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ABSTRACT 

A significant quantity of sulfur containing gases are released 

during the oxidation of zinc sulfide pellets. A promising 

method for capturing these sulfur emissions is with the use of 

non-uniformly distributed pellets, a sphalerite concentrate center 

coated with lime. Experimental investigation of the roasting behavior 

of such pellets was performed between 700 and 800°C to determine their 

sulfur capture behavior and the effect of a lime coating on the 

roasting reaction rate. A mathematical model was developed to assist 

in the interpretation of results. Pellets roasted at 700°C with a 

stoichiometric quantity of lime were found to capture close to 100% of 

the sulfur emissions released during the early stages of roasting with 

no appreciable sulfur emissions released up to 60% conversion. The 

lime coating provides a concentrated layer of sulfur adsorbent which 

succeeds in capturing sulfur emissions released from the sphalerite 

pellet surface at low partial conversion. As much as 95% of the 

potential sulfur emissions were captured at full sphalerite conversion, 

with escape attributed to cracks formed in the lime coating. Diffusive 

resistance in the contact zone between sphalerite and lime is noted to 

effect the diffusion controlled roasting reaction. Further 

investigation of the chemical and structural properties of this 

interaction zone is warranted. 

x 



CHAPTER 1 

INTRODUCTION 

The roasting of metal sulfides is of fundamental importance in 

metals processing^. Unfortunately, an environmental consequence of 

this process is the evolution and release of large quantities of sulfur 

dioxide and sulfur trioxide gases. Typically conducted in a fluidized 

bed roaster, roasting offers an economically viable method for 

converting the sulfide into a readily leachable form. Still, some 

method of controlling sulfur emissions from industrial roasters must be 

devised in order to conform with stringent Environmental Protection 

Agency sulfur removal standard. The direct introduction of lime to 

effect the S02-lime reaction has been proposed and investigated by 

numerous researchers. The experimental work presented here continues 

and extends the previous efforts. 

Many metals are found in nature as sulfides. Pyro-

hydrometallurgical processing is used to transform the sulfide into a 

commercially useful metal. A typical processing scheme is as follows: 

concentration of the ore using froth flotation techniques, roasting of 

the concentrate in the presence of oxygen to convert it to an easily 

leachable sulfate or oxide form, leaching with dilute mineral acid to 

get the oxidized metal into solution, and finally the solution 

1 
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undergoes electrowlnning so that the desired metal product collects at 

the cathode. 

The Roasting Reaction 

The roasting reaction is important because the solid oxide and/or 

sulfate products are easy to leach relative to the sulfide concentrate 

reactant. A sufficiently rapid leach for metal sulfides requires a 

corrosive solvent solution, with an associated larger capital cost to 

purchase large scale, corrosive resistant containers for the processing 

of large quantities of ore. A general formulation of the roasting 

reaction is as follows: 

MeS + 3/2 02 —» Me0(MeS04) + S02(S03) (1-1) 

The roasting reaction is strongly exothermic and can be considered 

irreversible. Some typically roasted sulfide concentrates (MeS) are 

those for copper, zinc, and nickel, all three metals having 

considerable commercial importance. These are listed in an order 

corresponding to their roasting temperatures, copper typically being 

roasted at a lower temperature than nickel. The roasting temperature 

is determined based on competing concerns; reaction rate considerations 

favor higher roasting temperatures, while ferrite formation reduces 

metal recovery to provide a temperature limitation. Typical roasting 

temperatures are from 500 to 1000°C. 
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Reaction Mechanism 

An early study performed to develop a better understanding of the 

o 
roasting reaction mechanism was performed by Cannon and Denbigh who 

examined the effect of temperature and oxygen concentration on the 

roasting reaction rate of sphalerite (primarily zinc sulfide) crystals. 

Their experiments were performed at temperatures from 680 to 940°C. 

Below 830° the reaction rate measured was independent of the product 

layer thickness and it was postulated that reaction kinetics were rate 

controlling. While above 830°C there was evidence of some diffusion 

resistance. Still, they did not find good agreement between their 

observed rates and those calculated based on chemical control using a 

half power dependence on oxygen concentration. They conceded that a 

similar study performed by Ong, Wadsworth, and Fassell used a much 

wider range of oxygen partial pressures to provide an improved 

understanding of the effect of oxygen concentration. At temperatures 

from 700 to 830°C they observed a reaction rate increase with 

increasing oxygen concentration up to a critical value corresponding to 

monolayer coverage of the solid, indicating a dependency similar to the 

Langmuir-type adsorption isotherm. This suggests that the rate 

limiting step is the surface adsorption of oxygen, followed by rapid 

decomposition and restructuring of the surface sites into the product 

layer. In these experiments the formation of sulfate product was 

found to be negligeable as it decomposed very rapidly to the oxide 

product and sulfur trioxide gas as follows: 

ZnO + S02 + 1/2 02 —ZnS04 ZnO + SO3 (1-2) 
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It was postulated that zinc oxide behaves as a catalyst for the 

formation of sulfur trloxide in accordance with equation (1-2). 

