower-cost approach is to 

remove them prior to the final step of electrorefining. 

As the copper industry faces increasuig pressure to cut its costs and to protect the 

environment from pollution, it will need to produce copper with a high production rate, 

high energy efiGciency, and a sulfur dioxide rich off-gas. Despite continuous development 

of copper making technology for about six thousand years, no method has been found that 

meets all of the above requirements. Flash smelting, however, best meets the requirements 

for smelting copper concentrate. With a higher smelting rate of concentrates, however, 

elimination of minor elements becomes increasingly diflBcult. This has become one of the 

main obstacles to flash smeltmg reaching its theoretical potential (1). 

One study (2) has indicated that minor elements can be eliminated by volatilization 

and slagging, provided that sufficient time is available and elimination takes place before 
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copper metal is formed. Several models (3-6) have been developed for the elimination of 

impurities during flash smelting. Those models for minor-element volatilization assume 

local thermodynamic equilibrium, even though industrial experience suggests 

nonequilibrium, since the degree of saturation is only 20 to 30% of theoretical. The ability 

of such models to predict observed industrial results is limited. Predictions made with one 

model, for pilot plant studies utilizing a high grade matte, were found to be in poor 

agreement with the actual values of the fraction of impurity elements volatilized. The 

predicted values for As, Bi and Pb were substantially greater than the observed values. 

The predicted value for Sb was 52% less than the observed value (I). Such discrepancies 

suggest that either the assumption of local thermodynamic equilibrium is in error, or that 

available thermodynamic data for impurity elements in matte are incorrect. 

The inability to remove minor elements efficiently from copper matte as predicted 

by the models may be due to a lack of understanding on the activity of these elements ui 

matte. The data on activity coefficients of minor elements in matte, which can be used to 

predict the activity of these elements during a smelting process, are very limited. The 

available data either can only be applied under strict conditions or are of questionable 

accuracy. Thus, it is essential to gain increased understanding of minor-element behavior 

in copper matte and white metal. 

1.2 Theoretical Basis 

A means for evaluation of minor element activity in copper has been developed by 

Roine and Jalkanen (7) as indicated in Equation 1.1: 
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V = PM-Xt, ^-V^T 
M 

• 1 + K MS J¥ 
-dXM (11) 

1=2 

In Equation 1.1 V is the total volume of the carrier gas passed over the melt during an 

experiment, Vn, is the molar volume of the carrier gas, N is the total moles of matte, 

and Ym ve the mole fraction and activity coefiBcient of the trace element in matte, 

respectively, and P^j is the saturation pressure of Mi over pure M. If M is As, then 

n 
Z M j  i s  t h e  s u m m a t i o n  o f  t h e  s a t u r a t i o n  p r e s s u r e s  o f  A s 2 ,  A s a ,  a n d  A s 4 .  B C ms is the 
i=2 

equilibrium constant for the formation reaction of the sulfide and Ps, and Pt are the 

equilibrium partial pressure of diatomic sulfur over the melt and the total pressure (which 

is 0.93 atm in Tucson). 

When using Equation 1.1, Roine and Jalkanen assumed that the activity coeflScient, 

YM, is the Henrian value. They also assumed that the partial pressure of S2 is constant 

during an experiment. By assuming continuity, and with knowledge of the melt 

composition at both the beginning (Xm) and end (Xm) of an experiment, they were able 

to calculate the activity coeflBcients of the trace elements in matte. 

The two assumptions made by Roine and Jalkanen are valid under certain 

circumstances but not in every case. Sulfur can be lost in forms of both S2 and M^Sy 

vaporized from matte. The legitimacy of making an assumption of constant Pgj over 

matte depends on whether the loss of sulfur in the above two forms can be negligible. On 

the other hand, the condition of suflBciently low concentration of minor elements has to be 
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met in order to make such an assumption that the activity coefiScient of minor elements is 

Henrian. Roine and Jalkanen did not justify either of the two assumptions. The validity of 

some of the results obtained by Roine and Jalkanen, especially at high sulfiir pressure 

conditions, are questionable. 

Using the Roine and Jalkanen model, equipment originally designed for kinetics 

study was successfully utilized to determine the activity coefBcients of minor elements in 

copper matte as a function of concentration. A gas transportation system was designed to 

quantify the volatilization rates of minor elements from matte and white metal as a 

function of their concentration in matte. In order to measure the fimdamental rate of 

volatilization, the mass transport control of rates in the melt and in the gas above the melt 

has to be eliminated. In this study, two separate gas flows were used. The first, stirring 

gas flow, was used to eliminate the mass transfer control in the melt; the second, carrier 

gas flow, to eliminate the mass transfer control in the gas phase above the melt. 

Eliminating mass transport control in the melt was easily achieved, while elimination of 

mass control in the gas phase was impossible. To eliminate gas-phase mass control was 

impossible because, first, the saturation pressure of the minor elements is very small under 

the conditions of interest and, second, the reaction rate (vaporization) on the melt surface 

is too fast to become the controlling step. Achieving fundamental volatilization rates 

proved elusive, but saturation conditions in the gas phase were easily achieved with a 

small amount of stirring in matte, allowing thermodynamic data to be acquired. 
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1.3 Significance 

The main concern of a thermodynamic study is the integrity of the established 

equilibrium state. Obtaining an equilibrium state between a gas and a molten liquid at 

elevated temperature without stirring requkes a static system because of mass transport 

control of volatilization in a dynamic system. Also, confirming equilibrium is difiScult. In 

this study, the mass transport control in the melt was eliminated by a stirring-gas and, 

therefore, the time to establish equilibrium in a dynamic system was shortened 

dramatically. The attainment of equilibrium was positively identified by plotting vapor 

pressure of minor elements as a function of weight per cent of minor elements in matte. 

The continuity of the curve indicates an equilibrium state as discussed in Chapter 4. 

Measuring activities requires attention to detail, and operating at high temperatures 

makes gathering of data an expensive proposition. As such, there is a dearth of activity 

data for minor elements in mattes. Typical thermodynamic studies have been designed to 

obtain only one data pomt for each experiment. In this study, the experimental approach 

allowed for the first time evaluation of activity coefiBcients of minor elements as a fimction 

of concentration in a suigle meh. 

Due to the success of this approach in copper - iron mattes, the technique was also 

applied to nickel - copper mattes. Information on the minor element activity in nickel -

copper mattes is scant, yet the effect of minor elements on the physical properties of nickel 

can also be severe. The absence of activity data for minor elements in nickel - copper 

mattes is probably a resuh of the smaller volume of nickel produced compared to copper. 
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Most resources for nickel-matte studies were invested in solving the main problem of 

nickel making, namely the separation of copper and iron sulfides fi'om nickel sulfide. 

The significance of this study is that it provides thermodynamic data for the copper 

and nickel industries. Moreover, the technique developed in this work is very efiScient and 

can be used to study other systems involving volatilization. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Background 

This review sununarizes the thermochemistry of copper and nickel mattes, 

thermochemistry of minor elements in mattes, methods to remove minor elements, and 

methods to evaluate activities of minor elements in mattes. 

2.1.1 Minor Elements in Copper Making 

Copper is one of the first metals to be used by mankind. Copper making history 

goes back at least 6000 years to the copper smelter of Timna Valley in Israel (8). Because 

of its good thermal conductivity, electrical conductivity, and ductility, copper has played a 

very important role in the development of civilization. The Bronze Age is a historical 

mark representing the role played by copper m the arts and sciences. 

After electrical production was developed early in this century, the demand for 

copper increased dramatically because of its good conductivity. To increase production, 

the copper industry has been actively looking for high speed and cost efBcient processes. 

By the mid-1900, most of the copper industry used an age-old reverberatory fiimace. 

That process not only consumes large amounts of fuel oil or coal, but also produces off-

gas with a low concentration of sulfur dioxide, which is difBcult to capture and therefore 

pollutes the environment. In the last 50 years, a series of gas-solids and gas-liquid 

reactors has been developed and utilized by the copper industry. The Octokumpu flash-



smelting furnace, Noranda process, and Kennecott's New Solid Matte 0?^gen Converting 

process (SMOC) are made more cost efficient than the reverberatory furnace (9). 

Despite the long history of copper making, elimination of minor elements is still a 

headache for the copper industry. Copper concentrates usually contain several minor 

elements, including As, Bi, Pb, and Sb, which must be removed to avoid deterioration of 

properties. Arsenic, for example, forms CujAs in annealed copper, and lowers the 

electrical conductivity by 23% (and thermal conductivity by a similar amount) at an As 

content of only 0.1%. Arsenic also impairs annealing properties of copper by raising the 

softening temperature by more than 100 K, at a content of 0.5% (10, II). Therefore, 

from the standpoints of both the quality of copper metal and pollution control, the 

effective removal and treatment of minor elements are of major importance in copper 

smelting. 

Many processes were invented to rapidly smelt copper concentrates, but no 

method has been found to remove minor elements efficiently. In fact, the copper industry 

is facing a dilemma: higher smelting rate of copper concentrate leads to higher minor 

elements in copper anodes. For example, Kennecott's new Solid Matte Oxygen 

Converting process (SMOC) smelts copper concentrate at a very high rate and also 

produces highly concentrated off-gas. However, this process tends to produce copper 

with unacceptably high levels of the minor elements such as Bi, As, and Sb. A study has 

been conducted to remove these minor elements from copper by injecting soda ash into 

the melt (12), but the effectiveness and cost of the method are in question. Thus, the 

problem of removing minor elements still needs to be addressed. 
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2.1.2 Minor Elements in Nickel Making 

Compared to copper, the use of nickel has a much shorter history. The very 

existence of nickel was not identified until 17S1 by the Swedish scientist Axel Cronstedt. 

The first important use of nickel was for tableware in the early nineteenth century. 

Significant demand of nickel did not occur until it was found to be an excellent constituent 

in alloys such as nickel silver. The inventions of nickel-base alloys and the durable nickel 

battery gave the biggest boost yet to the demand of nickel production (13). 

Many of the minor elements in copper concentrates are also found in nickel. 

Common minor elements existing in nickel concentrates are Pb, Sb, As, Co, and Sn. 

Many furnaces used for smelting copper concentrates have also been used for smelting 

nickel concentrates, such as the Outokumpu flash-smelting furnace. Because of the short 

history of nickel use, not much attention has been payed to removing minor elements fi'om 

nickel efiBciently. The fiill effects of minor elements to the properties of nickel are also not 

completely recognized. 

2.2 Thermochemistry of Copper and Nickel Matte Systems 

Both Cu-Fe-S and Cu-Ni-S mattes can be categorized as sulfiir-rich mattes or 

sulfur-deficient mattes according to the sulfiir content. They can also be divided into 

copper-rich and iron- (or nickel-) rich mattes according to the metal content. A matte rich 

in copper (or nickel) usually causes more loss of copper (or nickel) in slag, and a matte 

rich with sulfur causes low eflBciency of copper production. The sulfur and metal contents 
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are known to have significant effects on the behavior of minor elements in these mattes 

(14). 

The thermochemistries of Cu-Fe-S and Cu-Ni-S systems have been examined by a 

number of researchers (14-18). Their results can be simimarized using the ternary phase 

diagrams shown in Figures 2.1 and 2.2. 

2.2.1 Cu-Fe-S Phase Diagram 

Figure 2.1 is the phase diagram of Cu-Fe-S system with isoactivity lines of copper, 

iron and sulfur. This phase diagram can be divided into seven different regions as 

indicated in the figure: sulfiir-rich area (above pseudo - binary line), liquid 'blister' copper 

(Li), matte (L2), L2 + y-Fe, Li + L2, L1+L2 + y-Fe, and Li + y-Fe. As shown in Figure 

2.1, the Cu-Fe-S phase diagram has two most notable features: first, as liquid matte 

becomes increasingly sulfiir deficient, a second metal-rich phase separates out over the 

entire range of Cu/Fe ratios; second, at a smelting temperature and pressure (1200 "C, 1 

atm), any sulfur in excess of the CuaS - FeS pseudo - binary vaporizes. Thus, mattes can 

only exist in a narrow composition range between the immiscibility region and the CU2S -

FeS pseudo - binary. These features are believed to have significant impact upon the 

dissolution of minor elements in matte (19, 20). 

Because of the slightly oxidizing conditions in smelting fiimaces, industrial mattes 

contain somewhat less sulfur than is required to form stoichiometric CU2S and FeS; i.e., 

the compositions are locate below the pseudo - binary line, on which the stoichiometric 

form of matte is formed. 
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2.2.2 Ni-Cu-S Pbase Diagram 

Figure 2.2 is the phase diagram of M-Cu-S system. The high-temperature phase 

relations of the ternary Cu-S-Ni system are characterized by two separate homogeneous 

liqiiid fields; sulfinr-rich L2 and metal-rich L3. The miscibility gap of the metal and matte 

(L2+L3) has been the object of several investigations. The thermodynamic properties of 

these systems have been studied by several investigators and summarized by Chang (21). 

However, few data exist on the behavior of minor elements in the Ni-Cu-S system. The 

behavior of minor elements is generally predicted by using knowledge regarding nickel 

sulfides and interactions of nickel with the minor elements. 

2.3 Thermochemistry ofMinor Elements in Matte 

It is essential to understand the thermochemistry of minor elements in matte in 

order to find a solution of removing minor elements efficiently. A few studies have been 

conducted to examine the thermochemistry of minor elements in matte. The following 

sections summarize some of the results reported by other researchers. 

2.3.1 The Distribution ofMinor Elements During Production 

2.3.1.1 Copper Making 

Minor elements partition to blister copper, slag, and ofif-gas during Sash smelting. 

The distribution varies with the matte composition. As a general rule the higher the matte 

grade, the more impurities go to the blister copper. Table 2.1 lists the fractional 

distribution of elements in a Peirce-Smith Converter. While using low-grade matte 
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reduces the fraction of nunor elements reporting to blister copper, low-grade matte is not 

the answer to eliminating minor elements from copper. Low-grade copper matte results in 

low efi5ciency and higher cost of the final product. 

Table 2.1 Fraction distribution of elements in Peirce-Smith Converter(l). 

30% Cu Matte 70% Cu Matte 

ement Blister Converter Off-Gas Blister Converter Off-Gas 
Copper Slag Copper Slag 

Pb 0.006 0.44 0.554 0.054 0.49 0.456 

As 0.1 0.40 0.50 0.50 0.32 0.18 

Bi 0.06 0.16 0.78 0.55 0.23 0.22 

Sb 0.03 0.31 0.66 0.59 0.26 0.15 

Se 0.60 O.IO 0.30 0.70 0.05 0.25 

2.3.1.2 Nickel Making 

There is litde information available on the distribution of minor elements in nickel 

mattes. Minor elements like Pb, As, and Se have to be limited in the final product to 

ensure commercial viability. In Table 2.2 are listed the compositions in nickel matte, 

nickel anodes, and commercial nickel. The data from this table indicate that relatively 

large amounts of minor elements have to be removed during electrorefining. 
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Table 2.2 Composition of nickel matte, nickel anode, and cathode nickel 
(or commercial Ni) (13). 

Element Matte (wt%) Anode (wt%) Cathode (wt%) 

Ni 48 76.5 99.95 + 

Co 1.0 1.4 0.009 

Cu 27 17.0 0.0015 

Fe 1.0 2.0 0.0009 

S 22 1.4 0.0007 

Se 0.04 - -

As 0.13 0.5 0.0002 

Pb 0.06 0.05 0.0007 

2.3.2 Activities of Minor Elements 

It is essential to understand the activities of minor elements in matte in order to 

remove them efiSciently. Several studies have been done on minor element activities in 

copper matte; yet the thermochemical nature of these elements in matte is not My known. 

Arsenic activity in copper was studied by Azakami and Yazawa (22), Jones and 

Phillipp (23), Jeflfes et ai. (24), Hino (25) and Lynch (26). Arsenic activity in copper 

matte is reported by Lau et al. (27), Itagaki et al. (28), Hino (25), and Roine and Jalkanen 

(7). Activity of As in copper matte equilibrated with copper was investigated by Hino and 

Toguri (29). 



34 

Jones and Phillipp (23) studied As activity in molten copper at 1373 K using a 

transportation technique, but they only determined the activity in the range from 0.22 to 

0.27 mole fraction of As. Their results, given by 

log YA. = -15.39X^+3.78, (2.1) 

indicate a strong tendency towards intermetallic compound formation. Xbt is the mole 

fraction of Cu in melt. Similar equations were also developed for different temperature 

and concentration range by Lynch (26). His results are 

log YA.= - 5.58X^ + 1.65, (0.21 ^ Xo. ^ 0.30; 1273 K) (2.2) 

log YA.= - 6.22X^ + 2.25, (0.21 < Xca < 0.30; 1373 K) (2.3) 

Lynch also examined the extent of the disassociation of tetratomic As vapor as As, As2, 

and As3. His results indicate that As2 is the predominant species when As vapor, 

equilibrated with metallic As below 873 BC, is heated above 1273 K. 

Hino and Toguri (29) evaluated, at 1423 K, the activity of As in the dilute region 

of molten copper, in CU2S saturated copper, and in copper mattes equilibrated with 

copper. Hino and Toguri's results indicate that As activities in the CujS phase are greater 

than those in the copper phase coexisting with white metal at the same concentration of 

As in each phase. However, the activity of As in the CuzS phase still shows a negative 

deviation from ideality. The activity coeflBcients of As at infinite dilution are 1.2 x 10"^ in 

copper and 0.12 in CuzS at 1423 K. Wagnerian interaction parameters, e^, p^, ands^, 

were also reported to be 10.5, 5.2 and 19.9 in copper, respectively, at the same 

temperature. 
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The activity of Bi in copper-saturated copper sulfide melts was investigated by 

Judin and Eerola (30). The boundaries of the misdbili  ̂ gap and the temperature 

dependence of the distribution coefiBcient of Bi between metal phase and sulfide phase 

were determined within the concentration range of 0 -10 wt% Bi in the metal phase. The 

temperature dependence of the distributioa coefiBcient can be pressed as 

log LBS = - 0.856, (T = 1423 to 1573 K) (2.4) 

where Lsi is the distrbution coeflScient of Bi. 

The equilibrium distribution measurements of As, Sb and Bi between molten 

copper and white metal, and molten copper and matte were conducted by Akagi and 

Lynch (10). In their study. Equations 2.5 to 2.7 were obtained to calculated activity 

coeflBcients of As, Sb, and Bi in white metal equilibrated with copper. These equations 

were obtained based on liquid standard state (solid standard state for As) and applicable 

only to the range of 1423 - 1473 K. 

hi YA. = -2.29 + 0.186 XA. (2.5) 

hi Ysb =-1.21+23.5 Xsb (2.6) 

hi yBi = 3.01 + 14.0X8! (2.7) 

Activities of As, Sb, Bi, and Pb in copper matte were studied by Roine and 

Jalkanen (7). The activity coefiBcients of those elements in homogeneous copper mattes 

were determined as fimctions of the Cu/Fe molar ratio and of the sulfiir content of matte 

at 1473 BC The sulflir-to-metal ratio, Xs / (XQ, + XPE), was found to be the most 

important factor influencing the activities. When the sulfiir-to-metal molar ratio of the 
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matte changed from sulfur deficit to sulfur excess, the activity coefScient of As in the 

matte varied fi-om 0.52 to 38, Sb fi-om 3.3 to 82, Bi firom 75 to 3.4, and Pb firom 25 to 

0.079. 

2.3^ Activities of Sulfides 

The activities of minor-element sulfides can be determined using the following 

equilibrium: 

where K is the equilibrium constant. Before the activity coeflBcients can be calculated, the 

forms of minor elements in the matte must be deduced. Some possibilities for sulfides are 

MS and MSu. In most cases, the activity coefiScients have been calculated on the 

assumption that impurities exist in form of MS or MSu for As, Sb, Bi and Pb. 

Since calculated activity coefficients for most minor-element sulfides (i.e., BiS, 

AsS, SbS) are very low, then As, Bi and Sb are usually assumed to exist in matte in the 

neutral form. Pb, however, due to its high afBnity for sulfiir, is often assumed to exist in 

matte as PbS. Nevertheless, Lynch (20) believes that Pb exists in matte in both elemental 

form and as a sulfide, and the Section of the elemental form of Pb increases as the sulfur 

pressure decreases. 

mM G) + 0.5nS2 (g) = M„S„ © 

— I' (2.9) 

(2.8) 
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2.3.4 Parameters Affecting Activities of Minor Elements in Matte 

2.3.4.1 Sulfur Deflciency (SD) and Vacant Sites (VS) 

Sulfur content is believed to be one of the most important fectors affecting the 

activities of minor elements in matte (19, 20). Sulfur content on its own can not reflect 

the extent of sulflir saturation to the metal ion valence. SuUur-to-metal ratio is sometimes 

used by researchers (22-24) to indicate the sulfiir saturation state in matte. Sulfiir 

pressure over the matte is another measure to reflect the sulfiir content. However, the 

best way (20) to describe the saturation state of sulfur in matte is the sulfiir deficiency 

(SD). SD is defined as, 

X 
SD = Xs ^ - Fe, in the Cu-Fe-S system and, 

X 2X 
= Xs ^ —, in the Ni-Cu-S system. (2.10) 

M J 

In the above equation, Xj is the mole firaction of the ith component in matte or white 

metal. A matte with zero SD is a sulflir-neutral matte; negative SD is a metal-rich matte; 

and positive SD is a sulfiir-rich matte. 

_ The impact of SD on the activity coeflScients of As, Bi, Pb, and Sb is discussed by 

Lynch (20), who found that the activity coefBcients of As and Sb increase as SD increases 

whereas the activity coeflScients of Bi and Pb decrease as SD increases. Figure 2.3 

illustrates those findings. 

Dissolution of the minor elements As and Sb in matte depends upon not only the 

sulfiir deficiency but the availability of vacant sites. The existence of a sulfiir deficiency 
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implies the existence of electronegative sites. NdQnor elements dissolved in matte tend to 

occupy the site originally belonging to sulfur to stabilize themselves. However, only those 

atoms that are electronegative or have an equivalent electronegativity with respect to 

copper and iron may fit in those sites. Vacant Site (VS) is a concept designed to describe 

the actual electronegative sites in which the minor elements fit (20). The number of 

vacant site can be approximated by; 

VS = Xs+ZXvi (2.11) 

where ^ Xj^ represents the sum of the mole fi-actions of all minor elements that compete 

for free metal atoms and occupy an electronegative site. \\r is determined by fitting activity 

coefiBcient data of trace elements for matte (with a specific Cu/Fe ratio) to the activity 

coefficient data for white metal. v|/ for As and Sb can be approximated by 

\\f = + 0-99 (As, Cu/Fe ^ 2.5) (2.12) 

- 0.086 
\|/ = -prrr 0-96 (Sb, Cu/Fe ^ 2.5) (2.13) 

Cu / Fc 

A negative value for VS reflects the presence of unpaired Cu and Fe, and indicate 

interaction of the fi-ee metals (Cu and Fe) with the minor elements. 

2.3.4.2 Cu/Fe Ratio 

Figure 2.3 shows the impact of the Cu/Fe ratio in the matte on the activities of the 

minor elements in matte. The reason that the Cu/Fe ratio affects the minor elements is not 
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fiilly understood. One approach to predict the effect of the Cu/Fe ratio is to consult the 

binary phase diagram of a minor element and copper or iron. If intennetallic phases exist 

between the minor element and copper (or iron), then the activity of the minor element is 

expected to decrease as the concentration of the free metal increases. 

The Cu/Fe ratio also affects the number of VS in a matte, and the vapor pressure 

of sulfiir, even if the sulfiir deficiency is constant. How these aspects infhience the activity 

of minor elements in matte needs further examination. 

2.3.4.3 Temperature 

Temperature usually increases the activities of the minor elements in the matte, but 

it may have the opposite effect on Bi and Pb in the Cu-Fe-S system. An increasing 

temperature increases the solubility of Pb and Bi in copper matte and causes preferred 

bonding between Fe and Pb or Bi (20). 

The influence of temperature on the activities of minor elements has not been 

systematically investigated. Because the temperature used to smelt copper concentrate 

(except for flash smelting) is usually fixed in industry, researchers always tend to choose a 

single temperature close to industrial practice to conduct their experiments. 

2.3.4.4 Concentration 

The effect of concentration on the activity of a minor element in matte has also 

been largely overlooked. The lack of studies of this aspect is due to the assumption that 

the minor-element concentration is always low enough that Henrian behavior is obeyed. 
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Therefore, the actual concentration range over which Henry's law applies is not known for 

most minor elements in matte. 

The activity of As as function of concentration in white metal was reported by 

Hino and Toguri (29). Rgures 2.4 and 2.5 give the activity and activity coefiScient of As 

in white metal, respectively. 

'es 

0.04 0.08 0.12 0.00 

Figure 2.4 Activity of As in white metal at 1423 K (29). 
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Figure 2.5 The activity coeflBcient of As in white metal at 1423 K (29). 

2.3.5 Molecular Forms of Minor Elements Existing in Melts 

Knowing the molecular form in which a minor element exists in matte can help to 

predict the activity of that element. Minor elements exist in matte in the forms of neutrals, 

intermetallic compounds, or sulfides (19). How the activity coeflBcients change in matte 

can be explained by the bondmg strength between the element of interest and other 

elements in the system. Since there are no feasible methods to measure the change of 

bonding strength, the existence of intermetallic bonding becomes an indicator of the 



bonding strength. In a ternary-element matte, the decrease of sulfur eventually causes a 

free metal to appear. The bonding between the minor-element atoms and the free metal 

atoms is believed to determine the activity of these minor elements. Whether such bonds 

exist can be assessed by using binary phase diagrams of the free metal and the minor 

element. 

Binary phase diagrams show that both As and Sb form intermetallics with Cu, Fe 

and Ni (31). There are no such phases between Bi or Pb and Cu, Fe, or Ni. This may 

explain the phenomenon shown in Figure 2.3. Specifically the value of the activity 

coefScients of As and Sb decrease as the SD declines. That drop is due to the 

intermetallic bonding between those minor elements and the free iron which exists because 

of the lack of sulilir content. On the other hand, since there is no intermetallic bonding 

between Bi or Pb and the free metal, decreasing the sulfur content should increase the 

activity of these elements in matte. 

Whether an element dissolves in matte as a sulfide can be predicted from a stability 

diagram. Figure 2.6 is a stability diagram in terms of the partial pressures of o^Q^gen and 

sulfiir at 1473 K. Under common copper matte smelting process conditions (Ps^ « 10"^ 

atm), As, Bi, Pb and Sb all should exist in matte in elemental form if the activity of both 

the minor element and its sulfide had unit activity. However, the real situation is not that 

simple. If the activity coefficient of the sulfide is less than that for the element, then the 

sulfide is more stable in matte than the element is. Most researchers have predicted that 

As and Sb exist in elemental forms whereas the Pb and Bi dissolve in matte as sulfides. 
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Figure 2.6 Stability diagram for elements, their oxides and sulfides at 1473 K (20). 

Values of the activity coefiBcient as a function of sulfur concentration in matte can 

also be used to predict the possible molecular forms of minor elements in matte. From the 

stability diagram (Figure 2.6), the lower value of Pg^ (« 10'̂  atm) needed to form pure PbS 

indicates a much greater affinity between Pb and sulfur than that exhibited by As and Sb. 

That low value, particularly in combination with the high sulfur activity associated with 

mattes (particularly iron rich mattes), should cause an appreciable fraction of Pb to 

dissolve as a sulfide provided apbs is less than apb. The situation with Bi is not as clear, but 
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according to Figure 2.3, the reduced activity coefficient of Bi in sulfiir-rich mattes would 

seem to indicate that Bi also dissolves in matte as a sulfide. 

2.4 Removal of Minor Elements 

Minor elements existing in copper concentrate can be removed during copper 

production by slagging, vaporization, or electrorefining. To produce high purity copper 

eflBciently, minor elements should be removed to an acceptable extent before 

electrorefining. Table 2.3 lists the range of anode and cathode compositions in modem 

refineries. The following sections will elaborate on the above stated methods. 

2.4.1 Chemical Reaction (Slagging) 

During copper making, minor elements are partially removed by slagging. The 

production of liquid matte and its subsequent conversion to blister copper is so fer the 

most common method of extracting copper firom sulfide minerals. Matte smelting consists 

of melting concentrates or partially roasted concentrates at 1423 - 1523 K to produce two 

immicsible liquid phases: slag (oxide) and copper-rich matte (sulfide). The extent of 

removal of minor elements with the slag and the molecular forms (fi'ee element or oxides) 

of minor elements existing in slag, depend on the o;^gen potential (19). 

Typical industrial slag consists of SiOj, AI2O3, CaO, MgO, Fe304, and FeO. 

Liquid slags are ionic, being made up of cations (e.g., Ca^*, Fe^^ Fe'̂  Mg^^ and anions 

(0^*, Si04", and large silicate chains and rings). Smelting slags are classified in three 
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Table 2^ Compositions of anode and cathode in modem refineries (19). 

Element Anode (%) Cathode (%) 

Cu 99.4 - 99.8 99.99 + 

0 0.1-0.3 -

Ni 0-0.5 trace - 0.0007 

Pb 0-0.1 trace - 0.0005 

As 0-0.3 trace - 0.0001 

Sb 0
 

1 p
 

trace - 0.0002 

Se 0 - 0.02 trace-0.0001 

Fe 0.002 - 0.03 0.0002 - 0.0006 

Te O-O.OOl trace - 0.0001 

S 0.001 - 0.003 0.0004 - 0.0007 

Bi 0-0.01 trace - 0.0003 

Ag trace - 0.1 0.0005 - 0.001 

Au 0 - 0.005 0 - 0.00001 

groups: add, basic and neutral according to their silicate degree. Silicate degree is defined 

as the ratio of the weight of oxygen in the add oxides in the slag to the weight of oxygen 

in the basic oxides (32). A basic (silicate degree < 1) slag is simple in structure, and it is 

relatively fluid. An add slag (silicate degree > 1), on the other hand, is composed of large 

complex anions, and its viscosity is high. 

Increasing the oxygen potential benefits minor element removal because more 

minor elements are oxidized and enter the slag. However, higher oxygen potential means 
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higher copper content in the slag, an unacceptable condition. The combustion gases in 

most smelting furnaces contain about 1% O2 (i.e. » 10*^ aim) (19). FeS in the 

concentrate and matte exerts a strong reducmg potential on the system. Thus, in smelting^ 

there is always competition between the production of minor element oxides by 

atmospheric oxidation and the reduction of oxides by the sulfide phases. The dissolution 

of minor elements in matte and slag is not well known. However, according to the 

stability phase diagram, Pb may be assumed to dissolve in slag in the oxide form, and Bi, 

Sb, and As in elemental form. 

2.4.2 Vaporization 

Besides entering the slag, a substantial amount of minor elements vaporize and 

enter the off-gas during copper smelting. Generally speaking, minor elements can be 

vaporized under equilibrium or nonequilibrimn conditions. If the gas bubbles leaving the 

baths contain no &ee oxygen, three phases (gas-matte-slag, or gas-matte-metal) can be 

regarded as being in equilibrium with one another (33). However, in most metallurgical 

distillation operations, particularly those carried out under high vacuimi conditions, the 

overall vaporization rates of trace elements are controlled by the rates of evaporation of 

these trace elements leaving from the surface of melt (34, 35), and therefore it is not valid 

to assume that equilibrium is maintained between the concentrations in the vapor and in 

the liquid. 
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2.4.2.1 Equflibrium Vaporaution 

Minor element vaporization in copper making processes assuming equilibrium 

conditions, have been extensively studied and modeled by Nagamori and Chaubal (33, 36-

38). Equation 2.14 gives a model by Nagamori and Chaubal to predict the overall 

reaction of minor elements as function of process parameters. 

where and [M]^ refer to the concentration of a minor element M in the copper 

phase before and after the volatilization, respectively. Vg is the volume of any gas flushing 

the melt. Icm is the volatilization constant, which governs the volatilization of element M 

Wcu, WMI, ans Wsi refer to the weights of copper, matte, and slag phases, respectively. 

LM and LM are the distribution coefiBcients of M between copper and matte and between 

copper and slag. 

The following conditions have to be met in order to use this model: 

(1) A system consisting of copper, matte, and slag phases is in equilibriimi. The 

(2.14) 

and 

equilibrium between solution and gas phase occurs instantaneously. 
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(2) The concentration of a minor element is sufBciently low that the sum of partial 

pressures of all the M-containing gases (where M is the minor elements of 

interest), PM , is proportional to the concentration of M in the copper phase. 

(3) The concentrations of major elements in phases involved are constant. 

The volatilization constant under equilibrium conditions is a concentration -

independent constant. It is defined as 

(2.16) 

where AM is the atomic weight of element M. ICM for Pb, Bi, As, and Sb can be calculated 

as follows; 

OOlvLeAn. 
kk = ^ +K.P^Po^^^ +K,P^sPr) (2-17) 

k; = 0.01Ac„yLP|,(l + K;"^K,P^^) (2.18) 

kl, = 0.01AC„K;'̂ ^YL(PL, + K7P£') (2.19) 

k; = 0.01Ao.y;(P°^)"^(K,Po7 +K,P£^) (2.20) 

where is the activity coeflScient of M in melt and y^ is the activity coefScient of 

PbS at infinite dilution. Pq^ and Pg^ are partial pressure of 62 and S2 and P^, Pj^o, and 

P^ are the pressures of pure M, pure MO, and pure MS, respectively. The BCjS are 

equilibrium constants of chemical reactions listed in Table 2.4. 

The above model is valid for an infinitesimally small batch volatilization where 

weights of the major elements in the phases involved are constants. However, the validity 
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Table 2.4 Equilibrium constants for minor element reactions. (38) 

Number Reaction Equilibrium 

Constant (1523 K) 

1 Pb0)+l/2O2(g) = PbOa) KI = 2.095x10^ 

2 Pba)+l/2S2(g)=PbS(s) K2 = = 1.640x10 

3 Bi2(g) = 2Bi(g) K3 = 5.360x10*^ 

4 l/2Bi2(g) + l/2S2(g) = BiS(g) K4 = 3.452 

5 AS2 (g) = 1/2AS4 (g) KJ = 2.128 

6 1/2AS2 (g) +I/2O2 (g) = AsO (g) K6 = 2.564x10^ 

7 1/2AS2 (g) + I/2S2 (g) = AsS (g) K7 = 9.013x10^ 

8 l/2Sb2(g)+l/202(g) = Sb0(g) K» = 3.360x10^ 

9 l/2Sb2(g) + l/2S2(g) = SbS(g) K9 = 2.854x10^ 

can be extended to a continuous operation by incorporating these relations into a steady-

state reactor model. For a steady-state process, the following model can be applied: 

ruif 01U 

where 

and 

W W 
WT=We„+-^ + -^ (2.22) 

QT = Q=,+?r-+% (2-23) 
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where Qco, QMI, and Qsi are the weights of copper, matte, and slag phases in the reactor 

under steady-state operation. WM is the weight of the minor element. 

2.4.2.2 Nonequilibrium Vaporoation 

When the equilibrium between the concentrations in the vapor and in the liquid can 

not be maintained, the quantitative rate of vaporization of single component systems can 

be estimated by the Langmuir Equation 2.24 (39). This equation is valid only when the 

vapor molecules obey a Maxwell - Boltzmann velocity distribution and the ideal gas law. 

In Equation 2.24 © is rate of evaporation, Po is the saturation pressure. Pi is the 

partial pressure, R is the gas constant, M is the molecular or atomic weight of the vapor 

species, and T is the absolute temperature. In a perfect vacuimi where all of the vaporized 

molecules do not return to the liquid, the evaporation rate is a maximum. 

The ratio between Pi and Po is termed as the degree of saturation of the vapor (<j>). 

(j) vanes from 0 to 1 as the evaporation conditions vaiy from molecular vaporization to 

equilibrium. 

For multicomponent systems, the vaporization rate can be estimated by the 

Langmuir - Knudsen equation : 

27CRT 
(2.24) 

(2.25) 
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where ©A is the rate of evaporation of component A from a multicomponent solution, P° 

is the eqiiilibriimi partial pressure of pure component A, is the effective partial 

pressure of component A in the vapor phase, y\ is the activity coefScient of component A 

in the liquid phase, XA is the mole fraction of component A in the liquid phase, and MA is 

the molecular weight of component A. 

The Langmuir - Knudsen equation is often inaccurate when ^plied to impurity 

vaporization from molten phases due to the complex molecular forms of species in which 

impurities are vaporized. In nonequilibrium vaporization, such as vacuum refining, 

impurities are preferentially evaporated from a melt by reducing the total pressure of the 

system. The vaporization rate in such a process is controlled by three steps: mass 

transport in the liquid phase to the liquid/gas interface; evaporation; and mass transport in 

the gas phase away from the liquid/gas interface. For each step, the dux of impurities can 

be expressed as in the following equations assuming first order kinetics (34): 

where JL, JE, and Jo are the flux of impurities in the liquid phase, liquid/gas interface 

(evaporation), and gas phase, respectively, Icl, Ice, and ko are the mass transport coefficient 

in the liquid, the rate constant at the liquid/gas inter&ce, and the mass transport coefficient 

J,=k,(Q-Cl^) (2.26) 

(2.27) 

(2.28) 
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in the gas, respectively, Cg is the bulk concentration of impurity and is the impurity 

concentration adjacent to the liquid/gas inter6u:e. is the equilibrium vapor pressure of 

the impurity element in the liquid phase, P^s is the actual vapor pressure of the impurity 

element in the gas phase, and P^ vapor pressure of impurity at "infinite" distance from the 

liquid/gas interface. 

The overall vaporization rate of an impurity from copper matte can be estimated by 

JT = MCL-aP:) (2.29) 

where 

^ 1 oRT oRT 

k^ kg k, G 

and 

where kt is the overall rate coefl5cient, PB bulk pressure of solute, and Ma molar mass of 

solute. 

Temperature, sulfur pressure, and total pressure of the chamber all affect the 

overall rate coefiBcient. kr usually increases as the temperature increases. If minor 

elements are evaporated out of matte in forms of sulfides, then kr increases as the sulfiir 

pressure inaeases but decrease as the total chamber pressure increases. Figure 2.7 shows 

the effects of temperature on kx for Zn, Pb, and Bi in matte. 
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Figure 2.7 Overall rate coeflScients of Zn, Pb, and Bi, in matte vs. temperature. 
(PB = 10 Pascal) (34) 

2.43 Electrorefining 

Electrorefining is the last step in copper-making, resulting in cathode copper. In 

electrorefining copper dissolves fi-om an impure anode into the electrolyte, then selectively 

plates in relatively pure form onto a cathode. Electrorefining can reduce the concentration 

of impurities which are harmfiil to electrical and mechanical properties of copper, and 

separate valuable impurities as coproducts. 



Impurities in a copper anode either enter the electrolyte or M to the sludge as 

selenides, sulfides and teUurides (19). Valuable impurities such as Ag, Au, and Pt are 

rarely electrochemically dissolved because they are more noble than copper. Due to the 

high density of these elements, they generally &11 to the bottom of electrolyte bath. Pb 

and Sn dissolve from the copper anode, but they tend to form sul&tes (PbS04 and 

Sn(0I^S04) which are insoluble in the electrolyte. These sul&tes will also collect at the 

bottom of the tank. 

As, Bi, Co, Fe, Ni and Sb are all less noble than copper, and they tend to dissolve 

electrochemically from the anode. Due to the difference of electrode potential, these 

dissolved elements do not plate on the copper cathode when their concentrations in the 

electrolyte are low. However, as the concentrations of these elements build up, they 

contaminate the cathode copper. Thus, they must be prevented from building up in the 

electrolyte. This is done by removing them from a bleed stream of electrolyte in a 

purification section of the refinery. 

2.5 Methods for The Evaluation of Activities in Molten Materials 

Many methods have been developed in this century to determine the activity of 

species existing in molten materials. These techniques include electromotive force (EMF), 

transportation, isopiestic, and mass spectrometer. Each method has its advantages and 

limitations in application. In some situations, all the above techniques can be used; e.g., 

determining As activity in molten copper. Table 2.5 shows the results of determined 
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with difierent techniques. That these results are not identical may be partially due to the 

drfiferent temperatures used and also due to the different accuraqr of each method. The 

difference in Table 2.5 are too great to attribute to temperature variations and to different 

techniques. The following sections elaborate on the principal advantages and 

(tisadvantages of each method. 

Table 2.5 Results of in molten copper determined by different techniques (29). 

YL Temperature (BQ 

EmfMethod 5x10*^ 1273 

Transportation IxlO"® 1573 

Isopiestic 5x10-' 1373 

Mass spectrometer 7.3x10"^ 1423 

2.5.1 XransportatioD Method 

The transportation technique is one of the oldest methods for thermodynamic 

characterization of high temperature vapor systems. The technique, in general, provides 

vapor density information. When combined with species identities and molecular weights, 

the vapor density can be converted to a partial pressure which can be used to evaluate the 

activity of the species in the melt (40,41). 



2.5.1.1 Experimental Technique for The Transportation Method 

Hgure 2.8 is a typical design of a transportation apparatus (42). This design 

consists of two chambers and a gas flow system. Specimens are placed in chamber one. 

A container with pure minor element (M) is placed in chamber two. The temperature is 

different in each chamber as shown in Figure 2.9. The gas system is used to purge the 

chambers and to transport the vapor produced in chamber two to sweep the specimen in 

chamber one. 

To initiate an experiment, a ceramic boat containing the high purity element of 

interest is inserted into chamber two. Chambers one and two are purged with inert gas 

while the two chambers are heated to the desired temperatures, TM and Ts, selected, based 

on desired partial pressures. Once the desired temperatures have been obtained the 

specimens are inserted into chamber one. The specimens are allowed to equilibrate with 

the vapor phase for a specified time. At the end of an experiment the specimens are 

moved to the far right side of chamber one where a cold inert gas is blown over the 

specimens to quickly cool the melts, and thereby prevent loss of the element of interest 

fi"om the specimen. The final composition of the specimen can be analyzed by atomic 

absorption method. 
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I. m s 

Carrier Gas Flow Direction 

Figure 2.9 Temperature profile of transportation chambers. 

2.5.1.2 Modified Transportation Method 

A modified transportation apparatus used by Roine and Jalkanen (7) has only one 

saturation chamber with a lance to allow the carrier gas to stir the melt The new feature 

of this transportation apparatus is that the carrier gas Onert gas) is injected into the 

specimen through the lance in order to speed up the equilibration and to achieve a 

homogeneous specimea The carrier gas forms bubbles in the melt and the bubbles 

themselves form the subsidiaiy saturation chambers. The flow rate is slow enough to 
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ensure that the gas and liquid phases maintained equilibrium and fast enough to prevent 

diffusion of the impurity components from the saturation chamber. 

Each experiment is started with a specimen of known composition. After bubbling 

certain amount of carrier gas, the concentration of minor elements in matte is analyzed. 

With knowledge of the melt composition at both the beginning (X^) and end (X^) of an 

experiment, Roine and Jalkanen were able to calculate the activity coefScient of the trace 

elements in matte using Equation 1.1. 

The saturation condition was confirmed by running a series of experiments with 

different carrier gas rates. A carrier gas rate, within the region where the activity 

coeflScients (in this flow rate region) are independent of the flow rate, ensures a saturation 

condition for an experiment. 

2.5.1.3 Analysis of Experimental Data for The Transportation Method 

The activity of the element in the specimen can be determined by using the 

equation: 

f? ^ fp ^ 
1/2 f? "1 

po po 

1/4 

(2.32) 

In the equation the vapor pressures in the numerator are the real values. The pressures in 

the denominator are the saturation values for the pure liquid impurity element which is 

obtained from thermodynamic data (26, 43-45). 
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From knowledge of the activity and the mole fraction of that element in the 

specimen, XM, it is possible to calculate the Henrian activity coefiBcient, , and the first 

order self interaction parameter, e". A plot of InY^ plotted versus XM is exemplified by 

Figure 2.10. When the curve is extrapolated to XM equal to zero, the intercept yields the 

value of hiy^. The first order self interaction parameter is defined as: 

Accordingly the self interaction coefficient, 8 ^, can be determined by evaluating the slope 

of the line in Figure 2.10 as goes to zero. 

For a binary system, the activity coefiBcient of the second element can be derived 

directly with the knowledge of the activity coefficient of the first element by using the 

Gibbs - Duhem equation; 

2.S.2. Electromotive Force Method (EMF) 

The principle of the EMF method (22, 46) to measure activity is based on the use 

of an electrochemical cell. Because of different activities of the studied element at the 

cathode and anode, the cell produces an EMF (<{>) which is defined by Nemst's law: 

(2.33) 

(2.34) 

(2.35) 
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S 

, Figure 2.10 Graphical analysis for evaluation of y ^ and s". 

a'j^ is the activity of reference material and is known as the reference cell, Q is the valence 

of M in the electrolyte separating the anode and cathode, and F is Faraday's constant If 

the cell EMF and bath temperature are measured, then aM can be calculated. 