Another interesting observation was that significant self-heating of 

the reacting solid occurred at temperatures greater than 830°C due to 

reaction exothermiclty, suggesting possibility of temperature control 

difficulties at high roasting temperatures. 

The "Shrinking Core" Hypothesis 

Nateson and Philbrook^ examined the oxidation kinetics of 

spherical zinc sulfide pellets over a temperature range from 740 to 

1020°C and oxygen-nitrogen mixtures from 20 to 100 percent oxygen. 

They formulated a "shrinking core" model for the pellets with three 

potentially rate limiting steps; mass transfer across the gas film, 

diffusion through the product (ZnO) shell, and chemical reaction at the 

reactant/product interface. A critical assumption in the model 

formulation is that the entire pellet is iso-thermal, having a uniform 

temperature throughout. This assumption was supported by concurrent 

experimental work-*. The best fit of the model to their experimental 

results occurred with the assumption that diffusion through the porous 

zinc oxide shell was rate limiting, using the effective diffusivity as 

a flexible parameter. This suggests that even at relatively low 

roasting temperatures, if the pellet porosity is sufficiently low, the 

time scale for diffusion through the pores can be much larger than that 

for the chemical reaction so that the overall reaction kinetics become 

intraphase diffusion controlled and a "shrinking core" of reactant 

solid becomes observable. 
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Szekely, Lin, and Sohn^ reported a method for separating 

diffusional and chemical reaction rate limitations so as to ascertain 

reaction rate constants and effective diffusion coefficients at 

different temperatures. Rao^ borrowed this method, using very small 

pellets roasted in the temperature range from 602 to 734°C to 

minimize the time scale for diffusion relative to that for chemical 

reaction, allowing direct and accurate determination of the chemical 

reaction rate constants. And using much larger pellets roasted in the 

temperature range from 744 to 826°C to alternatively maximize the 

diffusion resistance for determination of the effective diffusion 

coefficients. This illustrates how the overall reaction kinetics in a 

pellet roast process are intimately related to the solid structural 

properties resulting from the pellet preparation procedure, and the 

roasting temperature selected. In accordance with this observation, 

recent attempts to quantify the chemical reaction kinetic constants for 

Q Q 
roasting reactions » have been careful to eliminate any possible 

diffusion limitations from the reaction scheme. 

Sulfate Formation 

As previously mentioned, the formation of zinc sulfate was found 

to be negligeable in the experiments conducted by Ong et al . Still, 

they note that although it decomposed rapidly, zinc sulfate was 

momentarily present at roasting temperatures below 740°C. A 

thermodynamic study of zinc sulfate properties in a closed Zn-S-0 

system performed by Ingraham and Kellogg*® concluded zinc sulfate to be 

a stable compound at temperatures below 734°C, and zinc basic sulfate 
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(3ZnO 2SO2) stable above 734°C. Experiments with zinc sulfide 

performed in a range around this equilibrium temperature must consider 

the possibility of zinc sulfate formation. 

Ferrite Formation 

The formation of ferrite compounds can occur during the roasting 

of metal sulfides because iron impurities exist in the sulfide ore. 

Ferrite formation results in reduced metal recovery as they are not 

easily acid leached. A general formulation of the ferrite formation 

reaction is as follows: 

MeO + Fe203 —=> MeFe^ (1-3) 

This reaction is endothermic and irreversible, proceeding at a faster 

rate at high roasting temperatures. Accurate and reliable knowledge of 

the activation energy is necessary information for choosing an 

appropriate reaction temperature range, high enough to provide a 

sufficiently fast roasting reaction rate but not so high as to promote 

ferrite formation. There is broad disagreement in the 

literature^»12,13 at,0ut the quantitative value of this constant for 

the formation of zinc ferrite, calculated to be in the range from 29.4 

to 63.0 kcal/mole. Because of this discrepancy it is uncertain at what 

temperature ferrite formation prohibits further temperature increases. 