The EMF method is a direct and fest way to measure activity of elements in molten 

materials. However, the application of this method is very limited for high temperature 

molten systems because it is very diflScuIt to find the right materials to make a suitable 

electrochemical cell. Nevertheless, a few cells such as Concelox-Cu (46, 47) have been 
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successfully used to measure the oxygen activity in molten copper. The As activity in 

molten copper has also been measured using this technique (22). 

2.53 Isopiestic Method 

The isopiestic method was first introduced by Herasymenko (48) and improved by 

many others (49-52). It is similar to the transportation method. The main difiference 

between these two methods is that the transportation method has a gas transport system. 

Figure 2.11 shows an isopiestic system. It consists of specimen and minor element source 

chambers connected by a long tube. The minor element source chamber contains the pure 

element of interest in a suitable crucible. The specimen chamber contains the specimen. 

The temperature in the minor element source chamber is lower than that in the specimen 

chamber. 

To initiate an experiment, both chambers are evacuated after the specimens are 

placed in the chambers. Then both chambers are heated to desired temperatures. The 

temperature in the minor element source chamber is set to keep the pure element in either 

solid or liquid form. Enough time elapses to allow the vapor fi'om the minor element 

source chamber to enter into the specimen chamber and equilibrate with the specimen. 

The vapor pressure of the studied element is constant throughout the system and is 

determined by the temperature of the solid or liquid phase of the pure element in the minor 

element source chamber. The vapor pressure data can be obtained from thermodynamic 

data. The analysis of experimental data for isopiestic method is similar to that for 

transportation method. 
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Figure 2.11 Schematic of high temperature isopiesic apparatus. 

2.5.4 Mass Spectrometer Method 

The mass spectrometer method (29) has the ability to determine the intensity (I) of 

vapor species. Vapor pressure is proportional to vapor intensity and can be expressed as: 

PM ~ KMIMT (2.36) 
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where PM is the partial pressure of specie M, KM is a constant at a fixed temperature, T is 

the temperature of the specimen, and ^ is the vapor intensity of specie M. By measuring 

the vapor intensity of a specimen of known activity (aM(r)) a specimen of unknown activity 

(aM(D)) at the same temperature can be calculated fi'om the following equation; 

where n is the atom number for M to form a molecule Mg. 

To use a mass spectrometer, a Knudsen cell is usually coupled to it. Figure 2.12 

shows a double Knudsen cell. It has two chambers, with one chamber containing a 

reference sample, and the other with unknown activity sample. There is a small orifice 

(usually < 1 mm in diameter) in the wall of each chamber to allow vapor species to exit the 

chamber. No other leakage is allowed fi'om the cell. 

Even though this method is efBcient, it is not very suitable for measuring activities 

of high-melting-point species because of the difiBculty to provide a high uniform-

temperature path for the vapor to the enter the mass spectrometer chamber. The 

requirement of a known activity reference also limits the usage of this method. 

•M.(r) _ 
+ ^OgaM(r) (2.37) 
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Theraocouple 

Figure 2.12 Schematic of a double Knudsen cell. 
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CHAPTER THREE 

EXPERIMENTAL 

3.1 Objectives 

The objectives of this project are to evaluate the activities of minor elements As, 

Bi, Pb, and Sb in copper - iron matte and nickel - copper matte. The variables of interest 

are: 

• sulfur deficiency, 

• Cu/Fe (or Ni/Cu) ratio; 

• temperature (for Cu - Fe matte only); 

• concentration. 

Also of interest is the influence of sulfur loss on the activity coefiBcients of minor elements 

in matte. 

3.2 Apparatus 

The transportation technique was chosen to evaluate the activities of As, Bi, Pb, 

and Sb in mattes. The transportation technique has proven to be reliable in 

thermodynamic studies and is used by many researchers for activity evaluation in molten 

materials (40, 41). Figure 3.1 is a schematic diagram of the transportation system used in 

this investigation, and Figure 3.2 shows a cross section of the fiimace interior. 
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Figure 3.1 Schematic diagram of the transportation system. 
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Figure 3.2 Cross section of the furnace with internal details. 



The technique employed in this investigation is a hybrid of Roine and Jalkanen's 

approach (7) and a conventional transportation apparatus. Unlike the experimental setup 

used by Roine and Jalkanen (7), the apparatus used in the present investigation has both a 

saturation chamber and a condensation chamber which contains a cold finger. But the 

analysis employed is similar to that used by Roine and Jalkanen. Referring to Figure 3.2, 

argon carrier gas flows fi-om below the crudble up both the reactor tube and support tube. 

The carrier gas flow sweeps the sur&ce of the melt. A stirring gas, also argon, is bubbled 

through the melt. Both gas streams leave the saturation chamber through a small orifice 

(2 mm in diameter) in the end of the alumina tube housing the cold finger. Spacing 

between the melt surface and the bottom of the cold finger housing (with the orifice) is 

maintained constant at 6 mm. The argon used as the carrier and stirring gases is passed 

through dririte, ascarite, and copper turnings at 823 K to remove water vapor, CO2, and 

O2, respectively, before being metered for use in an experiment as shown in Figure 3.1. 

3.3 Sample Preparation 

3.3.1 Copper - Iron Matte 

Copper - iron matte and white metal were prepared fi'om an admixture consisting 

of various combinations of powders of CU2S, FeS, CuS, and Cu. To the admixture were 

added As (as FeAs) and Sb or Bi and Pb (as PbS) to a concentration of 0.3 to 0.5 wt%. 

FeAs was used to stabilize the As so that it would not completely volatilize upon heating. 

FeAs was also used in preparing the white metal specimens. As such, these melts 

containing As actually have a Cu/Fe ratio of 327 (which has been approximated as 00). 
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The source, purity, and form of the materials used m this investigation are reported in 

Table 3.1. Materials in non-powder forms were ground before preparing the admixture. 

Approximately 200 grams of the admixture were placed in an alumina crucible to ensure a 

melt volume of 38.5 cm^ for each specimen. Elemental melt compositions for Cu, Fe, and 

S employed in this investigation are listed in Table 3.2. 

Table 3.1 Purity of materials used to form admixture 

Element or Compound Form and Source Purity 

Cu powder, Cerac 99% 

CU2S powder, Aldrich * 

CuS powder, Aldrich 99.9% 

FeAs piece, Cerac 99.9% 

FeS piece. Aldrich # 

Bi powder, Aldrich 99.99% 

PbS powder, Aldrich 99.9% 

Sb powder, Aldrich 99.99% 

• 77.9%Cu 
# 64.1%Fe 

Admixtures containing Bi and Pb or As and Sb were also prepared. The use of 

multiple volatile species decreased the number of required experiments. The choice of 

which elements to pair was based on their anticipated volatility. Experimental design 

ensured that sufBcient material was volatilized for chemical analysis of each element and 

that several specimens could be collected in a reasonable time period. 
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Table 3.2 Melt compositions Cu - Fe mattes. 

Cu/Fe SD total mass (g) wt%Cu wt%Fe wt%S 

00 +0.02 200 78.9 0 21.1 

2.5 -0.02 177 56.1 19.7 24.2 

0 177 55.4 19.5 25.2 

-H).02 177 54.7 19.2 26.1 

1 -0.02 173 38.4 33.8 27.8 

3.3.2 Nickel - Copper Matte 

The composition of nickel - copper matte to be studied was chosen based on 

industrial practice. The typical matte in industry has a Ni/Cu ratio of approximately 2, and 

a sulfur deficiency (SD) of approximately -0.04. In order to make the results of this 

research more applicable to industry, the melts were prepared with Ni/Cu ratios of 1, 2, 

and 00. In addition, samples were also prepared with different SD values at fixed values of 

the l«fi/Cu ratio in order to evaluate the effect of SD on the activities of the minor 

elements. The compositions selected for analysis in this investigation are listed in Table 

3.3. "All melt compositions were within the single phase liquid region of Ni-Cu-S phase 

diagram, shown in Figure 2.2. 

The total mass of each sample was set to give a predetermined matte volume. In 

order to utilize the same set-up for copper - iron mattes, the matte volume for each nickel 

matte was 38.5 cm^. Since no density information is available for nickel mattes, density of 
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the phase was estimated using known densities of the individual compounds of the matte. 

The calculated nickel matte density and nickel matte size are listed in Table 3.4. 

Table 33 Test conditions and sample compositions Ni - Cu mattes. 

Sample Ni/Cu SD T(K) Ni Cu S 

No. wt% X wt% X wt% X 

1 00 -0.04 1473 72.3 0.624 - - 25.7 0.376 

2 2 -0.04 1473 50.2 0.430 27.1 0.215 22.7 0.355 

3 2 0 1473 49.0 0.414 24.5 0.207 26.5 0.379 

4 2 -0.1 1473 52.0 0.455 28.2 0.228 19.8 0.317 

5 I -0.04 1473 37.3 0.328 40.2 0.328 22.5 0.344 

Table 3.4 Sample size chosen and calculated matte densities. 

Sample Ni/Cu SD T(K) Sample Constituent and Densities 

No. NisSz Ni CU2S TW* nr D"" 

g g g g mole g/cm^ 

1 00 -0.04 1473 198 14.9 - 210.4 4.37 5.96 

2 2 -0.04 1473 118.8 19.0 73.6 211.4 4.21 5.92 

3 2 0 1473 131.9 4.3 70.2 206.4 4.17 5.78 

4 2 -0.1 1473 118.8 19.0 73.6 211.4 4.21 5.92 

5 1 -0.04 1473 79.4 21.1 110.2 210.7 4.12 5.90 

# Total weight of a sample. 
## Density. 



74 

Admixtures for nickel mattes were made of CU2S, Ni, NiS or Ni3S2. All chemicals 

except M3S2 were purchased from commercial suppliers. NiaSz was provided by INCO. 

The source, purity, and form of each chemical are listed in Table 3.5. Admixtures were 

prepared by carefully and thoroughly mixing chemical powders. Constituents in non-

powder form were ground into fine powder before mixing. 

Table 3.5 Chemical form, purity, source. 

Chemical Form Purity (%) Source 

NiS powder 99.9* Alfe 

Ni3S2 piece 99.5# INCO 

Ni powder 99.9 Alfa 

CU2S powder ** Aldrich 

Bi powder 99.99 Aldrich 

NiAs piece 99.9 Cerac/Pure 

PbS powder 99.9 Aldrich 

Sb powder 99.995 Aldrich 

• 69.75%Ni, 30.92%S 
# 73.24%Ni, 26.65%S 
•• 77.9%Cu 

3.4 Data Collection 

An experiment was started by inserting the crucible, with the admixture, into the 

fiimace from the bottom of the reaction tube. The crucible was supported by a second 

alumina tube (support tube) which could be raised or lowered to provide positioning of 



the crucible in the hot zone of the fiimace. The crucible was initially placed below the 

furnace hot zone at the bottom of the reaction tube. The furnace tube was sealed, and the 

integrity of the seals tested to ensure that air would not enter the reaction tube during an 

experiment and that the carrier and stirring gases left the reactor by the prescnbed exit. 

Prior to heating the system, the reaction tube, support tube, and cold £bger and its 

housing were purged with Ar at a flow rate of 100 cmVmin at room temperature (RmT) 

for a period of 15 hours. After purging the apparatus, the furnace was heated at a rate of 

150 K/hr until the preset temperature was obtained. During this period the carrier gas and 

stirring gas flow rates were set at 200 and 5 cmVmin RmT, respectively. As soon as the 

temperature of the furnace reached the desired value, the crucible was raised to the hot 

zone. After 2 hours for fusing the flow rates of the carrier and stirring gases were 

adjusted to the desired values. 

When the flow rates were set, the first specimen was collected by removing the 

cold finger and immediately inserting a new cold finger. The interval between the removal 

of the cold finger and the insertion of a replacement was approximately 10s. The 

condensate on the cold finger was carefiilly collected, the time over which the deposition 

occurred was recorded, and the cold finger readied for reinsertion into the furnace. 

Specimens were collected approximately every 30 minutes to 2 hours for a period of 6 to 

8 hours. At the end of an experiment the power to the fiimace was turned ofl^ and the 

crucible containing the melt lowered and allowed to cool under an Ar atmosphere. 

The specimens were weighed, digested and quantitatively analyzed for trace 

elements using atomic absorption. Given this knowledge, the time interval between 
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specimen acquisition, and the composition of the initial admixture it was possible to 

construct a continuity balance for each trace element as a function of time. 

3.5 Considerations 

3.5.1 Carrier Gas Flow Rate 

The carrier gas flow rate must be low enough to ensure an equilibrium condition 

and high enough to avoid molecular difiusion of minor volatilized species from the melt to 

the cold finger. To evaluate the activities of minor elements in matte, a region of gas flow 

rates where the gas phase is saturated must first be determined. A typical method to 

determine a saturated region is to measure the change of partial pressure as a function of 

carrier gas rate when the concentrations of the minor species are constant. Figure 3.3 

shows a typical plot of partial pressure as fimction of carrier gas flow rates. There are 

three regions in Figure 3.3: diffusion and bulk flow, equilibriimi, and nonequilibrium 

(chemical reaction rate control or mass transport limited in the melt). The platform in the 

curve is the equilibrium region, and point A and point B are the lower and upper limits of 

carrier gas rates to ensure a saturation condition. 

In the present woric the concentration of minor elements in the matte cannot be 

kept constant. Therefore a platform region of saturation shown in Figure 3.3 cannot be 

obtained in a single experiment. Nevertheless, if a series of independent experiments are 

run under the same conditions but different carrier gas rates, a curve like Figure 3.3 can 

still be obtained. However, this is not a practical solution due to the high cost and long 

time need to complete the analysis. 
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Carrier Gas Rate 

Figure 3^ Reladon between carrier gas rate and partial pressure. 

Still, distinguishing features of different regions may be observed on a curve 

obtained by running an ©qjeriment with a carrier gas rate starting from zero to infinity 

even when the concentrations of minor elements are not constant (53). Because of the 

numerous molecular forms in which the minor elements are vaporized, the shape of such a 

curve obtained in the above stated situation is hard to predict. Nevertheless, the 

saturation condition can be fiirther confirmed by running two more independent 

experiments under same conditions but different carrier gas rates. If the two experiments 



have identical pressure - concentration curves, then choosing a gas flow rate between the 

two tested carrier gas rate values should ensure an equilibrium condition. 

conducting the experiment to gain a curve plotted with partial pressure as a 

function of carrier gas rate (or weight per cent of a minor element in the matte), the flow 

rate of the gas was increased at discrete time intervals. At the end of each interval a 

sample was collected. By chemically analyzing the condensate and converting the data 

into the volatilization rate of the minor element, it was possible to plot volatilization rate 

of the minor element as a fimction of carrier gas rate. The volatilization rate of a minor 

element can be further converted into partial pressure. 

Starting with an initial carrier gas flow rate of 20 cmVmin, the carrier gas rate was 

increased to 100 cmVmin after the first hour and then increased by 100 cmVmin every 

hour to a maximum flow rate of 1200 cmVmin. The stirring gas flow rate was kept 

constant at 40 cmVmin RmT for Cu - Fe matte and 30 cmVmin RmT for Ni - Cu matte. 

3.5.2 Stirring of Matte 

In order to avoid having the rate of volatilization of minor elements limited by 

mass transport in the matte, it was necessary to keep the matte composition uniform The 

homogeneity of the matte depends on the effectiveness of stirring. 

The flow rate of the stirring gas must be high enough to ensure replentishment of 

the minor elements at the surface of the melt. Vaporization of a minor element leaves the 

surface depleted of that element, such that the volatilization rate depends on the rate of 

which the minor element is transported to the surface by diffiision and convection in the 
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melt. To find the point where mass transport of the minor element m the matte ceases to 

be a problem, three to four independent experiments were run under the same conditions 

but with different stirring gas flow rates. The stirring gas rates were 0, 5, 30, and 40 

cmVmin RmT. Later the process was combined to a single experiment for the Ni/Cu 

mattes. 

3.5J Furnace Temperature 

The influence of temperature on activities of minor elements in copper - iron 

mattes was examined at three temperatures 1473, 1523, and 1573 K. The basis for 

choosing these temperatures was industrial practice. 

3.6 Chemical Analysis 

Specimens collected were analyzed using atomic absorption (AA) to determine 

composition of the condensate collected. In order to analyze a sample using AA, the 

specimen was first digested, the procedure (54-56) for which is to : 

1. Prepare clean glass beakers and label them. Weight collected samples, and put 

them into corresponding glass beakers. 

2. Prepare the following reagents: 

(1) concentrated nitric acid, HNO3 

(2) perchrolic acid, HCIO4 

(3) sulfuric acid with deionized (D.I.) water (1:1 in volume) 
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(4) concentrated hydrochloric acid, HCl 

(5) D.L water 

3. Add D.I water to moisten the sample and then add HNO3, HCIO4, H2S04 

(1+1) sequentially. The amount of D.I. water and the amount of individual 

acids can be approximated by the following equations: 

D.I water (mi) = 20 times weight of sample grams) 

HNOs, H2SO4 = 50 times weight of sample (in grams) 

HCIO4 = 4 times weight of sample (in grams) 

4. Cover the beaker with a clean cover. Heat with occasional stirring to digest 

the specimen. Continue to heat until strong firnies from the perchloric acid 

evolve, and any sulfiir globules (yellow) have been oxidized. 

5. Remove the cover and evaporate the solution to dryness. 

6. Remove the beaker from the hot plate, allow to cool then add some D.I water 

(depending on the specimen weight) and some concentrated HCl (» SO times 

specimen weight in g). Cover the beaker and heat gently (lower than boiling 

point) to redissolve salts. Cool the solution, transfer it to a volumetric flask, 

and add water until the flask contents reach the volumetric mark level. 

A Perkin-Elmer 2380 Atomic Absorption Spectrophotometer was used to provide 

quantitative analysis. After a sample was digested into solution, the solution was diluted 

until Beer's law applies in the AA analysis. Three readings were taken for each specimen, 

and the results were averaged. 
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CHAPTER FOUR 

RESULTS 

This chapter summarizes the experimental results and experimental conditions, 

including the carrier and stirring gas rates determined for saturation conditions, minor-

element (As, Bi, Pb, and Sb) volatilization rates, and minor-element activi^ coefficients in 

the matte. 

4.1 Gas Flow Rates 

In order to run an experiment to 

elements, carrier and stirring gas flow rates 

sections reveal how those rates were chosen. 

evaluate the activity coefficients of minor 

have to be chosen first. The following two 

4.1.1 Carrier Gas Flow Rates 

The carrier gas flow rate, as noted earlier, must be high enough to ensure that the 

amount of volatile condensed is independent of molecular diffiision of that species from 

the saturation chamber to the cold finger. In addition, with multicomponent solutions it is 

essential to ensure that the surface of the melt does not become depleted of the volatile 

species during an experiment. 
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4.1.1.1 Copper - Lron Mattes 

For copper - iron mattes, it was experimentally determined, as shown in Figure 

4.1, that a carrier gas flow rate of 100 cmVmin RmT was adequate to render difiiision of 

Bi from the saturation chamber to the cold finger insignificant. The normal procedure to 

verify that bulk flow, and not diSusion, predominates is to plot the resulting partial 

pressure of the volatile species as a function of the carrier gas flow rate. At no flow rate 

the calculated partial pressure is infinite since molecular dif^sion occurs and there is no 

carrier gas. Increasing the flow rate results in a drop in the partial pressure and, 

eventually, the partial pressure remains constant. It is the minimum carrier gas flow rate at 

which the partial pressure becomes constant that indicates that bulk flow of the volatilized 

species (by the carrier gas) predominates over molecular diffusion. The analysis assumes a 

constant concentration of the minor element throughout the duration of an experiment. 

As such, for the present work it is better to plot the volatilization rate as a fimction of the 

carrier gas flow rate. 

At low flow rates, the volatilization rate of Bi declined as the carrier gas flow rate 

increased, as shown in Figure 4.1, and reached a minimum at approximated 60 cmVmin 

RmT. At higher flow rates the volatilization rate of Bi increased to a maximum even as its 

total concentration in the melt declined. The volatilization rate drops beyond a carrier gas 

flow rate of 500 cmVmin RmT. This second decline m volatilization rate is, as will be 

demonstrated shortly, because of dropping concentration of the volatile species in the 

melt. 
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Figure 4.1 Effect of carrier gas flow rate on volatilization rate of Bi in Cu - Fe 
matte. 



Below a carrier gas flow rate of 60 cmVmin RmT, it is believed that molecular 

dijSusion of Bi dominates the vaporization. Li this region, the decrease with increasing 

carrier gas flow rate shown in Figure 4.1 is because of the decreased concentration 

difference between the saturation chamber and the cold finger caused by increased carrier 

gas rates. Above a carrier gas flow rate of 60 cmVmin RmT bulk transport of the volatile 

species dominates. Since the concentration of the minor element is changing throughout 

an experiment and since molecular diffusion is driven by a concentration difference, the 

carrier gas flow rate at which the minimum volatilization rate occurs is dependent on the 

concentration of the minor element in the melt, melt variables (such as Cu/Fe ratio and 

SD), and the geometry of the apparatus (57). A carrier gas flow rate of200 cmVmin RmT 

was found to be sufficient for all minor elements and concentrations employed in this 

investigation to ensure that bulk flow predominates. Since the carrier gas flow rate used 

in these experiments was substantially greater, bulk flow of the minor elements 

predominated in the present work. 

The maximum in Figure 4.1 can be interpreted as occurring as a result of 

decreasing minor-element concentration or because of the onset of chemical - kinetics 

control of the volatilization. If the former is true, then a plot of the total vapor pressure of 

a minor element, 

Ptm = PM +3PM3 +Pms (41) 

versus the concentration of M in the melt will be identical for carrier gas flow rates on 

opposite sides of the maximum in Figure 4.1. If chemical - kinetics controls volatilization 
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at flow rates above that associated with the maximum in Figure 4.1, then the two curves 

for PTĴ  will differ proportionally to the volume of the carrier gas up and above that which 

yields the maximum volatilization rate. 

For the volatilization of Pb the maximum was found at 550 cmVmin RmT. Values 

of PT^, , where M is Pb, are plotted in Figure 4.2 as a fiinction of minor-element M 

concentration in the matte and at carrier gas flow rates of 300 and 850 cmVmin RmT. 

The curves, for very different flow rates, are nearly identical, indicating that saturation 

conditions exist at both carrier gas flow rates. 

Equation 4.1 can be recast as a function of the wt% of the minor element in the 

matte. Since the partial pressures and the vapor pressures are so low, the activity can be 

defined as (26): 

where Pvj. is the actual vapor pressure of M; over the melt at equilibrium. The activity is 

related to the concentration of the minor element in the matte according to: 

The partial pressure of the sulfide can be related to the activity of the minor element 

through the reaction: 

P f P  ^2 f  p  ^3 f  p  ^4 

~ no ~ T»o T»o T»o Po •n" P® P" 
M 

(4.2) 

(4.3) 

1 
(4.4) 



A Pp. Carrier Gas Rate of 850 cm^/min RmT 

Carrier Gas Rate of 300 cm^/min RmT 
T = 1533 o K 
Stirring Gas Rate = 40 cm^/min RmT 
Cu/Fe = 25 
SO = -0.02 

0.1 0.2 0.3 0.4 
Concentration of Pb in Copper - Iron Matte (wt%) 

Figure 4.2 Effect of carrier gas flow rate on saturation of gas phase. 
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for which the equilibiium constant is 

KmS = n nl/2 (4-5) 

Converting the mole fraction to wt% and including Equations 4.2, 4.3, and 4.5 in 

Equation 4.1 yields; 

^ I no _ ITJO . , i  
(.5) 

100W„N " wlOO'Wĵ jN' 

where m is the mass of the matte, i and n have the same meaning as in Equation 1.1, and 

wt%M and Wm are the weight percent (in the melt) and the molecular weight of the minor 

element, respectively. 

Equation 4.6 is continuous with respect to wt%M. Thus a plot when the gas is 

in equilibrium with the matte yields a continuous curve. If chemical kinetics limits the rate 

of volatilization, as has been suggested at carrier gas flow rates above that of the 

maximum in Figure 4.1, then there will be a discontinuity in the curve of plotted as a 

function of wt%M. This procedure, in lieu of that represented in Figure 4.2, requires one 

experiment instead of two. Because of the economy of both time and materials the second 

procedure was used to test whether chemical kinetics was responsible for the maximums, 

which were observed for all the minor elements. Plots of P^j^ versus weight percent for 

As, Bi, and Sb are presented in Figure 4.3. The plots reveal no discontinuities in the total 

pressure of the minor elements and as such it can be concluded, along with data in Figure 
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4.2, that the maximum in Figure 4.1, which has also been observed for all the minor 

elements, is due to reduction in the concentration of the volatile species in the melt, and is 

not due to onset of chemical - kinetics control of the volatilization. 

The volatilization rates of the minor elements as a fimction of the carrier gas rates 

in Cu - Fe matte are included in Table 4.1. All data found in Figure 4.2 are listed in Table 

4.2, and the data presented in Figure 4.3 are included in Table 4.3. 

Table 4.1 Experimental results for determining carrier gas rates in Cu - Fe matte. 
(Reg - Carrier gas rate, cmVmin RmT; © - Volatilization rate, mg/s • cm^ xlO^) 

Reg Bi Pb As Sb Reg 

wt% o wt% (D wt% 0 wt% o 

200 0.4027 129.6 0.3955 166.2 0.1348 46.4 0.2635 49.0 

300 0.3798 152.9 0.3666 191.3 0.1265 56.3 0.2546 61.6 

400 0.3510 203.4 0.3314 244.5 0.1169 63.3 0.2441 68.0 

500 0.3190 193.1 0.2898 269.7 0.1069 61.6 0.2326 75.0 

600 0.2853 223.4 0.2426 313.5 0.0968 61.9 0.2194 88.5 

700 0.2505 206.7 0.1944 283.5 0.0873 55.4 0.2058 79.0 

850 0.2173 204.2 0.1497 269.3 0.0791 45.9 0.1951 53.2 

900 0.1857 186.6 0.1090 233.9 0.0718 44.9 0.1874 42.6 

1000 0.1582 153.5 0.0771 160.1 0.0650 39.0 0.1809 37.0 

1100 0.1342 143.7 0.0526 144.0 0.0594 30.1 0.1753 32.8 

1200 0.1108 145.1 0.0298 137.0 0.0549 25.7 0.1704 27.9 



Table AJl Partial pressure of Pb under di£ferent carrier gas rates. 

Reg = 300 crnVmin RmT Reg = 850 cmVmin RmT 

wt%Pb PpbxIO^ wt%Pb PpfcXlO^ 

0.2091 3.376 0.3981 7.821 

0.1932 3.542 0.3712 6.342 

0.1794 3.207 0.3364 6.264 

0.1660 2.982 0.2971 5.651 

0.1552 2.549 0.2523 5.523 

0.1357 2.254 0.2124 4.322 

0.1264 2.188 0.1735 3.423 

0.1164 2.112 0.1403 2.810 

0.1081 1.880 0.1171 1.742 

0.1022 1.509 0.0961 1.431 

0.095 1.539 0.0772 1.253 

0.089 1.437 
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Table 43 Partial pressures of Sb, As, and Bi change as a function of concentration. 
(Reg - Carrier gas rates, cmVmin RmT; PM - Partial pressure, atrnxlO"*) 

Rc, Bi As Sb Rc, 

wt%Bi PB£ wt%As PA. wt%Sb Pa 

200 0.350 9.12 0.086 6.99 0.088 4.70 

300 0.328 8.46 0.078 5.60 0.079 3.94 

400 0.299 7.47 0.069 4.69 0.069 3.26 

500 0.271 5.77 0.060 3.60 0.058 2.88 

600 0.239 4.89 0.051 2.98 0.046 2.83 

700 0.210 3.74 0.043 2.23 0.034 2.17 

850 0.181 3.01 0.037 1.45 0.027 1.20 

900 0.154 2.36 0.030 1.32 0.021 0.91 

1000 0.132 1.81 0.025 0.98 0.015 0.71 

1100 0.111 1.50 0.020 0.67 0.011 0.57 

1200 0.091 1.22 0.016 0.44 0.007 0.45 

4.1.1.2 Nickel - Copper Mattes 

Similar experiments were conducted to determine the suitable carrier gas rates for 

investigating the Ni - Cu mattes. A carrier gas rate of 650 cmVmin RmT was found 

enough to guarantee saturation of the gas over the Ni - Cu mattes. All experimental 

results for determining carrier gas rates in Ni - Cu matte are included in Table 4.4. 
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Table 4.4 Experimental results for determining carrier gas rates in Ni - Cu matte. 
(Reg - Carrier gas rate, cm3/min RmT; o - Volatilization rate, mg • cm^xlO^) 

Reg Bi Pb As Sb Reg 

wt% (D wt% (D wt% (D wt% (D 

100 0.4306 2.65 0.4661 0.57 

200 0.3572 41.2 0.5034 46.0 0.4295 3.70 0.4660 1.78 

300 0.3510 46.1 0.4966 54.6 

400 0.3439 53.1 0.4889 58.8 0.4283 3.26 0.4659 3.84 

500 0.3361 55.3 0.4810 57.2 

600 0.3283 53.7 0.4734 54.8 0.4271 5.30 0.4658 10.2 

700 0.3210 49.4 0.4662 51.6 

800 0.3140 48.2 0.4594 49.2 0.4261 1.98 0.4656 1.19 

900 0.3072 45.9 0.4527 50.4 

1000 0.3010 41.3 0.4463 44.6 0.4250 5.95 0.4654 12.1 

1100 0.2954 36.5 0.4404 42.5 

1200 0.2904 34.4 0.4349 37.6 

4.1.2 Stirring Gas Rates 

4.1.2.1 Copper - Iron Mattes 

Only a small amount of stirring was necessary to prevent depletion of trace 

elements at the surface as shown in Figure 4.4. In preparing these figures it was assumed 

that the argon used to stir the melt would be saturated with volatile species and as such 

the impact of the stirring gas was deliberately kept a small fraction of the carrier gas flow 

rate, amounting to only 4.5% of the total evolved species at saturation and the highest 
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Figure 4.4a Effect of stirring gas on volatilization of Bi (Cu - Fe Matte). 
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stirring gas flow rate, to ensure that this correction would be small. The experimental 

results in Figure 4a and 4b reveal, as a result of the agreement between the volatilization 

rates at stirring gas flow rate of S, 30, and 40 cmVmin RmT, that only a small amount of 

stirring is needed to prevent surface depletion in the volatilization of Bi and Pb. In like 

plots, but at stirring flow rates of 30, and 40 cmVmm RmT, a similar result is observed in 

Figure 4c and 4d. To ensure that sufficient stirring was available, all fiirther experiments 

were conducted with a volumetric stirring flow rate of 40 cmVmin RmT. 

4.1.2.2 Nickel - Copper Mattes 

In the subsequent investigation of minor elements in nickel - copper mattes, the 

stirring gas rate necessary to eliminate mass transport control was determined in a single 

experiment. Instead of running 3 or 4 individual experiments with diflferent stirring gas 

rates, one single experiment was run. In that experiment several specimens were collected 

at a set stirring rate before the stirring rate was changed and more specimens collected. 

Stirring flow rates were changed from 0 cmVmin to 40 cmVmin. The carrier gas rates was 

kept as 650 cmVmin for all the experiments. To eliminate mass transport control, the 

stirring gas rate must be high enough to the point that the volatilization rates of minor 

elements are independent of stirring gas rates. The results in Figure 4.5a through 4.5d 

shown that the volatilization rates of minor elements have a linear relationship with 

concentration of minor elements when stirring gas rates were raised to 30 cmVmin and 

above. The linear relationship suggests that the volatilization rate is only a function of 
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concentration and that mass transport control has been eliminated. Thus, choosing a 

stirring gas rate of 30 cmVmin was enough to eliminate mass transport control of 

volatilization of minor elements in nickel - copper matte. 

All experimental results for determining stirring gas rates in copper - iron matte 

and in nickel - copper matte are included in Table 4.S and 4.6 respectively. The carrier 

gas rates and stirring gases rates used for the rest of investigation are listed in Table 4.7. 

Table 4.5 Experimental results for determining stirring gas rates in Cu - Fe matte. 
(Reg - Stirring gas rate, cmVmin RmT; a - Volatilization rate - mg/s • cm^xlO^) 

\finor Reg = 0 Reg = 5 Reg = 30 Reg = 40 

Element wt% (D wt% CD wt% (D wt% CD 

0.2489 108.7 0.3496 290.9 0.3851 236.8 0.3564 273.2 

0.2316 105.2 0.3053 256.2 0.3444 265.8 0.3159 227.6 

0.2151 98.8 0.2669 219.0 0.3047 225.5 0.2822 190.3 

0.1987 103.9 0.2328 202.9 0.2706 196.6 0.2524 178.2 

0.1829 92.6 0.2027 169.3 0.2405 174.9 0.2244 168.0 

Bi 0.1686 83.9 0.1776 141.2 0.2132 163.8 0.2005 127.1 

0.1558 75.0 0.1556 131.6 0.1882 144.9 0.1799 128.0 

- 0.1445 64.0 0.1365 104.6 0.1668 119.5 0.1603 113.9 

0.1345 59.3 0.1199 100.5 0.1491 100.0 0.1426 105.5 

0.1252 56.9 0.1043 91.8 0.1335 92.2 0.1263 95.7 

0.1167 47.8 0.0906 77.9 0.1202 73.0 0.1113 84.7 

0.0791 64.8 0.1087 68.9 0.0979 75.4 

Pb 0.2452 142.6 0.2376 223.9 0.2471 198.1 0.2269 217.6 

0.2229 132.9 0.2031 202.7 0.2128 227.1 0.1947 181.2 
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Table 4.5 (cont) Experimental results for determining stirring gas rates in Cu - Fe matte. 
(Reg - Stirring gas rate, cmVmin RmT; 0 - Volatilization rate - ragfs • cm^ x lO') 

Minor K 
= 0 Reg = 5 Reg = 30 R«g = 40 

Element wt% (D wt% 0 wt% (Q wt% a 

0.2021 124.5 0.1727 174.0 0.1804 173.3 0.1686 140.5 

0.1821 123.3 0.1463 151.6 0.1548 143.3 0.1468 129.5 

0.1634 107.3 0.1240 124.4 0.1331 124.4 0.1269 116.8 

0.1471 95.3 0.1060 98.1 0.1149 101.8 0.1101 91.88 

Pb 0.1328 81.2 0.0909 89.4 0.0997 85.5 0.0954 88.9 

0.1204 71.8 0.0780 70.3 0.0862 81.3 0.0824 72.9 

0.1094 65.2 0.0672 62.5 0.0741 69.3 0.0712 64.9 

0.0992 60.6 0.0573 60.1 0.0635 61.0 0.0611 60.7 

0.0904 48.5 0.0484 50.2 0.0548 47.3 0.0516 53.3 

0.0412 38.6 0.0476 41.5 0.0433 45.3 

0.1468 38.8 0.0882 66.0 0.0911 64.3 

0.1352 33.2 0.0693 51.1 0.0722 52.6 

As 0.1248 31.1 0.0543 41.9 0.0566 44.0 

0.1148 30.8 0.0425 30.8 0.0448 29.1 

0.1055 26.8 0.0334 25.7 0.0359 26.0 

0.1565 35.6 0.1616 63.9 0.1585 68.5 

0.1454 32.8 0.1426 53.2 0.1383 56.8 

Sb 0.1350 31.6 0.1261 49.0 0.1213 48.1 

0.1254 27.8 0.1116 41.1 0.1064 44.1 

0.1165 27.3 0.0986 39.0 0.0925 41.6 
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Table 4.6 Experimental results for determining stirring gas rates in Ni - Cu matte. 
- Stirring gas rate, cmVmiii RmT; o - Volatilization rate - mg/s - cm^ xlO^) 

Rc, Bi Pb As Sb Rc, 

wt% Q wt% o wt% CO wt% G) 

0 0.3481 36.5 0.5393 55.1 

0 0.3378 35.6 0.5248 52.1 

0 0.3279 33.7 0.5108 51.2 

40 0.3143 61.6 0.4919 88.1 0.4391 14.2 0.4676 16.1 

40 0.2974 56.4 0.4690 81.1 0.4353 13.8 0.4632 15.7 

40 0.2815 54.3 0.4480 74.2 

30 0.2664 51.2 0.4281 73.0 0.4321 8.92 0.4592 13.7 

30 0.2524 46.7 0.4095 64.1 0.4298 7.96 0.4555 13.1 

30 0.2392 45.8 0.3926 60.7 

5 0.2270 38.9 0.3784 44.1 

5 0.2161 37.9 0.3669 40.8 

5 0.2055 35.6 0.3561 38.9 

0 0.4287 0.37 0.4536 0.56 

0 0.4286 0.19 0.4535 0.74 

Table 4.7 Carrier and stirring gas rates used. 

Copper - Iron Mattes Nickel - Copper Mattes 

C.R.* (cmVmin) S.R." (onVmin) C.R. (cmVmin) S.R- (cmVmin) 

As & Sb 850 40 650 30 

Bi&Pb 850 40 650 30 

Carrier Gas Rate * Stirring Gas Rate. 
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4.2 Volatilization Rates of As, Bi, Pb, Sb 

4.2.1 Copper - Iron Matte 

In Equation 1.1 the integral of concentration change of minor element in the melt 

can be avoided if the volatilization rate of the minor element is known as discussed in 

Chapter 5. Volatilization rates of minor elements from mattes were plotted a fiinction of 

minor-element concentrations in the mattes, and were calculated using the following 

equation: 

CV 

^tAlOOO 

where (mg/s-cm^) is the volatilization rate, C (ppm) the concentration of minor 

element in digested specimen solution as measured by AA, Vs (ml) is the volume of 

digested solution, t (s) is the time used to collect the digested specimen, and A is the area 

of vaporization surface, 15.9 cm^. 

The concentrations of minor elements in mattes were calculated using the 

following equation: 

Q u - S Q M  
^100 (4.8) 

m 

where QM is the total of M added initially, ZQ^ is the total M volatilized, and m is the 

total matte weight. 

Equation 4.6 reveals, as one would expect, that the volatilization of a minor 

element ceases when the concentration of the minor element in the matte is zero. The 

volatilization data was plotted as a ftinction of the weight percent of the minor element. A 
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least squares regression (OM = CO + CIWT%M + C2(wt%M)^) was used to fit a line to the 

data, and in most instances the data could be approximated as a straight line. The 

intercept (Co) of that line with the x-axis represents the error in the ®q)erimental process. 

Initially the error was positive; i.e., the volatilization rate went to zero at a positive wt% 

of the minor element, indicating a systematic error. Examination of the chemical analytical 

procedure revealed a random error which could not account for the observed systematic 

error. 

The systematic error suggests that not all of the volatile species is being collected. 

Some of the volatile species is lost during change of cold fingers, but that cumulative loss, 

using As as an example, has been calculated to amount to only 0.001 wt% for As, whereas 

the initial typical error or ofl&et at zero volatilization rate was 0.1 wt% As. Therefore 

exchange of cold fingers could not account for the offset. In preliminary experiments the 

carrier gas flow rate was maintained at 90 cmVmin RmT during heat up. A check of the 

cold top end plate between the reactor tube and the cold finger housing indicating that 

minor element vapor was being deposited there. Increasing the carrier gas flow rate to 

200 cm^/min RmT during heat up decreased the diffusion/deposition problem and made 

the offset shrink dramatically to 0.02 wt% As on average using absolute values. The 

remaining offset was attributed to this diffusion problem during heat up as two out of 

three offsets were still positive. The error (offset) created by this problem has been easily 

subtracted firom the original results since it occurs during collection of the first specimen 

of each experiment. The data in Table 4.8 (Part I) are corrected data. In order for any 



107 

future evaluation of the data, the oSset associated with each experiment has been included 

in Table 4.9. 

4.2.2 Nickel - Copper Matte 

The same procedures to correct the systematic error for copper - iron mattes are 

used for Bi and Pb volatilization from nickel - copper mattes. For As and Sb in nickel -

copper matte, it is improper, as discussed in Chapter Five, to use the same procedures 

stated above to correct the error due to their low volatilization rates (20-50 times lower 

compared to Pb and Bi). 

4.3 Summaiy of Results 

Table 4.8 (Part I and Part II) includes all experimental results obtained in this 

investigation to evaluate the activity coeflBcients of minor elements in copper - iron matte 

and nickel - copper matte respectively. Column 1 provides experiment numbers and 

column 2 contains the time at which the specimen was collected. Columns 3 and 4 list the 

SD and corresponding sulfur pressures under which each experiment was conducted. 

Columns 5 and 6 contain the weight of the minor elements evolved during the previous 

time interval (usually 60 min.), and columns 7 and 8 contain the weight percent of the 

minor element remaining in the melt at the end of the time interval. Columns 9 through 12 

contain the activity coefficient values of minor elements evaluated and discussed in 

Chapter 5. 



Table 4.8 Part I Experimental data and calculated results in Cu - Fe matte. 
(SA - spcciincn with Sb and As; PB - spccimcn with Pb and Bi) 

Exp. Time SD Ps2 AMA, AMsb Wl%As Wt%Sb Eq l.r Eq5.r' 
No. mins atm mg mg YA. I ysb 7A. I 7sb 
2SA T= 1533 K Cu/Fe = 00 

0 0.02 1.87E-3 0 0 0.3068 0.3052 - - - -

60 0.0174 1.13E-3 345.7 107.7 0.0488 0.1433 # # # # 
120 0.0156 8.14E-4 26.3 62.7 0.0357 0.112 * 9.62 72.5 
180 0.0143 6.35E-4 21.0 49.9 0.0252 0.0869 11.0 76.7 11.3 80.1 
240 0.0133 5.21E-4 14.1 39.5 0.0181 0.0672 12.3 86.0 13.1 88.3 
300 0.0124 4.41E-4 10.4 32.5 0.0129 0.0509 14.6 99.3 14.9 97.6 
360 0.0116 3.83E-4 6.4 19.8 0.0097 0.0410 R1 92.1 16.4 107 

3SA T= 1533 K Cu/Fe = 2.5 
0 -0.02 2.23E-6 0 0 0.3029 0.3042 - - - -

60 If n 333.0 120.5 0.1015 0.1696 # # 
120 FF n 36.8 39.2 0.0807 0.147 5.44 35.4 
180 n n 30.1 32.5 0.0637 0.129 5.83 35.7 6.11 37.4 
240 n n 25.2 27.5 0.0495 0.114 6.78 36.9 6.91 39.4 
300 n n 16.7 25.3 0.0401 0.0992 6.93 40.1 7.66 41.4 
360 It n 14.9 23.8 0.0317 0.0858 8.15 44.7 8.58 43.8 

4SA T= 1533 K Cu/Fc= 1 
0 -0.02 3.77E-5 0 0 0.3039 0.3099 - - - -

60 n n 307.7 129.2 0.1212 0.2043 # # # 
120 n n 76.8 55.1 0.0768 0.173 7.86 45.4 
180 n n 49.7 52.4 0.0481 0.142 8.92 43.4 9.83 49.3 
240 n n 38.1 46.0 0.0261 0.116 13.3 49.1 13.1 53.7 
300 n rr 13.8 41.1 0.0181 0.0919 12.5 57.2 15.4 59.0 
360 n n 9.4 29.9 0.013 0.0746 15 59.2 18.5 64.2 

5SA T= 1493 K Cu/Fe = 2.5 
1 0 1 -0.02 1 9.49E-7 1 0 1 0 1 0.3013 1 0.3583 1 - 1 - 1 - 1 -



Table 4.8 Part 1 (Cont.) Experimental data and calculated results in Cu - Fe matte. 
Exp. Time SD Ps2 AMA. AMsb Wl%As Wl%Sb Eq .1* Eq 5.1 
No. niins atm mg ing YA. Ysb 7A. Ysb 

60 N W 163.7 121.0 0.2358 0.3580 it # 
150 rt n 50.9 49.7 0.207 0.330 94 2.38 18.3 
240 ft rt 46.3 43.3 0.181 0.306 2.62 18.2 2.55 19.0 
360 rt rt 50.2 56.0 0.153 0.274 2.57 19.7 2.78 19.8 
480 n rt 43.1 48.1 0.128 0,247 2.89 19.8 3.02 20.7 
600 n rt 36.9 44.4 0.107 0.222 3.18 21.7 3.30 21.7 

6SA T = 1573 K Cu/Fe = 2.5 
0 -0.02 5.01E-6 0 0 0.3029 0.3018 - - - -

60 n rt 353.0 218.6 0.1168 0.1571 # # # 
150 n rt 61.0 72.9 0.0823 0.116 * 4.75 38.9 
240 » rt 45.3 52.4 0.0567 0.0863 5.37 40.9 5.70 43.4 
360 n rt 40.2 48.6 0.0340 0.0589 6.76 45.7 7.29 49.7 
480 tt rt 21.0 35.9 0.0221 0.0386 7.68 55.4 8.93 56.9 
600 » rt 14.9 22.9 0.0137 0.0256 10.1 61.3 11.2 63.9 

7SA T = 1533 K Cu/Fe = 2.5 
0 0 1.18E.4 0 0 0.3029 0.3042 - - • 

60 n rt 237.7 184.7 0.1611 0.1783 # # # 
90 » rt 44.5 52.9 0.136 0.148 * 4.86 62.4 
120 M rt 37.8 44.6 0.115 0.123 5.08 65.7 5.51 67.7 
150 n ff 34.3 34.7 0.0952 0.104 sm 68.1 6.23 72.9 
180 rt rt 30.7 30.9 0.0778 0.0862 6.61 70.0 7.06 78.8 
210 n n 26.1 26.0 0.0631 0.0715 7.42 83.0 7.97 85.2 
240 n rt 23.0 22.5 0.0501 0.0588 8.61 92.4 9.05 92.3 
270 n rt 17.8 16.2 0.0401 0.0497 9.42 92.1 10.2 98.9 
300 H rt 15.1 14.1 0.0316 0.0417 10.9 98.5 11.5 106 
330 n rt 12.1 12.1 0.0247 0.0349 12.1 108 13.0 113 
360 rt rt 10.3 11.1 0.0189 0.0286 14.4 t 125 14.7 122 

8SA T= 1533 K Cu/Fe = 2.5 
0 0.02 l.lOE-2 0 0 0.2973 0.3008 - - - -

60 0.0120 1.80E.3 465.0 217.3 0.02800 0.1701 # f 



Table 4.8 Part 1 (Cont.) Experimental data and calculated results in Cu - Fe matte. 
Exp. Time SD Psz AMA, AM.SI, Wl%As Wt%Sb Eq l.r EqS.l" 
No. inins atiii mg mg YA. Ysb YA. Ysb 

90 0.0104 1.27E-3 27.0 54.1 0.0127 0.140 * 28 69.5 
120 0.0092 9.82E-4 9.6 47.3 0.0073 0.113 24 72.7 32 76.1 
150 0.0082 8.00E-4 4.2 41.8 0.0049 0.0892 23 84.8 39 84.4 
180 0.0074 6.75E-4 3.1 32.5 0.0032 0.0708 29 93.1 47 93.2 
210 0.0067 5,84E-4 1.3 25.9 0.0024 0.0561 23 103 52 103 
240 0.0061 5.14E-4 1.2 22.5 0.0018 0.0434 29 121 58 114 
270 0.0056 4.60E-4 0.9 14.7 0.001 0.0351 30 119 7E+1 124 
300 0.0051 4.15E-4 0.8 10.4 0.0009 0.0293 40 117 7E+1 133 
330 0.0047 3.79E-4 0.6 7.9 0.0005 0.025 60 110 8E+1 I.4E+1 
360 0.0043 3.48E-4 0.5 7.9 0.0002 0.022 100 110 9E+1 1.5E+1 

Exp. 
No. 