Bartlett and Haung^ noted the advantage of pelletization for 

controlling the roasting temperature. Because the oxidative roasting 

reactions are exothermic, the temperature of a rabbled powder charge of 

ore cannot be prevented from increasing significantly due to self 
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heating. The elevation in roasting temperature can cause a marked 

boost in ferrite formation. Alternatively, pelletization and roasting 

under conditions where diffusion of oxygen through the product layer 

becomes rate limiting confines the reaction to the product/reactant 

interface, greatly reducing the rate of heat generation and so, ferrite 

formation. This temperature control scheme also enhances the sulfur 

retention capability of lime as will be discussed in the next section. 

Sulfur Capture Using Lime: General Considerations 

Most of the sulfur emissions evolved during roasting are 

converted to sulfuric acid for use in the leaching stage of metals 

processing. Because metallurgical industries are confronted with a 

growing need to control sulfur emissions, it may be cheaper to secure 

them during roasting and purchase the acid required for leaching as 

zinc oxide is soluble even in dilute acid solution and the cost of 

purchased acid would be low. This option is particularly attractive 

for smaller operations where the installation of an on-site acid 

production facility is not economical. High efficiency sulfur removal 

is possible with assorted commercially available flue gas 

desulfurization systems. These wet or dry scrubbing techniques employ 

a variety of additives; lime, limestone, activated carbons, or metal 

oxides. However, because of the enormous volume of flue gas to be 

treated, flue gas desulfurization plants are usually very large and 

complex with correspondingly high investment and operation costs. An 

economically more attractive option in its development stage is the 

direct introduction of sulfur capturing additives at sulfur emission 
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sources, the primary sources being coal burners and sulfide concentrate 

roasters. One such additive proven successful is lime, under specified 

conditions. 

Thermodynamics 

Lime is produced by the calcination of limestone or dolomite 

rocks, found in abundance in nature. The calcination reaction is 

formulated as follows: 

CaC03 —^ CaO + C02 (1-4) 

The capture of sulfur emissions with lime occurs according to the gas-

solid, SC^-lime reaction, having a general formulation as follows: 

CaO + S02(S03) + 1/2 02 CaS04 (1-5) 

Equilibrium data for these reactions have been summarized by Ward and 

Pettit^. The calcination reaction, equation (1-4), proceeds readily 

to the right at temperatures above 770°C. The calcium sulfate product 

of the S02~lime reaction, equation (1-5), is formed at temperatures 

from 450 to 1230°C and partial pressures of sulfur dioxide 

corresponding to flue gas concentrations of approximately 3000 ppm. 

These results indicate an advantage of the direct introduction of lime 

as a sulfur dioxide adsorbent at the generation source, where the 

sulfur dioxide concentration is highest. The driving force for sulfate 

formation is significantly reduced after sulfur dioxide becomes diluted 

with air in the flue gas stream. Further observe that this lime sulfur 

capture scheme is ineffective for use in bituminous coal flames because 
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these flames easily reach temperatures in excess of 1500°C. Lime could 

possibly be used in fluidized bed combustors, providing longer SC^-lime 

contact times and temperatures below 1200°C. Finally, note that 

uncalcined limestone is not an effective sulfur capture agent at 

temperatures below 770°C because the calcination reaction would compete 

with the S02-lirae reaction. Another reason low temperature sulfur 

capture with limestone is not attempted is because magnesium oxide 

impurities become sulfated at temperatures below 840°C. Magnesium 

sulfate (magnesia) is water soluble and easily leached to cause serious 

water pollution problems. 

SC^-Lime Reaction Kinetics 

An early attempt to capture sulfur dioxide by direct injection of 

limestone into a boiler was performed by Wickert^ in a plant-scale 

test, and by numerous investigators since. A problem which arises with 

this idea is that the residence time of the limestone in the boiler is 

very short, not allowing sufficient SC^-lime contact time for effective 

sulfur fixation, and so these experiments succeeded in capturing only 

10 to 50% of the sulfur dioxide with 1 to 4 times the stoichiometric 

amount of limestone necessary for complete sulfur removal. These were 

rather haphazard experiments performed without explicit understanding 

of a complicated gas-solid reaction system. The reactivity differences 

between assorted naturally occurring limestones and dolomites with 

sulfur dioxide was noted and experimental comparison performed by 

Harrington, Borgwardt, and Potter^. This study concluded that 
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reactivity was independent of the chemical composition of the rocks, 

suggesting some effect of structural properties. 