Time SD PS2 AMBI AMpb Wt%Bi Wt%Pb Eql.r 
- - W 

EqS.l Exp. 
No. mins atm mg mg YBi 1 YR. Yw Yn. 
2PB T= 1533K Cu/Fe = oo 

0 0.02 1.87E-3 0 0 0.5638 0.5655 - - - -

60 0.0174 1.13E-3 291.6 269.1 0.4673 0.4039 # # # # 
120 0,0156 8.14E-4 123.4 124.7 0.4056 0.3414 * 3.73 1.14 
180 0.0143 6.35E-4 126.1 127.7 0.3426 0.2776 4.21 1.22 3.90 1.31 
240 0.0133 5.21E-4 99.9 89.6 0.2926 0.2328 4.09 1.34 4,03 1.45 
300 0,0124 4.41E-4 87.3 81.1 0.2489 0.1922 4.31 1.60 4.13 1.59 
360 0.0116 3.83E-4 62.5 58.2 0.2177 0.1631 3.67 1.50 4.20 1.68 

3PB T= 1533 K Cu/Fe = 2.5 
0 -0.02 2.23E-6 0 0 0.5000 0.3006 - - - -

60 n n 146.3 97.7 0.3785 0.245 # # # 
90 ff n 78.2 62.3 0.334 0.209 V'' 7.34 10.4 
120 tf n 65.1 51.9 0.298 0.180 7.31 10.3 7.34 10,4 
150 rr n 54.5 40.2 0.267 0.157 6.89 9.21 7.34 10.4 
180 n n 51.0 37.1 0.238 0.136 7.19 9,82 7.34 10.4 
210 n n 48.1 33.4 0.211 0.118 7.64 10.3 7.34 10,4 



Table 4.8 Part I <Cont.)i Experimentat data and calculated results in Cu - Fe matte. 
Exp. Time SD Ps2 AMBI AMR. Wt%Bi Wl%Pb Eql .1* Eq 5.1" 
No. mins atm mg mg YBI Ypb YBI YPb 

240 f« II 36.4 26.3 0.190 0.103 6.58 9.26 7.37 10.4 
270 n II 36.6 25.4 0.170 0.0883 7.20 10.1 7.34 10.4 
300 n n 32.6 20.9 0.151 0.0765 7.25 9.95 7.34 10.4 
330 II II 30.2 18.6 0.134 0.0660 7.61 9.92 7.34 10.4 
360 n M 27.4 17.4 0.119 0.0562 7.76 11.4 7.34 10.4 
390 n M 25.9 16.3 0.104 0.0470 8.33 12.1 7.34 10.4 
420 M ir 21.6 13.0 0.0918 0.0397 8.15 11.7 7.34 10.4 

4PB T = 1533 K Cu/Fe= I 
0 -0.02 3.77E.5 0 0 0.3009 0.3020 - - - -

60 n n 221.7 166.8 0.1639 0.2165 # # # 
90 tt 11 65.7 67.7 0.126 0.1773 16.3 8.14 
120 ti n 52.1 56.4 0.0958 0.145 16.6 8.28 16.3 8.14 
150 n n 38.9 45.2 0.0733 0.119 16.3 8.12 16.3 8.14 
180 n H 32.9 38.4 0.0543 0.0964 18.3 8.32 16.3 8.14 
210 ft If 24.8 30.2 0.0400 0.0789 18.4 8.19 16.3 8.14 
240 n H 15.7 23.2 0.0309 0.0655 15.6 7.51 16.3 8.14 
270 n H 13.0 20.3 0.0234 0.0538 17.0 8.23 16.3 8.14 
300 n fl 9.5 18.5 0.018 0.043 16 8.68 16.3 8.14 
330 n H 5.7 12.8 0.015 0.036 12 7.84 16.3 8.14 
360 n n 4.7 11.5 0.012 0.029 13 8.32 16.3 8.14 

5PB T = 1493 K Cu/Fc = 2.5 
0 -0.02 9.49E-7 0 0 0.3017 0.3011 - - - -

60 n n 77.3 87.5 0.224 0.258 » # # 
90 n II 31.3 39.0 0.207 0.236 7.95 9.09 
120 H ir 29.6 34.3 0.190 0.217 7.91 8.67 7.95 9.09 
ISO It n 28.0 32.8 0.174 0.198 8.19 9.25 7.95 9.09 
210 n n 50.8 58.3 0.145 0.165 8.50 9.41 7.95 9.09 
270 n It 37.2 45.7 0.124 0.140 7A6 8.84 7.95 9.09 
360 H It 48.3 56.9 0.0970 0.107 7.75 8.92 7.95 9.09 
450 H n 36.9 44.1 0.0762 0.0824 7.61 9.20 7.95 9.09 



Table 4.8 Part I (Cont.) Experimental data and calculated results in Cu - Fe matte. 
Exp. Time SD Psi AMbi AMpb Wl%Bi Wl%Pb Eq l.r Eq 5.1" 
No. mins atm mg rag YBI YPB YBI YPB 

540 II II 31.9 36.0 0.0581 0.0621 8.45 9.72 7.95 9.09 
630 n n 23.5 25.0 0.0448 0.0479 8.19 8.84 7.95 9.09 

6PB T= 1573 K Cu/Fe=2.5 
0 -0.02 5.01E-6 0 0 0.5007 0.5011 - - - -

60 H II 218.6 319.7 0.2894 0.3204 # « # # 
120 $$ n 51.7 82.6 0.223 0.218 5.29 8.95 5.77 8.89 
180 n II 89.9 119.4 0.172 0.1501 5.61 8.59 5.77 8.89 
240 M II 72.7 97.5 0.131 0.0950 5.87 10.5 5.77 8.89 
330 H II 75.5 70.1 0.0881 0.0554 5.70 8.30 5.77 8.89 
420 II II 49.4 40.3 0.0602 0.0327 5.47 8.12 5.77 8.89 
510 H n 35.8 25.0 0.0399 0.0185 5.95 8.68 5.77 8.89 
600 It II 24.0 15.2 0.0264 0.00990 5.98 9.56 5.77 8.89 
720 H II 20.9 10.7 0.0146 0.00390 6.40 10.8 5.77 8.89 

7PB T= 1533 K Cii/Fe = 2.5 
0 0 1.18E-4 0 0 0.3035 0.3040 - - - • 

60 n If 173.3 157.6 0.2052 0.2368 # # # # 
90 n H 63.1 68.5 0.170 0.198 *• 11.2 5.43 
120 n n 56.3 64.6 0.138 0.162 11.8 5,76 11.2 5.43 
150 n H 42.7 51.1 0.114 0.133 11.0 5.60 11.2 5.43 
180 11 n 37.7 42.9 0.0926 0.109 11.6 5.66 11.2 5.43 
210 It n 27.3 35.6 0.0772 0.0884 10.4 5.87 11.2 5.43 
240 n n 25.3 27.4 0.0629 0.0730 11.6 5.40 11.2 5.43 
270 n n 20.6 22.2 0.0513 0.0604 11.3 5,29 11.2 5.43 
300 n N 16.4 18.5 0.0420 0.0500 11.8 5.56 11.2 5.43 
330 n n 13.9 14.6 0.0341 0.0417 11.7 4,88 11.2 5.43 
360 n N 10.3 12.4 0.0283 0.0347 10.7 5,32 11.2 5.43 
390 n II 8.4 8.8 0.0235 0.0298 10 4.3 11.2 5.43 

8PB T= 1533 K Cu/Fe=2.5 
0 0.02 l.lOE-2 0 0 1 0.3049 0.3034 - - - -

60 0.0120 1.80E-3 297.9 93.3 1 0.1287 0.251 # 



Table 4.8 Part I (^ont.) Experimental data and calculated results in Cu - Fe matte. 
Exp. Time SD Ps2 AMBI AMpb Wt%Bi Wt%Pb Ea l.l' Eq 5.1" 
No. mins aim mg mg YBi 7pb YBI YH. 

90 0.0104 1.27E-3 77.7 42.3 0.0849 0.227 * 15.2 0.465 
120 0.00920 9.82E-4 50.9 37.5 0.0561 0.206 15.1 0.588 15.7 0.687 
150 0.00820 8.00E-4 31.9 31.4 0.0381 0.188 16.8 0.723 17.2 0.859 
180 0.00740 6.75E-4 23.7 31.7 0.0247 0.170 19.4 0.980 18.4 1.03 
210 0.00670 5.84E-4 14.7 27.7 0.0163 0.155 19.8 1.09 19.1 1.16 
240 0.00610 5.14E-4 10.1 24.1 0.0106 0.141 20.0 1.17 19.4 1.28 
270 0.00560 4.60E-4 6.0 23.0 0.0072 0.128 18.1 1.33 19.7 1.39 
300 0.00510 4.15E-4 4.2 20.2 0.0049 0.117 19,9 1.39 19.8 1.48 
330 0.00470 3.79E-4 3.0 17.7 0.0032 0.107 19.7 1.41 19.9 1.56 
360 0.00430 3.48E-4 2.0 18.3 0.0021 0.0964 20.9 1.69 20.0 1.64 
390 0.00390 3.22E-4 1.6 17.6 0.0012 0.0864 21.4 1,89 20.1 1.71 

* Value obtained from Equation 1.1 and entered in table at end of time period over which it applies. 
** Value obtained from ̂ uation 5,3 and entered in table at wt% at which it applies. 
# No value calculated as mass volatilized includes that which occurs during heat up. 
^ Cannot calculate value without second data point. 



Table 4.8 Part II Experimental data and calculated results in Ni - Cu matte. 
(NSA - specimen with Sb and As; NPB - specimen with Pb and Bi) 

Exp. Time SD PS2 AMA. AMsb Wl%As Wl%Sb Eql.l- Eq5.r' 
No. mins atm mg mg YA. I Ysb YA. Ysb 

2NSA T= 1473 K Ni/Cu = 00 
0 •0.04 9.0E-4 0 0 - - - -

120 n ft 5.56 5.93 0.5020 0.5293 # # 
240 n n 7.06 6.25 0.4987 0,5263 it 
360 n n 2.40 6.40 0.4975 0,5233 0.089 3.70 # 
480 t$ $t 1.93 6,47 0.4966 0.5203 0.078 3.50 it it 

Ave. 0.084 3.60 
3NSA T= 1473 K Ni/Cu = 2 

0 •0.04 2.0E-4 0 0 - - - -

60 H n 5.86 5.49 0,5072 0,5361 it it it 
120 n H 3.90 6.02 0.5053 0.5332 it it 
180 n n 4.03 5.23 0.5034 0.5307 0.148 3.202 it it 
240 n tt 2.82 5.97 0.5020 0.5279 0.161 3.465 it it 
300 n n 3.78 0.76 0.5002 0.5275 0.118 0.519 it it 

Ave. 0.142 2.40 
4NSA T= 1473 K Ni/Cu =1 

0 •0.04 7.0E-5 0 0 - - - -

60 n ft 6.94 7.40 0.4894 0.5253 # it if 
320 n n 4.01 6.44 0.4875 0.5222 It it it 
560 H n 3.19 5.36 0.4860 0.5197 0.143 1,98 it it 

Ave. 0.143 1.98 
5NSA T = 1473 K Ni/Cu = 2 

0 0 l.OE-3 0 0 - - - -

60 -0.0013 9.2E-4 23.2 8.95 0.5094 0.5474 it it 
120 -0.0025 8.7E-4 5.89 2.83 0.5066 0.5460 it it 
180 -0.0037 8.3E-4 5.17 3.63 0.5041 0.5442 0.295 4.19 it it 
240 •0.0048 8.0E-4 1.76 3.40 0.5032 0.5426 0.130 3.46 it it 



Table 4.8 Part n (Con^.) experimental data and calculated resul ts in Ni - Cu matte. 
Exp. 
No. 

Time 
mins 

SD Ps2 
atm 

AMA, 
rag 

AMsb 
mg 

Wl%As Wi%Sb Eq i . r  Eq 5.1** Exp. 
No. 

Time 
mins 

SD Ps2 
atm 

AMA, 
rag 

AMsb 
mg 

Wl%As Wi%Sb 
YA. Ya. YA. Ysb 

300 -0.0059 7.6E-4 1.74 2.62 0.5024 0.5413 0.112 3.47 # # 
Ave. 0.179 3.71 

6NSA T= 1473 K Ni/Cu = 2 
0 -0.1 2.0E-5 0 0 - - - -

60 M fl 12.2 4.93 0.5088 0.5215 It 
120 n n 2.88 0.36 0.5075 0.5213 
180 H n 2.34 0.28 0.5064 0.5212 0.134 0.S46 
240 It II 0.46 0.30 0.5062 0.5210 0.134 0.546 # # 
300 n n 1.58 0.15 0.5054 0.5209 0.107 0.547 # It 

Ave. 0.125 0.546 

Exp. Time SD Ps2 AMA, AMsb Wl%As WC%Sb Eq l.i* —TT** Eq 5.1 
No. mins atm mg mg YA. Ysb YA. Ysb 

2NPB T= 1473 Ni/Cu = 00 
0 -0.04 9.0E'4 0 0 - - - -

60 II M 67.5 108.1 0.5582 0.6794 # # # 
120 II II 38.2 63.2 0.5399 0.6491 * 2.11 0.587 
180 n H 36.3 62.2 0.5225 0.6193 2.07 0.608 2.11 0.587 
240 n n 37.6 57.1 0.5045 0.5920 2.14 0.639 2.11 0.587 
300 If II 35.1 54.6 0.4877 0.5658 2.21 0.574 2.11 0.587 
360 n » 34.2 54.4 0.4713 0.5398 2.29 0.601 2.12 0.587 
420 n n 33.7 51.6 0.4552 0.5151 1.78 0.523 2.12 0.587 
480 H II 30.6 48.9 0.4405 0.4917 2,45 0.658 2.12 0.587 
540 n « 30.0 44.9 0.4262 0.4702 1.90 0.575 2.12 0.587 

3NPB T= 1473 K Ni/Cu = 2 
0 -0.04 2.0E.4 0 0 • - • • 

60 n n 67.5 120.2 0.5477 0.6458 # # # 
120 n n 40.8 74.5 0.5282 0.6102 * 2.70 1.27 
180 n II 39.7 63.7 0.5092 0.5797 2.66 1.19 2.70 1.27 
240 n II 38.0 62.0 0.4910 0.5500 2.70 1.23 2.70 1.27 



Table 4.8 Part II (Cont.) Experimental data and calculated results in Ni - Cu matte 
Exp. Time SD Ps2 AMA. AMsb Wl%As Wt%Sb Eq I.R Eq 5.1" 
No. mins aim mg mg YA. Ysb yK, Ysb 

300 ft n 38.6 64.3 0.4725 0.5192 2.80 1.34 2.70 1.27 
360 n n 35.7 56.4 0.4555 0.4922 2.64 1.25 2.70 1.27 
420 n II 33.7 52.9 0.4393 0.4669 2.67 1.23 2.70 1.27 
480 ft n 32.7 52.3 0.4236 0.4419 2.63 1.28 2.70 1.27 
540 n M 31.9 49.5 0.4084 0.4182 2.73 1.28 2.70 1.27 

4NPB T= 1473 K Ni/Cu = 1 
0 -0.04 7.0E-5 0 0 - - - -

60 It ft 167.4 274.5 0.5364 0.6578 # # 
120 II It 107.5 166.8 0.5019 0.6042 3.73 2.34 
180 It It 89.1 149.8 0.4777 0.5635 3.93 2.39 3.73 2.34 
240 n ft 77.2 123.7 0.4567 0.5299 3.43 2.04 3.73 2.34 
300 H H 80.4 127.0 0.4349 0.4954 3.59 2.45 3.73 2.34 
360 19 II 70.1 112.2 0.4120 0.4588 3.78 2.64 3.73 2.34 
420 It ft 72.2 103.6 0.3924 0.4307 3.91 2.20 3.74 2.34 
480 H It 66.5 112.9 0.3744 0.4000 3.69 2.42 3.74 2.34 
540 It n 65.1 102.7 0.3567 0.3721 3.78 2.49 3.74 2.34 

5NPB T= 1473 K Ni/Cu = 2 
0 0 l.OE-3 0 0 - - - -

60 •0.0013 9.2E-4 140.2 302 0.7278 0.7683 # # # 
120 •0.0025 8.7E-4 130.5 229.6 0.6921 0.7054 2.97 1.02 
180 -0.0037 8.3E-4 122 230.4 0.6586 0.6423 3.20 1.05 2.97 1.02 
240 •0.0048 8.0E-4 129.2 183.9 0.6232 0.5919 3.01 1.00 2.97 1.02 
300 -0.0059 7.6E-4 119.4 175.4 0.5905 0.5438 3.17 1.00 2.97 1.02 
360 -0.0070 7.3E-4 108.7 165.4 0.5607 0.4985 3.35 1.00 2.97 1.02 
420 •0.0080 7.1E-4 100.2 165.7 0.5333 0.4531 2.65 1.10 2.97 1.02 
480 -0.0089 6.8E-4 92.4 140.2 0.5079 0.4147 3.24 1.09 2.97 1.02 
540 -0.0098 6.6E-4 95.4 118.9 0.4818 0.3821 2.93 0.91 2.97 1.02 

6NPB T = 1473 K Ni/Cu = 2 
0 1 -0.1 I 2.0E-5 1 ^ 1 ^ 1 1 1 1 
60 1 ^ I II 1 134.8 1 219.3 1 0.6522 1 0.7709 1 # 1 * * 1 



Table 4.8 Part 11 (CoM.) ixperimental data and calculated resul ts in Ni - Cu matte. 
Exp. Time SD Ps2 AMA. AMSB Wt%As Wt%Sb Eq i.r Eq 5.1 
No. mins atm mg mg YA. 7sb YA. Ysb 

120 n tl 63.7 121.1 0.6347 0.7377 2.26 2.31 
180 n n 62.4 118.1 0.6176 0.7054 2.28 2.41 2.26 2.31 
240 II 60.3 116.2 0.6011 0.6735 2.34 2.52 2.26 2.31 
300 It tt 59.4 107,3 0.5848 0.6441 2.41 2.31 2.26 2.31 
360 n n 56.4 100.7 0.5694 0.6165 1.85 2.42 2.26 2.31 
420 II 53.8 95.7 0.5546 0.5903 2.53 2.17 2.27 2.31 
480 n n 55.4 94.5 0.5395 0.5644 2.61 2.26 2.27 2.31 
540 n n 53.1 91.2 0.5249 0.5394 2.01 2.36 2.27 2.31 

* Value obtained from Equation 1.1 and entered in table at end of time period over which it applies. 
** Value obtained from ̂ uation 3.1 and entered in tab'e at wt% at which it applies. 
# No value calculated as mass volatilized includes that which occurs during heat up. 
^ Cannot calculate value without second data point. 
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Table 4.9 Part I CoefiBcients used to fit volatilization rate data in Table 4.8 
(Part^ 

Minor 
Element 

Cu/Fe SD T(K) Exp. No. off-set 
Awt%M 

Ci C2 

As CO +0.02 1533 2SA 0.050 113 -

2.5 -0.02 1533 5SA -0.027 27.0 -

tt -0.02 1493 3SA 0.013 71.9 -

n -0.02 1573 6SA -0.013 73.0 -

n 0 1533 7SA 0.0075 163 -426 
n +0.02 1533 8SA 0.007 -13.0 14,200 
1 -0.02 1533 4SA 0.005 139 -

Bi 00 +0.02 1533 2PB -0.011 53.4 -

2.5 -0.02 1533 5PB 0.034 52.1 -

It -0.02 1493 3PB 0.039 72.1 -

ft -0.02 1573 6PB 0.088 81.4 -

tt 0 1533 7PB 0.000 121 -

tt +0.02 1533 8PB 0.007 239 127 
1 -0.02 1533 4PB 0.009 163 -

Pb 00 +0.02 1533 2PB -0.038 65.5 -

2.5 -0.02 1493 5PB -0.006 54.5 -

tt -0.02 1573 3PB 0.001 94.3 -

tt -0.02 1533 6PB 0.000 119 -

tt 0 1533 7PB -0.022 119 -

tt +0.02 1533 8PB 0.000 59.7 -

1 -0.02 1533 4PB -0.011 121 -

Sb 00 +0.02 1533 2SA 0.073 51.0 -

2.5 -0.02 1493 5SA 0.068 16.4 -

tt -0.02 1573 3SA 0.066 42.1 -

tt -0.02 1533 6SA 0.021 61.3 -

tt 0 1533 7SA 0.021 113 -

tt +0.02 1533 8SA 0.008 131 -

1 -0.02 1533 4SA 0.031 67.7 -
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Table 4.9 Part n CoefiBcients used to fit volatilization rate data in Table 4.8 
(Part n) 

Minor Cu/Fe SD T(K) Exp. No. off - set Ci 
Element Awt%M 

As 00 -0.04 1473 2NSA - -

2 -0.04 1473 3NSA - -

tr 0 1473 5NSA - -

ft -0.1 1473 6NSA - -

1 -0.04 1473 4NSA - -

Bi 00 -0.04 1473 2NPB 0.1204 12.3 
2 -0.04 1473 3NPB 0.0959 13.4 
tf 0 1473 5NPB 0.0265 18.8 
n -0.1 1473 6NPB 0.0452 9.90 
I -0.04 1473 4NPB 0.1167 17.5 

Pb 00 -0.04 1473 2NPB 0.0056 16.8 
2 -0.04 1473 3NPB 0.0860 19.8 
tf 0 1473 5NPB -0.010 31.9 
ft -0.1 1473 6NPB -0.0129 16.3 
1 -0.04 1473 4NPB -0.0181 25.0 

Sb 00 -0.04 1473 2NSA - -

2 -0.04 1473 3NSA - -

If 0 1473 5NSA - -

tf -0.1 1473 6NSA - -

1 -0.04 1473 4NSA - -
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CHAPTER FIVE 

DISCUSSION 

This chapter includes data analysis covering volatilization rates of minor elements 

from matte, activity coefBcients of minor elements in matte, Henrian values of activity 

coefficients for minor elements, and interaction coefficients. It will also give graphical 

presentations of the Henrian activity coefficient for minor elements to show the impacts of 

temperature, Cu/Fe (or Ni/Cu) ratios, concentration, and SD on minor element activity 

coefficients. Sulfiir loss and its impact on activity coefficients of minor elements will be 

quantitatively analyzed. A comparison will be made between the data obtained in this 

investigation in copper - iron matte and data reported by other investigators. The activity 

of minor elements in nickel - copper mattes will be discussed at the end of the chapter. 

S.I Data Analysis 

Weight loss of minor elements in matte measured in this investigation as shown in 

columns 5 and 6 of Table 4.8 can be further evaluated to gain more valuable information 

about the activities of minor elements in matte. The following sections elaborate on the 

volatilization rates, activity coefficients, and Henrian activity coefficients, and interaction 

coefficients of minor elements in matte. 
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5.1.1 Volatilization Rates of Minor Elements 

By plotting voladlizatioa rates of minor elements as a fiinction of minor-element 

concentration in matte and categorizing these graphs by variables of temperature, Cu/Fe 

(or Ni/Cu) ratio, and SD, the impacts of the above stated variables on volatilization rates 

of these minor elements are determined. Only an example figure 5.1) of these graphs is 

incorporated in the text of this chapter. All graphs plotted with volatilization rates as a 

function of concentration are included in Appendix A (see Figure A1 through A. 5). Due 

to low volatility of As and Sb in nickel - copper matte, only the average value of each 

experiment is plotted in the figures for As and Sb volatilization fi'om nickel - copper 

mattes (see Section 5.5 for more discussion). 

5.1.2 Activity CoefTicients 

Equation 1.1 can be used, as noted earlier, to evaluate the activity coeflScient for 

the minor elements in matte and white metal. However, in order to use this equation, the 

conditions of constant YM and over the period during which specimens are collected 

have to be met. 

The assumption of YM as a constant in Equation l.I is based on an incorrect 

interpretation of Henry's law that at infinite dilution of a solute its activity coeflScient is 

constant. Henry only indicated that at infinite dilution that the activity coefficient is finite. 

Experience has shown, however, in many instances at infinite dilution, not only is the 

activity coefficient finite, but tends to a constant value. The question arises as to whether 



122 

Cu/Fe 

T = 1533 K 
SD = -0.CI2 
Carrier Gas Rcw Rate = 850 cm^/min RmT 
Stirring Gas Flow Rate = 40 cm^/min RmT 

wt% Bi in Copper - Iron Matte 

Figure 5.1 Impact of Cu/Fe ratio on saturation volatilization rate of Bi from Cu -
Fe matte. 
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the activity coefBcients for the trace elements in matte and white metal are only finite or 

finite and constant. Roine and Jalkanen (7) never answered this question. With their 

technique a 10 g matte specimen was employed, and they relied on chemical analysis of 

the matte specimen (after exposure to the carrier gas) as their means for deriving the data 

necessary to complete the integration ui Equation 1.1. That technique yielded only one 

data point for each melt and no method for determining if VM is constant. The present 

technique yields values of YM as a function of the concentration of M for a single melt. As 

such, the values of YM can be plotted as a fimction of the trace element concentration to 

examine any self interaction. 

The condition of constant , as noted in latter discussion of sulfur loss impact 

on the minor element activity (section 5.2), is not always satisfied. For sulfiir neutral and 

sulfiir deficient matte, the impact of sulfiir loss can be neglected. However, for sulfiir rich 

matte (SD = 0.02), the effect of sulfiir loss can not be overlooked (see section 5.2). 

The activity coeflacients, acquired using this technique, apply to a system viewed 

as consisting of elemental species, including the trace elements. All the data in Figure 5.1 

can be adequately represented by straight lines, but small departures of a datum firom the 

regression line can yield significant error when Equation 1.1 is used to calculate the 

activity coefficient, particularly at low minor-element concentration. The first two data 

points at Cu/Fe equal to 1 in Figure 5.1 M slightly below the regression line. That slight 

error at low concentration of Bi means that Equation 1.1 can only be satisfied if the 

activity coeflBcient goes toward zero, the only condition which will allow for no 
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volatilization of Bi at a measurable concentration of that element in the matte. A positive 

deviation of the data points from the regression line at low concentration will yield 

unusually high values for the activity coefScient. The smaller the concentration of the 

minor element in the melt, the greater the error (all other parameters being equal). 

The solution to this problem is to evaluate the activity coefiScient based on the 

regression Ime. The solution involves viewing the continuity balance from an 

instantaneous approach, which, fortunately, lends itself to the use of regression lines. At 

saturation, the rate of volatilization of the minor element from the matte is equal to the 

rate at which the minor element leaves the saturation chamber in the gas phase. The moles 

of M leaving the saturation chamber in the vapor phase are equal to V/P-j. , where 

• 
V and Vm are the volumetric flow rate of the gas phase leaving the saturation chamber 

and molar gas volume, both constants in the present work. The molar rate at which M is 

evolved from the matte per second is (Ci + C2Wt%M)A-wt%M-10''AVM where the 

constants Ci and C2 are listed in Table 4.9, WM molecular weight of M, and A is the 

surface area of the melt (a constant of 15.9 cm^ in this investigation). Equating the two 

values and replacing with Equation 4.6, and rearranging yields: 

(C, H-C;Wt%„)A-10-'V„PT 

vw„ 

lOOWwN 
(5.1) 
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At a known concentration of the minor element, Eqiiation 5.1 can be solved for YM, 

provided the equilibrium constant for the sulfide and the saturation pressures are known. 

Equation 1.1 and 5.1 were used to calculate the activity coeflBcients of As, Bi, Pb, 

and Sb in the matte and white metal. Values of those parameters used in this investigation 

are listed in Table 5.1, and the calculated results are listed in columns 9 through 12 of 

Table 4.8. At a sulfur deficiency of 0.02 the impact of sulfiir loss has, by the procedures 

discussed in the following section (section 5.2) of sulfiir loss analysis, been incorporated in 

the evaluation of activity coefiBcients. The results of that analysis are presented in Figures 

5.2 through 5.6. Figures 5.2, 5.3, and 5.4 show the effects of temperature, SD, and Cu/Fe 

ratios on activity coefiBcients of minor elements in copper - iron matte respectively. 

Figures 5.5 and 5.6 show the effects of SD and Ni/Cu ratio on activity coefiBcients of 

minor elements in nickel - copper matte respectively. The data points in the figures were 

calculated using Equation 1.1 with the experimental results. The lines in the figures were 

calculated fi-om the experimental results and Equation 5.1. 



Table 5.1 Thermodynamic data used in evaluation of activity coefScients. 

Symbol As Bi Pb Sb 

P"M 

1473 K 3.61610-^ 2.53110-^ 1.90610*^ 8.67210-^ 

1493 K 4.79-10-^ 3.12-10*^ 2.33-10"^ 1.12-10-^ 

1533 K g-igoio"* 4.64510"^ 3.39510*^ 1.83410*^ 

1573 K 1.37-10-* 6.79.10'̂  4.87-10-^ 2.93-10'̂  

Pm 

1473 K 7.072 2.81110'̂  6.78910-® 5.38610-^ 

1493 K 8.11 4.94-10'̂  1.77-10-^ 9.15-10-^ 

1533 K 1.050-10' 4.92910"^ 1.76910-^ 9.13610"^ 

1573 K 13.4 7.00-10-^ 3.22-10"^ 1.27-10-' 

P°M3 

1473 K 2.77 - - -

1493 K 3.26 - - -

1533 K 4.457 - - -

1573 K 5.99 - - -

PV 

1473 K 1.06410^ - - 3.45910-^ 

1493 K 1.17-10^ - - 4.54-10"^ 

1533 K 1.17110^ - - 4.53510-^ 

1573 K 1.10-10^ - - 5.35-10-^ 

KMS 

1473 K 2.22510^ 1.743 10^ 2.99010^ 4.41 

1493 K 1.86-10^ 1.56-10^ 2.59-10^ 4.10 

1533 K 1.32710^ 1.25910^ 1.97110^ 3.34 

1573 K 9.61-10^ 1.03-10^ 1.52-10^ 2.75 
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• 1493 K 
^ 1533 K 
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SD=-0.02 
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0.00 0.10 0.20 0.30 0.40 
wt%Bi in Copper - Iron Matte 

Figure 5.2a Influence of temperatures on activity coefficient of Bi. 
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Figure 5 Jb Influence of temperatures on activity coefiBcient of Pb. 
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T j I j I ^ ^ j r 

SD=-0.CI2 
Cuff^e = Z5 

T 
• 1493 K 
• 1533 K 
• 1573 K 

0.00 0.05 0.10 0.15 0.20 0.25 
wt% As in Copper - Iron Matte 

Figure 5^c Influence of temperatures on activity coefficient of As. 
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2.0 

T 
• 1493 K 
A 1533 K 
• 1573 K 

SD = - 0.02 
Cu/Fe = 2.5 

00 

1.5 

1.0 
0.00 0.10 0.20 0.30 

wt% Sb in Copper - Iron Matte 
0.40 

Figure 5Jd Influence of temperatures on activity coefBcient of Sb. 
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1.6 
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J 1.2 -K 

SD 
4- 0.02 
• 0 
• -0.02 

Cu/Fe = 25 
T = 1533K 

jkjL A A .—^—A—A ^ 
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wt% Bi in Copper - Iron Matte 

Figure 5.3a Impact of SD on activity coefBcients of BL 
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Figure 5,3b Impact of SD on activity coefl5dents of Pb. 
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Figure 5Jc Impact of SD on activity coeflBdents of .As. 
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Figure 5Jd Impact of SD on activity coefiBcients of Sb. 
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2.0 Initial SD = 0.02 
Cu/Fe = Z5 
T = 1533 K 
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u 1.5 

0.012 0.0043 0.010 

0.5 •— 
0.000 0.009 0.003 0.006 0.012 0.015 

wt% As in Copper - Iron Matte 

Figure 5.3e Enlargement of data in Figure 5.3c for SD equal to 0.02. 
Sulfiir loss during experiment leads to decrease in SD. 
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Init" al SD = 0.02 
Cu/Fe = Z5 
T =1533 K 

en o 

10043 0.010 0.012 
SD 

0.9 

0.6 L-
0.00 0.06 0.02 0.04 0.10 0.08 

wt% Bi in Copper - Iron Matte 

Figure 5.3f Enlargement of data in Figure 5.3a for SD equal to 0.02. 
Decrease in SD due to sulfiir volatilization-
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Figure 5.4a Impact of Cu/Fe ratios on activity coefBcients of Bi. 
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Figure 5.4b Impact of Cu/Fe ratios on activity coefficients of Pb. 
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Figure 5.4c Impact of Cu/Fe ratios on activity coeflBdents of As. 
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Figure 5.4d Impact of Cu/Fe ratios on activity coefficients of Sb. 
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Figure 5.5a Impact of SD on activity coeflBcients of Bi. 
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Figure 5Jb Impact of SD on activity coefBcients of Pb. 
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5.1.3 Henrian Activity Coefficient 

Taking the limit of Equation S.l as the wt%M goes to zero and rearranging the 

result yields: 

which provides a means for calculating the Henrian activity coeflBcient, YM- The 

calculated values of fot" As, Bi, Pb, and Sb are reported in Table 5.2. Experiment 

numbers in that table refer to the same numbers in Table 4.8. Values of YM 

determined by fitting the data points in Figures 5.2 through 5.6 with a second order 

polynomial. Values derived by this method are also included in Table 5.2. Comparisons 

of calculated values of YM excellent as one might expect fi-om the near 

constant values of YM in Table 4.8. Comparison of values for As and Sb is not as good. 

The reason for the lack of agreement between the values of yL Ya obtained 

with the two techniques rests with the equations used in the analysis, the accuracy of 

reported values of the saturation pressures of the minor elements, and the accuracy of the 

experimental technique. The molar rate of volatilization can be approxinwted using the 

ideal gas law; 

CiA.io-'v„Pr-N 
YM = (5.2) 

(I + Kms 

(5.3) 
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Table S.2a Infinite dilute values of the activity coef5cients in Cu - Fe matte. 

M Experiment 

No. 

Cu/Fe SD T(K) YM 

Eq. 5.2 

YM 

from plots 

As 2SA 00 0.01 1533 24 23 

5SA 2.5 -0.02 1493 97 6.0 

3SA 2.5 -0.02 1533 140 15 

6SA 2.5 -0.02 1573 82 18 

7SA 2.5 0 1533 36 26 

8SA 2.5 0.0043 1533 39 40 

4SA 1 -0.02 1533 94 25 

Bi 2PB 00 0.0156 1533 3.7 3.7 

n n 0.0143 tt 3.9 3.9 

tr tf 0.0133 tt 4.0 4.0 

n rr 0.0124 tt 4.1 4.1 

n tf 0.0116 tt 4.2 4.2 

tt tt 0.0100 tt 4.6 4.8 

5PB 2.5 -0.02 1493 9.0 9.0 

3PB 2.5 -0.02 1533 7.3 7.3 

6PB 2.5 -0.02 1573 6.4 6.4 

7PB 2.5 0 1533 11 11 

8PB 2.5 0.0104 1533 21 21 

n tt 0.0092 tt 22 22 

ft tt 0.0082 tt 22 22 

tt tt 0.0074 tt 22 22 
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Table 5 Ja (Coat) Infinite dilute values of the activity coefficients in Cu - Fe matte. 

M Experiment 

No. 

Cu/Fe SD T(K) TM 

Eq. 5.2 

YM 

fi-om plots 

8PB 2.5 0.0067 1533 23 22 

n tt 0.0061 tt 23 22 

n tt 0.0056 n 23 23 

it tt 0.0051 tt 23 23 

tf tt 0.0047 tf 23 23 

tr tt 0.0043 tt 23 23 

rr tt 0.0039 11 23 23 

4PB 1 -0.02 1533 16 16 

Pb 2PB CO 0.0156 1533 1.1 1.1 

If ft 0.0143 tt 1.3 1.3 

/t tt 0.0133 ft 1.4 1.4 

tt n 0.0124 ft 1.6 1.6 

tf tt 0.0116 tt 1.7 1.7 

n tt 0.0100 tt 2.4 2.4 

SPB 2.5 -0.02 1493 9.1 9.1 

- - 3PB 2.5 . -0.02 1533 10 10 

6PB 2.5 -0.02 1573 8.9 8.9 

7PB 2.5 0 1533 5.4 5.4 

SPB 2.5 0.0104 1533 0.47 0.47 

tt ft 0.0092 tr 0.69 0.69 
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Table S.2a (Cont) Infinite (^ute values of the activity coefBcients in Cu - Fe matte. 

M Experiment 

No. 

Cu/Fe SD T(K) YM 

Eq. 5.2 

YM 

fi-om plots 

8PB 2.5 0.0082 1533 0.86 0.86 

n n 0.0074 tt 1.0 1.0 

rr n 0.0067 tt 1.2 1.2 

n n 0.0061 It 1.3 1.3 

n 11 0.0056 It 1.4 1.4 

11 n 0.0051 It 1.5 1.5 

It n 0.0047 It 1.6 1.6 

tt 11 0.0043 tt 1.6 1.6 

It It 0.0039 It 1.7 1.7 

4PB 1 -0.02 1533 8.1 8.1 

Sb 2SA 00 0.01 1533 180 180 

5SA 2.5 -0.02 1493 71 38 

3SA 2.5 -0.02 1533 130 71 

6SA 2.5 -0.02 1573 100 83 

7SA 2.5 0 1533 290 160 

— -
8SA 2.5 0.0043 1533 330 190 

4SA 1 -0.02 1533 180 100 
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Table 5.2b lofiiiite dilute values of the activity coefiSdents in Ni - Cu matte. 

M Experiment 

No. 

Cu/Fe SD T(K) YM 

Eq. 5.2 

TM 

from plots 

As 2NSA 00 -0.04 1473 0.084 -

3NSA 2 -0.04 1473 0.142 -

4NSA 1 -0.04 1473 0.143 -

5NSA 2 0 1473 0.179 -

6NSA 2 -0.1 1473 0.125 -

Bi 2NPB 00 -0.04 1473 2.11 2.12 

3NPB 2 -0.04 1473 2.70 2.69 

4NPB I -0.04 1473 3.74 3.74 

5NPB 2 0 1473 2.97 2.96 

6NPB 2 -0.1 1473 2.27 2.27 

Pb 2NPB 00 -0.04 1473 0.587 0.587 

3NPB 2 -0.04 1473 1.27 1.27 

4NPB 1 -0.04 1473 2.34 2.34 

5NPB 2 0 1473 1.02 1.02 

6NPB 2 -0.1 1473 2.31 2.31 

Sb 2NSA 00 -0.04 1473 3.60 -

- - 3NSA 2 - -0.04 1473 2.40 -

4NSA 1 -0.04 1473 1.98 -

5NSA 2 0 1473 3.71 -

6NSA 2 -O.l 1473 0.546 -
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Replacing the total minor element pressure with Equation 4.6 yields: 

1 J Sioo'wiN' ^ 

As the wt%M decreases the first term on the right side of the equation will 

dominate. The weight percent at which this occurs can be estimated by evaluating the 

magnitude of the terms in the equation. Estimates of the size of the terms are presented in 

Table 5.3. Each term in the table must be multiplied by the wt%M to the power associated 

with the term. Entries in the table indicate, for the concentration of minor elements 

employed in this investigation (wt%M < 0.5), that the first term in Equation 5.4 dominates 

for Bi and Pb. Both the first and second terms are important for As and Sb. By equating 

the first and second terms (multiplied by the wt%M to the appropriate power) for a minor 

element, the concentration where the magnitude of the terms are equal can be estimated. 

That calculation yields values of 2.21-10'̂  wt%A, and 5.46-10'̂  wt%sb. At concentrations 

below these values the first term in Equation 5.4 is the largest and eventually dominates as 

concentration is decreased. The third and fourth terms for As and the fourth term for Sb, 

while they contribute to the volatility of the minor elements, do not dominate at the 

concentrations employed in this investigation. 
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Table S J Estimate of magnitude of terms in Equation 5.3 
(for matte at Cu/Fe = 2.5, SD = -0.02, and T = 1533 K) 

M 

l"ten 

V '  ̂ J 

n 

RMPVIM 

2"^ term 3"* term 4'*'term 

M 

l"ten 

V '  ̂ J lOOWj^N lOO^W^N^ lOO^W^N' lOO'̂ W^N^ 

As* 1.30-10-* 5.87.10-^ 1.98-10"^ 3.66-10'̂  

Bi* 8.32-10-" 3.03-10-' 0 0 

Pb' 1.06-10-^ 2.07-10-* 0 0 

Sb* 3.43-10"* 6.28-10-^ 0 2.14-10-^ 

* Value of activity coeflBcients used in calculating terms taken at 0.02 wt%M; 
YA, =7.9, Ysi =7.3, Ypb = 10, and Ys^ =45. 

The As concentration at which the first and second terms in Equation 5.4 are equal 

is lower than the concentrationi' at which the present data were collected except for one 

experiment. That ©cperiment was with a high partial pressure of S2, so the results 

obtained in that experiment were also subject to changes in Pj,. Given the As 

concentrations employed in this investigation, any least squares fit of the As data will not 

properly incorporate the impact of the monatomic As vapor on the limiting value of yL • 

A similar situation exists for the Sb data. Accordingly, a significant difference should be 

expected between the values of the infinitely dilute activity coefiBcient evaluated using the 

two different techniques. 
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The validity of using Equation 5.2 to calculate depends on the accuracy in 

detennining the values of , Kj^s > activity of sul&r in Cu-Fe-S melts has 

been investigated, and S2 vapor pressures calculated from those data are known to a 

reasonable extent (14). The impact of the minor-element concentration on Pg^ is not 

known. At infinite dilution of the minor element this should not be a problem. However, 

Ci (the volatilization rate constant) may be difBcult to determine since it requires data at 

several different minor-element concentrations. The effect of the minor element on the 

sulfur pressure may impact the calculated values of YM in Table 4.8. At low values of Pg^ 

any error in KMS is minimized given the product of Kj^ • in Equation 5.2. 