1 A Borgwardt10 used differential reactor techniques in his kinetic 

experiments with four naturally occurring, calcinated limestones. The 

S02~lime reaction rate was measured as a function of sulfur dioxide 

concentration, particle size, and solid conversion, with isothermal 

reaction conditions maintained between 540 and 1100°C. The initial 

reaction rate was found to display first order chemical reaction 

kinetics with respect to sulfur dioxide concentration and substantial 

sensitivity to temperature. For particle diameters less than 0.05 cm 

reactivity was practically independent of particle size. The use of 

such extremely small particles was postulated to remove any diffusion 

limitations associated with intact carbonated rocks. Further, the 

calcination of the rocks prior to exposure to sulfur dioxide eliminated 

the competing effect of this reaction. The results suggest that the 

S02-lime chemical reaction is the primary rate controlling step for the 

overall reaction kinetics of small particles. The activation energy 

was dependent upon the type of stone, ranging from 8.1 to 18.1 

kcal/mole. An apparent activation energy of 3.4 kcal/mole was reported 

for kinetics controlled entirely by bulk diffusion. The reaction was 

found to occur initially throughout the particle volume, with 

intraphase diffusion resistance becoming important only after a solid 

conversion of at least 20%. Subsequently, the reaction rate decreased 

rapidly with increasing conversion, suggesting the need for an 
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investigation of structural properties in the calcium sulfate product 

layer. 

1 Q 
Borgwardt and Harvey considered the solid structure differences 

of eleven calcinated rocks and their effect on reaction kinetics 

examined at 980°C. Calcinated stones of various geological types had 

distinct differences in physical structure with correspondingly large 

differences in reactivity and capacity for sulfur dioxide adsorption. 

The combined effect of pore size and particle size determined the 

ultimate extent of reaction, with small particles having large pores 

providing the best results. Particles smaller than 0.01 cm with pores 

larger than 1000 Angstroms displayed uniform reactivity throughout, in 

proportion to their BET surface area. Still, even stones with these 

optimal structural properties exhibited exponential reaction rate decay 

at solid conversions greater than 50% due to the formation of a calcium 

sulfate product layer and its incipient diffusion limitations. The 

ultimate sulfur capture capacity limit, approximately 50% for most 

limestones with dolomites exhibiting closer to complete solid 

conversion, was correlated with the initial pore volume, suggesting the 

possibility of pore plugging which occurs because the calcium sulfate 

product has a larger specific volume than the fresh calcium oxide. 

Pore plugging inhibits the contacting of gas and solid reactants 

causing solid conversion to reach a limit which is not significantly 

exceeded even after very long reaction times. 

20 The importance of the experimental work of Wen and Ishida is 

their focus on temperature and its effect on the overall reaction 
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kinetics in calcinated limestone pellets. Experiments with pelletized 

calcium oxide particles were performed at temperatures between 590 and 

860°C. At low temperatures chemical reaction kinetics became rate 

limiting as evidenced by an insignificant effect of particle size on 

reactivity. Contrarily, at high temperatures the effect of particle 

size was significant, the overall diffusion controlled reaction rate 

being much slower for large particles. Their data seems to suggest 

that their pellets were prepared so as to exhibit a "shrinking core" at 

temperatures exceeding 680°C. 

Hartman and Coughlin2* performed experimental work to examine the 

effect of reaction on the pore size distribution within several 

limestone samples. The pore size distributions were determined using 

mercury porosimetry. The volume of mercury displaced into the pores 

was measured as a function of pressure, large pores being filled at 

lower pressures with incrementally smaller pores being filled as 

pressure was increased. Their results display increased sulfur capture 

capacity in limestones having a large amount of pore volume and pore 

size distributions scewed so that most of the pore volume is in large 

pores. This is in agreement with the findings of previous 

investigators and this is reasonable because it can be expected that 

large pores will not close even after significant solid conversion. 

Ulerich, O'Niell, and Keairns22 made similar observations. Using 

electron microprobe sulfur scans, they went on to notice that under 

high temperature, diffusion controlled reaction conditions most of the 

sulfur was captured at the pore mouths, • reducing the ultimate sulfur 
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capture ability as small pore mouths became closed. Still, complete 

solid conversion was possible if the pores were sufficiently large, 

pore size being determined by the calcination rate and, primarily, by 

the geological conditions which formed the rock. 

Summarizing, these experimental investigations indicate the 

importance of certain phenomena associated with the gas-solid, SC^-lime 

reaction. Solid structural properties and reaction temperature 

determine the existence of relative diffusional and chemical reaction 

kinetic resistances involved in determining overall solid reactivity. 

These further have an effect on the eventual sulfur capture capacity of 

the solid as solid conversions are limited by plugging of the pores 

under conditions where reaction is concentrated at the pore mouths. 

This suggested that their is some optimal pore size distribution to 

provide a fast reaction and high solid conversion. Again, the 

effectiveness of lime as a sulfur adsorbent is entirely determined by 

its solid strucural properties and the reaction temperature selected. 