The primary source of error in Equation 5.2 most likely resides with P^. The 

normal boiling point temperatures for Bi, Pb, and Sb are, fortunately, well above the 

temperatures used in the present work. Vapor pressure measurements for Bi, Pb, and Sb 

at those temperatures are easily conducted given that the total pressure of each element is 

less than 1 atm. For As, which sublimes at 886 K, the total vapor pressure is estimated as 

132 atm at 1533 K (Table 5.1). P^ amounts to only 6.2-10'̂  % of the total vapor 

pressure of As at 1533 K. Different sources contain significantly different values of P^, 

values ranging fi-om 5.5M0"* atm to 1.58-10'̂  atm at 1533 K (14, 15, 58). Uncertainty in 

values for P^ impacts, through Equation 5.2, uncertainty in calculated values for . 
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Reliability of values for calculated with Equation 5.2 is also subject to the 

reported volatilization rates. Off-set values reported in Table 4.9 were assumed to be 

associated with unaccounted volatilization. The magnitude of those off-sets for As, 

expressed in wt%, is greater than the 2.2M0'̂  wt%A. at which volatilization of As 

becomes dominated by monatomic As at equilibrium conditions. Correcting for the off-set 

may actually obscure the role monatomic As playing in the volatilization process. 

Sb is the other minor element where significant differences are reported in Table 

5.2 for values of the Henrian activity coeflBcient of that element. The average difference 

between the values of listed in Table 5.2 for the same experimental conditions is 

approximately a factor of two, whereas the difference in values for y^ is on averse a 

factor of sbc. Uncertainty in is not as great as that for As. At 1533 K Sb has a total 

vapor pressure of 0.139 atm of which 1.3% is associated with raonatomic Sb. Values 

reported in the literature for Ps°b range fi-om 1.84-10'̂  atm to 2.52-10'̂  atm (61). While 

the uncertainty in is less than that for monatomic As, the calculation of y^ using 

Equation 5.2 still suffers fi'om the other problems identified above. 

There is excellent agreement between the values (calculated using the two different 

techniques) of the Henrian activity coefiBcients for Bi and Pb reported in Table 5.2. This 

agreement is due to reliable values of the vapor pressure of monatomic species of those 

elements. The reliable values are due to the fact that the monatomic species for Bi 

amounts to approximately 50% of the total vapor pressure of that element at 1533 K. The 
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monatomic species approaches 100% of the total pressure of Pb. With such large 

percentages the vapor pressures can be easily evaluated. This factor plus the certainty that 

monatomic vapor species Bi and Pb dominate in the vapor phase for the concentration of 

those elements in the melts used in this investigation insure excellent agreement between 

the values for the activity coefScients reported in Table 5.2. 

The analysis still leaves a dilemma regarding which values of and to use, 

whether column 6 or column 7 in Table 5.2. For the reasons noted above, the values of 

y^ and y^ obtained by regression analysis as listed in columns 7 of Table 5.2 are used in 

the present work. For sake of consistency, the values of y^j and y^used are from that 

column as well. 

5.1.4 Interaction Parameter 

If each melt is considered as a single component solvent consisting of N moles, the 

activi^ coefiBcient of a minor element can be approximated with a Taylor series (provided 

the concentration of the minor element is small) (43). Melts used in this investigation 

contained either As and Sb or Bi and Pb. Using Sb as an example, the analysis yields: 

InYsb =InyL + (5.5) 
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where , s^, and are the first order self interaction parameter, first order ternary 

interaction parameter, and second order self interaction parameter respectively, terms 

of base 10 logarithms. Equation 5.5 is: 

logYs. =IogYa +0.434(S|^X3, +p®X^ + ) (5.6) 

The calculated results of the activity coefficients reveal that those terms for As and 

Sb are concentration dependent. The activity coefficients of those two elements decrease 

with increasing concentration, but at an ever decreasing rate. No such dependency is 

observed for Bi and Pb, provided Ps^ is constant. 

The slope of plots of logyg,. and logy^^, versus their weight percents indicates 

that there is either a self or ternary interaction effect. In order to distinguish between the 

two possibilities an experiment was conducted with only Sb present and the results 

compared to an identical experiment, but with both As and Sb present. A comparison of 

the volatili2ation data is presented in Figure 5.7 and the resulting calculated values for 

activity coefficient of Sb are plotted in Figure 5.8. Values of logYa obtained firom the 

two experiments are nearly identical and the slopes of the lines in Figure 5.8 are also 

identical. These results indicate that any ternary interaction between Sb and As is 

negligible, leaving only the self interaction parameter, , and , to be evaluated. 

y 
The self interaction parameters for Sb can be evaluated by plotting log-|^ versus 

Ysb 

the mole Section of Sb in the melt and fitting the resulting data to the equation; 
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Figure 5.7 Impact of ternary interaction effects on volatilization of Sb. 
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Figure 5.8 As in the melt has negligible impact on activity coeflncient for Sb. 
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log^=0.434(6SX^+pgXi,) (5.7) 
Tsb 

A similar equation can be written for As and the self interaction parameters, and . 

The results of that analysis for both Sb and As are presented in Table 5.4. 

Table 5.4 Self interaction parameters. 

M Cu/Fe SD T(K) YM 

Q
. 

limit for use 

XM 

As 2.5 -0.02 1493 6.0 -558 2.50-10^ 1.4-10-' 

-0.02 1533 15 -497 3.53-10' 5.4-10"^ 

-0.02 1573 18 -923 1.13-10® 5.5-10-^ 

0 1533 12 -129 1.68-10'* 1.1-10'̂  

1 -0.02 1533 25 -693 7.64-10' 4.9-10"^ 

Sb 2.5 -0.02 1493 38 -230 6.54-10-* 1.4-10-^ 

-0.02 1533 71 -939 1.11-10'' 4.8-10"* 

-0.02 1573 83 -626 6.42-10' 

t
 o 

o
b

 

-• 
0 1533 160 -622 5.64-10' 6.1-10-^ 

1 -0.02 1533 100 -40.7 2.20-10' 6.8-10-^ 

An examination of Cu-As, Fe-As, Cu-Sb phase diagrams indicates, by the presence 

of intermetallic compounds in those diagrams, that As and Sb should be stabilized in 

metal-rich melts (20). The negative values of 6^ and 8^ for aU the melts examined in 
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this investigation indicate that self interaction also stabilizes those elements in matte and 

white metal. It is difficult to understand how an increasing concentration of a volatile 

species such as As can stabilize itself Arsenic solid exists in puckered sheets of As4 

tetrahedral. When As fuses the puckered sheets dissociate into separate tetrahedral units. 

The heat of fusion of As is approximately equal to that of vaporizing As4 units from the 

liquid, and the heat of dissociation of the As4(g) to As(g) is more than an order of 

magnitude larger than the heat of fusion on a per mole As basis (59). Those values, plus 

knowledge that inaeasing concentration of As decreases its activity coefficient in matte 

and white metal, suggest that As may tend toward forming tetrahedral units to stabilize its 

presence in melts. A similar situation exists for Sb. 

The lack of any slope in the plots of logYai ^ogYpb versus the weight percent 

of the minor element (Figure 5.2a and 5.2b through 5.6a and 5.6b) indicates that there is 

no self or ternary interaction between the two elements dissolved in matte and white 

metal. 

5.2 Sulfur Loss Analysis 

Equations l.l and 5.1, for calculation of activity coefficients, are only valid if both 

YM and Pg, are constant over the period during which specimens are collected. During this 

period the concentration of the trace element in the melt declines as a result of 

volatilization, and sulfur is also lost as S2 and MS. Accordingly, the following discussion 

is initiated by examining the extent to which varies during an experiment. 
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The matte establishes a sulfur potential in the vapor phase by volatilizing 82. It is 

known that the activity of a trace element in matte is strongly influenced by the sulfiir 

deficiency of the matte (26, 57, 60-61). Since SD is dependent on the mole fraction of 

sulfiir, loss of sulfur from the matte can significantly affect the activity of the trace 

elements and that change in the activity influences the vapor pressure of minor element 

sulfides. Changes in the vapor pressure of the sulfides affect the rate of sulfiir loss from 

the melt and as a result an interdependent loop exists. The impact of sulfur loss on the 

mole fraction of that element in the matte can be calculated by performing a continuity 

balance. That analysis yields the following differential equation: 

where t is the time of experiment, and licg is the molar flow rate of the carrier gas. The 

first term on the right side of the equation accounts for S2 volatilization. Since most of the 

experiments in the present work were conduaed with two minor elements, the summation 

terms account for sulfiir loss by more than one sulfide. In order to obtain an exact 

solution of the differential equation Pg^, YM and 5^ must be cast as a function of Xs. In 

lieu of seeking an exact solution to the equation, the terms on the right side of the 

equation are estimated at values of SD, Cu/Fe ratio, and temperature of 0.02, 2.5, and 

1533 K, respectively. The results of that analysis are presented in Table 5.5 and reveal 

that, at most, sulfur loss by minor-element sulfide amounts to only 2.3% of the sulfiir loss 

associated with S2. As such the summation terms in Equation 5.8 can be neglected when 

solving the differential equation. 

(5.8) 



165 

Table 5.5 Estimated values for terms in Equation 5.8 and their relative importance. 

\finor 

elements 
I J 

As 4.79.10-^ 2.24 

Bi 5.71.10*^ 0.267 

Pb 1.86.10-' 0.0869 

Sb 3.6M0^ 0.0169 

Solving Equation 5.8, even with the simplification rioted above, requires casting 

the partial pressure of in terms of the matte composition at the temperature of interest. 

Data in the literature (14, 15) were used to evaluate logPg^, first as a fimction of matte 

composition and second as a function of temperature. Lack of data required linear 

approximations at Cu/Fe ratios of 2.5 and 1. Considerably more data exist for white metal 

and that data indicate that logPs^ as a fimction of 1/T is approximately linear at fixed 

value, of X,. The constants for the equations, 

LogPs^=C3+C,X. (5.9) 

and 

LogPs, =C3'+C;/T (5.10) 
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used in this investigation are listed in Table 5.6. Inserting Equation 5.9 (for constant 

temperature) into Equation 5.8 and solving the simplified differential equation for Xs for 

any time t during an experiment yields: 

Table 5.6 Values for constants in Equations 5.9 and 5.10. 

Cu/Fe AXs T(K) Cs C4 

00 0.32 - 0.36 1493 126.6 -47.21 

It 1533 121.5 -45.06 

Iff 1573 116.6 -43.00 

2.5 0.38 - 0.40 1493 167.3 -69.63 

tt 1533 153.3 -63.89 

ft 1573 139.9 -58.38 

1 0.42 - 0.44 1493 125.2 -57.22 

ft 1533 107.0 -49.13 

tt 1573 89.52 -41.39 

Cu/Fe SD AT(K) C'3 C'4 

oo 0 1473 - 1623 22.14 -41550 

0.02 tt 7.018 -14940 

- 2.5 -0.02 tt 8.176 -21200 

0 tt 10.67 -22380 

0.02 tt -0.3569 -2476 

1 -0.02 tt 12.81 -26410 

0 tt 8.939 -19110 

0.02 tt -0.3569 -2476 
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Idexp(C3+Xs(t = 0)-C^N-I 
(5.11) 

The extent of sulfiir loss by volatilization calculated using this equation is 

presented in Figure 5.9 for a Cu/Fe ratio of 2.5. At the maximum value of SD employed 

in this investigation, SD decreased by 82% over a seven hour experiment. This 

percentage change amounts to changes in Pg^ from 10'^ to 3-10"* atm, and Xs from 0.404 

to 0.394. More importantly the calculations reveal that over the first 30 minute period, 

the typical time for collection of a specimen, Pg^ decreased by 70%. For experiments 

conducted at SD equal to -0.02 and 0, the variation in Pg, is negligible throughout the 

entire experiment. At smaller Cu/Fe ratios the saturation pressure of S^ is larger and, 

therefore, sulfur loss will be greater. 

The saturation pressure of 82 can now be cast as a function of the weight percent 

of the minor element and used in analysis of the activity coefl5cient of the minor elements. 

As a result of the experimental procedure employed, the continuity balance yielded wt%M 

as a function of time. That equation can be solved for time and substituted into Equation 

5.11 such that Xs can be expressed strictly as a fiinction of the weigh percent of the minor 

elements. That equation can be inserted into Equation 5.9, yielding Pg, as a fimction of 

wt%M, and that result can be included in both Equations l.l and 5.1. When those 

equations are solved for the activity coefficient the unpact of sul&ir loss is included in the 
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Figure 5.9 At a high SD value sulfur is lost from the melt at such a rate as to 
impact the partial pressure of sulfiir over the melt during an 
experiment. 
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analysis. The overall procedures used ia the analysis can be summarized as: 

1. experimental derived continuity balance for melt yields 

wt%M= f(t) 

2. rearrange continuity balance such that 

t = f(wt%M) 

3. substitute ^ression for time into Equation 5. II to get 

Xs = f(wt%M) 

4. expression for Xs is substituted into Equation 5.9 and rearranged to yield 

Ps^ =f(wt%M) 

5. substitution of expression for Ps^ into Equation 5.1 leaves 

YMC = 

If the weight percent in step I is replaced with the final step involves Equation 1.1 and 

gives YMe = f(XM). 

As noted earlier, high sulfur mattes lose an appreciable amount of sulfur during an 

experiment. The extent of that sulfiir loss has been calculated for melts with an initial 

sulfur deficiency of +0.02 and included in Figure 5.3 in the form of an additional scale 

indicating the change in SD. Figures 5.3e and 5.3^ which contain this additional scale, are 

an enlargement of data in Figures 5.3a and 5.3c. A change in sulfiir deficiency also 

mvolves a change in . Values of SD and Pg^ associated with data points linked to high 

sulfiir mattes are included in columns 3 and 4 in Table 4.8 (Part I). 
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5^ Graphical Presentation of Results 

The primaiy variables that affect the activity of minor elements in matte and white 

metal are temperature, Cu/Fe molar ratio, and sulfur deficiency. The Henrian activity 

coeflBcients for the minor elements in copper - iron matte have been plotted versus those 

variables in Figures 5.10 through 5.12. SD is linked to through Equation 5.9 and the 

definition of the sulfur deficiency. Since is often used in identi^dng the state of the 

matte, that variable is also used in representing the data in Figure 5.13. Lines fitted to the 

data in Figures 5.10, 5.11 and 5.13 using a least squares technique can be represented by 

the equations; 

Cu/Fe = 2.5, SD = -0.02, and 1493 K < T < 1573 K 

logy^ = -242.02 + 031132T - 95594 • lO'^T^ (5.12) 

log y = 28i0 - 0.0342 IT + L055 • 10"' T' (5.13) 

logy^b = -66.05 + 0.087598T - 2.861 • lO'^T^ (5.14) 

logylb =-1542 + 0J993T - 6363 • lO-^T' (5.15) 

Cu/Fe = 2.5, T = 1533 K, and -0.02 ^ SD (for Bi & Pb) < +0.012 

-0.02 ^ SD (for As & Sb) ^ +0.0043 
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log YL = L41+361. SD + 920 • SD^ (5.16) 

logYBi =U9+1 L6-80-213-SD^ (5.17) 

logYft = 0-561 - 562 - SD -1420 • SD^ (5.18) 

logYa = 2.20 -t-173 - SD (5.19) 

Cu/Fe = 2.5, T = 1533 K, and 2.2-10"® atm < (for Bi & Pb) < LS-IO"^ atm 

2.2-10"® atm < \ (for As & Sb) $ 3.5-10"" atm 

log YL = 423 +1.08 logPg^ + 0.0908(IogPs^ )^ (5.20) 

logY^i =0586-0224IogPs^ -0.043GogPs^)' (5.21) 

logY^ =-3.79-1.66IogPs^ -0.141(IogPs^)' (5.22) 

logY^ = 2.67+ 0.063logPs^ -0.014(logPs^)' (5.23) 

The data in Figure 5.10 rev^ that the activity coefiBcients of As and Sb decline 

significantly with decreasing temperature, whereas logYa; increases slightly with 

decreasing temperature. Temperature appears to have little impact on the activity 

coeflScient of Pb. Decreasing the Cu/Fe molar ratio leads to an increase in the activity 

coefiBcients of As, Bi, and Sb in metal-rich mattes as shown in Figure 5.11. The impact of 

the Cu/Fe ratio on Y^ is less significant. 
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Figure 5.10 Effect of temperature on the Henrian activity coeflBcients of minor 
elements; Cu/Fe = 2.5 and SD = -0.02. 
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Figure 5.11 Impact of Cu/Fe molar ratio on the Henrian activity coefBcients of 
minor elements; T = 1533 K and SD = -0.02. 
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Figure 5.12 Influence of SD on the Henrian activity coeflBcients of minor 
elements; T = 1533 K and Cu/Fe = 2.5. 
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Figure 5.13 Partial pressure of S2 nimics the impact of SD on the Henrian activity 
coeflBcients of minor elements; T == 1533 K and Cu/Fe = 2.5. 
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Over the range of SD values examined in the investigation the activity coefficient 

of Pb is most highly affected as shown in Figure 5.12. Increasing SD, which raises the 

suMir activity, stabilizes the presence of Pb in matte by decreasing its activity coefiBcient. 

Physically this occurs as a result of PbS formation (20). Decreasing SD, which boosts the 

activity of Cu and Fe (14), stabilizes As and Sb in matte through covalent bonding with 

the free metal atoms. It also appears that over the range of SD values examined, the free 

metal atoms tend to stabilize Bi, although no bonding between Bi, Cu, and Fe is known to 

occur (20). The data in Figure 5.12 have been recast in Figure 5.15 as a function of 

logPs, for ease of use. The two figures appear to be identical, as expected, given the 

definition of SD and the Imear approximation of logPj^ as a function of the mole fraction 

of sulfur in the melt. 

A similar set of graphs of Bi and Pb are shown in Figures 5.14 and 5.15 for white 

metal. Those figures show a similar dependence of the activity coefi5cients on SD and 

logPs^ as was found for matte. Only a single datum is available for both As and Sb in the 

figures. The data for Bi and Pb in the figures are represented by the following equations: 

Cu/Fe = 00, T = 1533 K, and +0.001 < SD < +0.016 

logy'i =0.796-10.0-SD+310-SD^ (5.24) 

log y ^ = 0.745 - 31.5 • SD + 879 • SD^ (5.25) 
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Cu/Fe = 00, T = 1533 K, and 4.0-10'^ atm ^ Ps^ ^ 1.3-10'^ atm 

logYBi = -0377- 0.4301ogPs^ - 0.038<IogPs^ f (5.26) 

logy^ =-2.79-L28IogPs^ -OJlOOogPs^)' (5.27) 

There are many more data points for Bi and Pb in Figures 5.12 through 5.15 than 

that for As and Sb. The activity coeflBcients for these two elements are independent of 

their concentrations, so the values of and in Table 4.8 can be assumed to be equal 

to Ysiand respectively. As a result of sulfur loss, experiments conducted at high 

partial pressures of Sj generate multiple values of Yg; and versus SD. 

5.4 Comparison of Results 

In this sub-chapter the above results are compared to data in the literature. 

Unfortunately there is only one extensive study of the activity of minor elements in non 

metd^saturated mattes, conducted by Roine and Jalkanen (7). Comparisons involving 

thermodynamic data require an examination of the standard state conditions, choice of 

system, and experimental technique, to assure that the comparisons are made on an equal 

footing. 
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Figure 5.14 Impact of SD on Henrian activity coefiBcients of minor elements in 
white metal at 1533 K. 
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Figure 5.15 Effect of partial pressure of S2 on Henrian activity coeflBcients of 
minor elements in white metal at 1533 K. 
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S.4.1 Standard State and Thermodynamic Data 

The choice of standard state conditions used in the present work are summarized 

m Table 5.1. The values presented differ somewhat from values used by Roine and 

Jalkanen (7) even when corrected for the temperature difference between their study and 

the present work. As a result, some of their numbers are adjusted using the appropriate 

temperature and the HSC data base (from which the values in Table S.I were obtained). 

The analysis is limited to the original data presented in Roine and Jalkanen (7) at Cu/Fe 

ratio of 2.5 and value of Pg, less than 10'^ atm. The results of that analysis are presented 

in Table 5.7 where the new values are compared to the results reported in the original 

manuscript and a percent difference recorded. That comparison reveals that the 

thermodynamic data in Table 5.1, and used in this investigation, yields values of YMC 

somewhat lower than that obtained by Roine and Jalkanen. Values calculated with the 

data in Table 5.1 are typically 2 to 3 percent smaller except those for As which are smaller 

by a factor of 5 percent to 30 percent. The percent difference with increases going 

down the Ay ^ column in Table 5.7. That coincides with increasing values of , and as 

such, the increasing absolute values of Ay^ are associated with the difference in the 

product KAJSV^S, / 



Table 5.7 Evalviation of impact of thermodynamic data used by Roine and Jalkanen, and present work in 
calculating values of y . 

Specimen 7 A. Y/s. m 
<
 Y«i 7 Hi 7 m 7,^. 7H. A7II. 7sb Y«. 

No. rer7 PW in % ref. 7 1»W in % ref. 7 PW in % ref. 7 PW in % 
El - 3.82 - 49.6 49.1 -1.0 26.2 25.4 -3.0 - - -

E2 - - - 42.5 42.0 -1.2 20.6 20.0 -2.9 - - -

E3 - 2.17 - 46.7 46.3 -0.9 16.3 15.8 -3.1 - - -

E4 - - - 41.2 40.7 -1.2 17.9 17.4 -2.8 - 8.44 -

E5 - - - 49.7 49.0 -1.4 23.1 22.2 -3.9 - 14.9 -

E6 0.541 0.510 -5.7 47.9 47.2 -1.5 15.5 15.0 -3.2 9.53 9.23 -3.1 
E7 1.8 1.50 -17 64.8 63.6 -1.8 13,2 12.8 -3.0 15.3 14.9 -2.6 
E8 2.75 2.48 -9.8 63.1 61.8 -2.1 10.4 10.2 -1.9 21.2 24.6 +16 
E9 6.2S 5.27 -16 62.1 60.7 -2.2 8.19 8.15 -0.5 53.5 52.1 -2.6 
ElO 6.68 5.64 -16 59.9 67.8 +13 7.95 7.81 -1.8 54.3 53.2 -2.0 
EH 7.62 6.37 -16 51.5 50.4 -2.1 7.06 7.00 -0.8 42.4 41.5 -2.1 
E12 7.41 6.17 -17 45.5 44.5 -2.2 8.71 8.64 -0.8 41.7 40.7 -2.4 
E13 15.5 12.6 -19 37.4 36.2 -3.2 2.30 2.33 +1.3 54.9 53.4 -2.7 
E14 14.1 11.3 -20 34.7 33.7 -2.9 1.75 1.78 +1.7 62.6 61.2 -2.2 
El 5 13,4 10.7 -20 34.5 33.3 -3.5 2.05 2.10 •12.4 58.5 57.0 -2.6 
EI6 12.4 9.75 -21 30.2 29.2 -3.3 1.95 1.99 -12,0 53.0 51.6 -2.6 
RI7 12.5 8,62 -31 27.6 26.8 -2.9 2.18 2.23 +2.3 50.4 49.1 -2.6 
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5.4.2 Impact of Sulfur Loss 

In the previous section of sulfur loss analysis, the extent of sulfur loss during an 

experiment was estimated (see Figure 5.9) and used to evaluate the activity coefiBcients at 

the higher values of . The impact of including sulfur loss can be seen in Figure 5.16. 

The scale indicating the change in the sulfiir deficiency has been included in the graph. 

Discrepancy between the data in the figure reveals that values of are 2 to 3 times 

larger when sulfiir loss is accounted for. X-ray diffraction analysis of condensate from the 

first few specimens collected from melts formed from admixtures with an initial SD of 

0.02 contain a significant amount of elemental sulfiir. No sulfur is detected by X-ray 

analysis in specimens collected later in an experiment. That outcome is consistent with the 

predicted results in Figure 5.9. 

Roine and Jalkanen conducted a number of experiments at values of Pj, as high as 

0.0355 atm. That value is higher than the 10"^ atm used in calculating the sulfiir loss (at 

SD = 0.02) in Figure 5.9. The results shown in Figure 5.9 were based on a carrier gas 

flow rate of 890 cmVmin RmT and a melt size of 10 grams. For both studies the ratio of 

the two numbers approach 4, and, as such. Figure 5.9 can also be used to approximate 

sulfiir loss from Roine and Jalkanen's melts. Roine and Jalkanen conducted most of their 

experiments for a period of 60 min. Figure 5.9 Reveals that in 60 min Pj, will decline by 

almost an order of magnitude. Since it appears that Rome and Jalkanen did not take sulfur 
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Figure 5.16 Neglecting sulflir loss has a significant impact on the calculated value 
of the activity coeflBcient of As. 
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loss into consideration, any comparison is confined to data collected by those authors at 

values of less than or equal to 10"^ atm. 

5.4.3 Comparison to Other Researchers' Results 

That variation between Roine and Jalkanen's values of y calculated with the two 

thermodynamic data sets in Table 5.7 is small. As such, a comparison between the results 

of Roine and Jalkanen and the results of the present work can be made directly, without 

correcting for the different thermodynamic values employed. Roine and Jalkanen 

conducted their experiments at 1473 K. In this study experiments were conducted at three 

temperatures, and it is possible to extrapolate results to 1473 K using Equations 5.12 

through 5.15. The extrapolated values are presented in Table 5.8. Roine and Jalkanen 

reported a substantially larger value for ygj than that observed in the present study. 

Table 5.8 Comparison of results. (Cu/Fe = 2.5, SD = -0.02, and T = 1473 K) 

M , Roine & Jalkanen yh,  present  work 

As 2.3 2.9 

Bi 58 10 

Pb 14 8.1 

Sb 20 20 



185 

Arac and Geiger also examined the activity of Bi in matte and white metal but at 

what th^ believed was a sulfiir deficiency of zero (62). Roine and Jalkanen's results for 

Ysi were larger than those reported by Arac and Geiger. A comparison is presented in 

Figure 5.17. However, in that figure the results of Arac and Geiger are larger than those 

of Roine and Jalkanen. In evaliiating Arac and Geiger's data the same riatg base was used 

as that used in the present work to establish the saturation pressures of Bi, and Biz. 

Changes in the saturation values had only a modest impact on the values of the activity 

coeflBcients. The primary factor for the increase in Arac and Geiger'S values for YBI is the 

choice of system. Arac and Geiger defined their system as consisting of CU2S, FeS, and 

Bi, whereas Roine and Jalkanen viewed their system on an elemental basis. While the 

different approaches to defining the system has no impact on the activity of Bi, it does 

impact the activity coefScient. Recalculating Arac and Geiger's data on an elemental basis 

yields value of logygj which are 25% larger than those reported by Roine and Jalkanen, 

and 100% larger than values reported in this investigation. 

The reason for the larger values of Yq; reported by Arac and Geiger is probably 

associated with the partial pressure of S2 in the carrier gas. Arac and Geiger reported only 

the initial melt compositions and the final wt% of bismuth in the melt. They indicated in 

their manuscript that the carrier gas consisted of 10% SO2 with the balance argon. In so 

doing they effectively conducted their experiments at a fixed value of Pj,. A first estimate 

of Psj, neglecting the presence of Bi vapor, yields a value of 3.92-10"'° atm at 1473 K. 

That value would produce metal saturation if the presence of oxygen and Bi do not alter 
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the solubility limit for Cu and Fe. Since Arac and Geiger conducted their experiments for 

8 hours and the equilibrium partial pressure of S2 changes dramatically along the CU2S -

FeS pseudo - binary line, the suUlir content of the melt probably changed during an 

experiment and, accordmgly, the assumption that SD was zero for these experiments is 

probably wrong. Arac and Geiger did not report the final sulfiir content of their melts. In 

addition, Roine has shown that including ojgrgen in the Cu-Fe-S-Bi system increased the 

activity coeflScient for Bi in the matte except for low grade mattes (3). 

While there is doubt about the validity of the comparison of Arac and Geiger's 

data in Figure 5.17, their reported self interaction parameters, s®! and p®!, were zero for 

Bi in matte and white metal. The same conclusion obtained in this investigation. 

The discrepancy between Roine and Jalkanen's data and the present results in 

Figure 5.17 is difScult to explain. A sensitivity analysis of Equation 1.1 using Roine and 

Jalkanen's data reveals that only a significant error could account for the difference in y gi 

obtained by those investigators and the present author. There are no indications that such 

an error has occurred in either investigation. The primary source for error in Roine and 

Jalkanen's experimental procedure rests with chemical analysis of the melt. Roine and 

Jalkanen conducted their experiments in a manner that required chemical analysis of the 

entire melt after volatilization for the remaining minor-element concentration. Those 

authors suggested a ±5% error in chemical analysis, an error that yields a similar 

percentage error in Ygj with a value of 60. The percentage error is larger with smaller 
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values of the activity coefficient. In the present woiic the condensate was collected and 

analyzed thereby decreasing the error in chemical analysis, especially at low concentrations 

of the minor elements in the melt. Given that situation the length of time between 

collecting specimens was extended to ensure sufficient material was collected for chemical 

analysis. 

Roine and Jalkanen also noted that during heat up, volatilization of minor elements 

would yield values of the activity coefficient too high. In the present woiic that source of 

error was eliminated as the initial specimen, while collected, analyzed, and used in the 

continuity balance, was not used in evaluation of the activity coefficients. 

The data in Figure 5.10 for Bi suggest that temperature differences for the data in 

Figure 5.17 can not account for the discrepancy between the present work and Roine and 

Jalkanen's. The source of the difference in the values of logYe; in Figure 5.17 remains 

unknown. 

The data in Figure 5.10 Also indicate that the values of are independent of 

temperature, allowing fiirther comparison of the results for Pb. That comparison is 

presented in Figures 5.18 and 5.19 and reveals good agreement over a range of Cu/Fe and 

SD values. 

Values of activity coefficients of As and Sb can not be compared directly except as 

presented in Table 5.8. Two problems impact any comparisons. First, at temperatures 
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below 1533 K there is a strong dependence of and yg^ on that variable as shown in 

Figure 5.10. The second issue is the dependence of y^ and yjb on their concentrations, 

the extent of which has been determined and reported in Table 5.4. The impact of 

temperature is known only at one state, and the effect of self interaction has not been 

included in analyses performed by other investigators. Roine and Jalkanen conducted their 

experiments at variable gas flow rates, at variable concentrations of minor elements, and at 

variable lengths of time. As a result of those variables. Equation 1.1 was solved for 

integral Iknits of different values, and as a result their values of the activity coefl5cients for 

As and Sb include a variable interaction effect. These two issues have precluded any 

fiirther comparisons of data for As and Sb. 

Better thermodynamic data for the volatile species of the minor elements and the 

saturation pressure of sulfur over matte would improve the results of this work. 

5.5 Discussion of Activities of Minor Elements in Nickel - Copper Matte 

- The technique to obtain data and the methods to evaluate the activities of minor 

elements for nickel - copper mattes are the same as that for copper - iron mattes. The 

results are that As and Sb are substantially more stable in nickel - copper mattes than in 

copper - iron mattes. The experimental results for nickel - copper mattes are also listed in 

Table 4.8 (Part II). Volatilization rates of minor elements from nickel - copper matte were 

calculated using Equation 4.7 and activity coefQcients of these minor elements evaluated 
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using Equations 1.1 and S.l. The calculated results are also included in Table 4.8 (Part 

n). The plots of volatilization rates as a function of minor-element concentration are 

presented in ^pendix A. 

As noted earlier, the impacts of SD and Ni/Cu ratio are shown in Figures 5.5 and 

5.6 respectively. The sulfiir loss in nickel - copper matte (shown in Figure 5.20) was 

examined using the same procedures as discussed in Section 5.2. Figure 5.20 reveals that 

the sulfiir loss in nickel - copper mattes is negligible when the SD equals to -0.04 and -0.1. 

When SD in nickel - copper is equal to zero, the sulfiir pressure ) is going to decrease 

by 32% (from 10"^ atm to 6.8 x 10"* atm) after eight hours of experiment. However, the 

impact of the variation in on the calculated values of the activity coeflBcient is still 

negligible when the calculated sulfiir loss is incorporated into Equations 1.1 and 5.1. 

Henrian values of activity coeflScient of the minor elements have been evaluated, 

yielding the following results: 

SD = -0.04 and « > Ni/Cu > 1 

LogTBi =033+0.17(Ni/Cu)"^ -0.072(Ni/Cu)"2 (5.28) 

Logy Pb = -0-23 + 0.74(Ni / Cu)"^ - 0.14(Ni / Cu)"- (5.29) 

Logy^ = -L076 + 0.68 l(Ni / Cu)'^ - 0.450(Ni / Cu)"^ (5.30) 

Logy sb = 0-556 - 0.445(Ki / Cu)"^ + 0.185(Ni / Cu)"^ (5.31) 
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Ni/Cu = 2andO>SD>-0.1 

Logy Bi = 0.47+054SD - 2.4SD- (5.32) 

Logy ̂  = -0.008 - L6SD - 2.0SD2 (5.33) 

LogyL = -0.747 - 3.150SD - 15509SD^ (5.34) 

LogYsb = 0369 +2J33SD - 59.868SD^ (5.35) 

Figures 5.21 and 5.22 are plotted with Henrian activity coeflBcients for minor 

elements against Ni/Cu ratio and SD respectively. The data in Figure 5.21 reveal that the 

activity coefiScients of both Bi and Pb increase as nickel - copper melts become rich in Cu. 

Figure 5.22 reveals that the activity coeflBcient of Bi increases as SD increases, whereas 

the activity coeflBcient of Pb decreases with increasing SD. 

Since there are no data of the activity of minor elements in nickel - copper mattes 

in the literature, a comparison of data is impossible. Due to the limit of time and budget, 

repeating the experiments to confirm the data for As and Sb in nickel - copper mattes will 

have to be left for future investigation. 
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CHAPTER SIX 

CONCLUSIONS 

6.1 Copper - Iron Matte 

Activity coefiScients of As, Bi, Pb, and Sb in copper - iron matte and white metal 

have been determined using a transportation apparatus. The results indicate that the 

activity coefiScients of both As and Sb are strongly influenced by temperature, the values 

of both rise with inaeasing temperature. It has been determined that in metal-rich copper 

- iron mattes that the activity coefiScients of As, Bi, and Sb increase with increasing iron 

content of the matte, where as the activity coefficient of Pb drops slightly. Increasing SD 

stabilizes Pb in matte while increasing the volatilization of As and Sb over the range of 

values of the sulfur deficiency examined in this investigation. The same dependency is 

observed with LogPs,. 

Evaluation of the experimental and analytical technique reveals that neglecting 

sulfur loss at high values of SD can significantly unpact the calculated value of the activity 

coefiScients by a factor of 2 to 3. The extent of the error is subject to the partial pressure 

of S2 associated with an experiment. 

The analytical technique employed allows for evaluation of the activity coefiScients 

of the minor elements as fimction of their concentrations. The data indicate that there are 

self interactions for both As and Sb which tend to stabilize those elements in matte and 
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white metal. Values for the first and second order self interaction parameters for As and 

Sb are reported. No self interaction efifects were observed for Bi and Pb. 

Comparison of results for the four minor elements reveals excellent agreement for 

As, Pb, and Sb. There is substantial disagreement between the results for Bi in this work 

and the results of Roine and Jalkanen (7). Analysis of the two experimental programs 

does not provide a definitive reason for the discrepancy. 

6.2 Nickel - Copper Matte 

The same technique used for copper - iron matte was applied to evaluate the 

activities of Bi, Pb, As, and Sb in nickel - copper matte. The results indicate that both SD 

and Ni/Cu ratio have influence on the activity coefficients of Pb and Bi in nickel - copper 

matte. The activity coefBcient of Bi increases and ya decreases as the SD increases. Both 

Ybi and ypb increase as the Ni/Cu ratio decreases, indicating that nickel stabilizes those 

elements in matte. 

Due to the low volatility of As and Sb (20 -50 times lower than in copper - iron 

matte) in nickel - copper matte, the condensate collected by the cold finger firom those 

mattes is much smaller than that in copper - iron matte. The potential for error, caused by 

chemical analysis and collection of small specimens, is increased. To minimize potential 

errors, only one single point (the average value of As and Sb activity coefficients at 

identical value of Ni/Cu and SD but slightly different minor-element concentration) was 

used to show the impact of SD and Ni/Cu ratio on the activity coefficients of these two 

elements. The results show that an increase in SD will increase the activity coefficients of 
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As and Sb. The results also suggest that the influence of M/Cu ratio on yXf is insignificant, 

and YAM increases slightly while ysb decreases as Ni/Cu ratio decreases. 

6^ Final Remarks and Future Work 

We are still a long way firom a complete understanding of the activity of minor 

elements in copper - iron matte and in nickel - copper matte. Further experiments need to 

be done to further confirm the data obtained for As and Sb in nickel - copper matte. The 

results gained in this investigation can serve as a basis for future investigations involving: 

1. analysis of the interaction coefficients of multi - elements in matte. 

2. modeling of the volatilization rates of minor elements fi"om both copper - iron 

matte and nickel - copper matte. 

3. reevaluation of Roine and Jalkanen data of high sulfur pressures. 

4. modeling of the activity of minor elements in copper - iron and nickel - copper 

mattes over a large range of SD, temperature, and Cu/Fe (or Ni/Fe) ratio. 

5. application of the results to industrial practice. 
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APPENDIX A: Volatilization Rate vs. wt%M. 

A.1 Li Copper - Iron Mattes 

A.1.1 Influence on Temperature 

X 

c f i  

is 
e 
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"o 
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Carrier Gas Rate = 850 cnr/min RmT 
Stirring Gas Rate = 40 cm^/min RmT 
Cu/Fe = 2.5 
SD = - 0.02 

1493 K 
1533 K 
1573 K 

0.1 0.2 0.3 
wt% Bi in Copper - Iron Matte 

Figure A.la Influence of temperature on volatilization rate of Bi. 
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Carrier Gas Rate = 850 cnr'/min RmT 
Stimng Gas Rate = 40 cm^/min RmT 
Cu/Fe = 2.5 
SD = -0.02 
• 1493 K 
+ 1533 K 
• 1573 K 

wt% Pb in Copper - Iron Matte 

Figure A.lb Influence of temperature on volatilization rate of Pb. 
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Carrier Gas Rate = 850 crrP/min Rm 
Stirring Gas Rate = 40 cm^/min RmT 
Cu/Fe = 2.5 -
SD = -0.02 
• 1493 K 
+ 1533 K 
•  1573K 

4 0.08 0.12 0 

wt% As in Copper - Iron Matte 

Figure A.lc Influence of temperature on volatilization rate of As. 
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Carrier Gas Rate = 850 cm^/min RmT 
Stirring Gas Rate = 40 crrf'/min RmT 
Cu/Fe = 2.5 
SD = -0.02 

wt% Sb in Copper - Iron Matte 

Figure A.ld Influence of temperature on volatilization rate of Sb. 



A.1.2 Impact of SD 

A S0 = -Q.Q2 

• SD = 0 

• SD = 0.02 
T=1533K 
Cu/Fe = 2.5 

Carrier Gas Flow Rate = 850 cm /̂min RmT 
Stirring Gas Rate = 40 cm /̂min RmT 

) 020 0.30 
wt% Bi in Copper - Iron Matte 

Figure A.2a Impact of SD on volatilization rate of Bi. 
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Carrier Gas Flow Rate = 850 cm /̂min RmT 
Stirring Gas Flow Rate = 40 cm /̂mln RmT 
T =1533 K 
Cu/Fe = 2.5 

0.10 0.20 
wt% Pb in Copper - Iron IVIatte 

Figure A.2b Impact of SD on volatilization rate of Pb. 
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Carrier Gas Flow Rate = 850 cm /̂min RmT 
Stirring Gas Rate = 40 cm /̂min RmT 
T = 1533K 
Cufl̂ e = 2.5 
A SD = -0.02 y. 
• SD = 0 
• SD = 0.02 

0.06 0.09 0.12 0.15 
wt% As in Copper - Iron Matte 

Figure A.2c Impact of SD on volatilization rate of As. 
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Carrier Gas Flow Rate = 850 cm /̂min RmT 
Strring Gas Row Rate = 40 cnr'/min RmT 
T = 1533K 
Cu/Fe = 2-5 A 

 ̂ SD=-0.02 / 

• SD = 0 • / 

• SO = 0.02 / / 

0.08 0.12 
wt% Sb in Copper - Iron Matte 

Figure A.2d Impact of SD on volatilization rate of Sb. 
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A.1^ Impact of Cu/Fe Ratios 
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"S 
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T = 1533 K 
SO = -0.02 
Carrier Gas Ficjw Rate = 850 cm /̂min RmT 
Stirring Gas Flow Rate = 40 cm /̂min RmT 

0.1 0.2 0.3 0.4 
wt% Bi in Copper - Iron Matte 

Figure A-3a Impact of Cu/Fe ratios on volatilization rate of Bi. 
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Cu/Fe 
2.5 

T = 1533K 
SO = - 0.02 
Stirring Gas Row Rate = 40 cm /̂min RmT 
Carrier Gas Flow Rate = 850 cm /̂min RmT 

wt% Pb in Copper - Iron Matte 

Figure A Jb Impact of Cu/Fe ratios on volatilization rate of Pb. 
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Carrier Gas Row Rate = 850 cm^/min RmT 
Sbmng Gas Row Rate = 40 cm^/min RmT 
T = 1533 K / 
SD = -0.02 / 

Cu/Fe / 

0.04 " 0.08 
wt% As in Copper - Iron Matte 

Figure AJc Impact of Cu/Fe ratios on volatilization rate of As. 
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Carrier Gas Row Rate = 850 cnr/min RmT 
SUmng Gas Row Rate = 40 cm^/min RmT 
T=1533 K 
SD = -0.02 

Cu/Fe 

0.04 0.08 
wt% Sb in Copper 

0.12 0.16 
Iron Matte 

0.20 

Figure .4Jd Impact of Cu/Fe ratios on volatilization rate of Sb. 



In Nickel - Copper Mattes 

A^.l Impact of SD 

T = 1473KNi/Cu=2 
Carrier Gas Rate = 650 cm3/min RmT 
Stirring Gas Rate = 30 cm3/min RmT 

0.2 0.4 0.6 
wt% Bi in Nickel - Copper Matte 

Figure A,4a Impact of SD on volatilization rate of Bi. 
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T = 1473KNi/Cu = 2 
Carrier Gas Rate = 650 cm /̂min RmT 
Stirring Gas Row Rate = 30 cm /̂min RmT 

20 
SD 

• -0.04 
• -0.1 

15 

10 

5 

0 
02 0.4 
wt% Pb in Nickel - Copper iVIatte 

0.6 
Matte 

0.8 0.0 

Figure A.4b Impact of SD on volatilization rate of Pb. 



WCu = 2 
T = 1473K 
Carrier Gas Rate = 650 cm /̂min RmT 
Stirring Gas Rate = 30 cm /̂min RmT 

SO 
• 0 
• -0.04 

- +-0.1 

• 

% 

.0 0.2 0.4 0.6 0.8 1. 
wt% As in Nickel - Copper Matte 

Figure A.4c Impact of SD on volatilization rate of As. 
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Ni/Cu = 2 
T = 1473K 
Carrier Gas Rate = 650 cm /̂min RmT 
Stirring Gas Rate = 30 cnf'/min RmT 

SO 
• 0 
• -0.04 
+ ^.1 

0.0 0.2 0.4 0.6 0.8 
wt% Sb in Nickel - Copper Matte 

1.0 

Figure A.4<I Impact of SD on volatilization rate of Sb. 



A^.2 Impact of Ni/Cu Ratios 

T = 1473 K 
Carrier Gas Flow Rate = 650 cm /̂min RmT 
Stirring Gas Row Rate = 30 cm /̂min RmT 

+ Infinite 
• 2 
• 1 

02 0.4 0.6 
Wt% Bi in Nickel - Copper Matte 

Figure A.5a Impact of Ni/Cu ratios on volatilization rates of Bi. 
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T = 1473K 
Carrier Gas Row Rate = 650 cm /̂min RmT 
Stirring Gas Row Rate = 30 cm /̂min RmT 

+ Infinite 
• 2 
• 1 • 

02 0.4 0.6 
Wt% Pb in Nickel - Copper Matte 

Figure A.5b Impact of Ni/Cu ratios on volatilization rates of Pb. 
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Figure A.5c Impact of Ni/Cu ratios on volatilization rates of As. 
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SO =-0.04 
T = 1473 K 
Carrier Gas Rate = 650 cm /̂min RmT 
Stirring Gas Rate = 30 cm /̂min RmT 
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• 2 • 
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Figure A.5d Impact ofNi/Cu ratios on volatilization rates of Sb. 
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