The mathematical models which follow are helpful tools, not only for 

interpretting data, but also for choosing the reaction conditions of 

future experiments in order to achieve best results. 

Structural Models 

A parametric study of the SC^-lime reaction system is possible 

with a large number of well defined experiments, varying parameters to 

ascertain their effect on reaction behavior. Alternatively, 

mathematical models can be developed based on anticipated and observed 

reaction and solid structural phenomenon. This often proves to be 
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advantageous as the predictive ability of a model can be confirmed with 

fewer experiments. Then the effect of relevant parameter manipulations 

can be estimated using the model without the need for further 

experimentation. 

Random Pore Models 

oo OA 
Bhatia and Perlmutter developed a random pore model ' and use 

it to explain reaction phenomenon in systems contacting sulfur dioxide 

and lime^. It is an extension of the work performed by Ramachdran and 

9 6  0 7  
Smith" and Chrostowski and Georgakis , who developed a pore plugging 

model for single pores, neglecting the effect of pore intersections. 

The model parameters are porosity, reactive surface area, and pore size 

"dispersion", all considered to change with reaction. Monoporous 

solids are predicted to have little intrinsic reactivity, while a 

bimodal pore size distribution seems optimal. A similar model was 

developed by Christman and Edgar^. These models provide guidelines 

for the compaction of microporous solids in the preparation of sulfur 

adsorbents. They predict that reactivity increases with increased 

surface area, but that this can reduce the ultimate solid conversion by 

rapidly plugging the pores, suggesting that a greater than 

stoichiometric amount of lime may be necessary to meet EPA sulfur 

capture requirements. Lime requirements should be lessened by 

increased pellet porosity as this is predicted to increase the ultimate 

sulfur capture capacity of the lime. Finally these models were used to 

explain the results of previous experimental work. The data of 

Borgwardt*® was interpretted to be controlled by a combination of 



kinetic and diffusional resistances, perhaps accounting for the low 

activation energies reported. The authors conclude that the systems 

OO O 1  

run by Wen and Ishida and Hartman and Coughlin were entirely 

controlled by diffusion resistances. Application to the data of 

99  Ulerich et al highlighted the significance of pore size distribution 

as a determinant of the ultimate calcium oxide conversion, large pores 

providing the best results. 

Grain Models 

9Q 
Pigford and Sliger developed a mathematical model to account 

for prior experimental observations, most notably the fact that 

limestones reacted only partially although an extensive pore structure 

was developed during calcination. The model attributes overall rate 

limitations to either diffusion of sulfur dioxide through the pores, or 

diffusion through a sulfate product layer progressively formed on the 

90  
active solid surface as the reaction proceeds. Wen and Ishida and 

Hartman and Coughlin^® developed models with similar formulations. 

Although these models are simplistic portrayals of complex solid 

structural phenomenon, they do provide good qualitative agreement with 

experimental results, particularly for reaction temperatures above 

700°C where the overall reaction kinetics appear to be entirely 

diffusion limited, as shown by Wen and Ishida. The models are 

adaptations of the grain model with a moving solid boundary proposed by 

Szekely and co-workers"'*>32,33,34 devei0ped under the assumption that 

the porous solid particles contain uniformly sized "grains" and the 

reaction rate on their surface depends only upon the local 
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concentration of the gaseous reactant. Experimental results suggest 

that diffusion through the product layer also has some rate limiting 

effect after significant conversion has been achieved. Models 

formulated to explain this conceptualize solid, sulfate product shells 

formed around each spherical grain in the particle, thickening as the 

reaction proceeds. Fitting these models to prior experimental results 

suggests a combined effect of pore and product layer diffusion. Pore 

diffusion limits the rate during the early stages of reaction, 

particularly in large particles, and notably larger product layer 

diffusion limitations become important at higher solid conversions 

which effectively seal the grains. This sealing of the grains is the 

model equivalent of pore plugging at the pore mouths. According to 

Pigford and Sliger, the sulfur dioxide diffusivity through the calcium 

sulfate layer estimated by best fit of the model is higher than 

anticipated, inferring that this diffusion process is aided by the 

existence of cracks and fissures in the product layer. 

A modified expanding grain model was employed by Bardakci to 

explain expermental results obtained in a high-temperature, diffusion 

cell reactor. As the reaction proceeds, the grains are envisioned to 

expand due to product and reactant specific volume differences, 

reducing the inter-grain volume with a corresponding decrease in 

effective diffusivity. This formulation implies a decrease in pore 

volume attributed to large pores, in addition to the plugging of 

smaller pores. Further, a relative tortuosity parameter was fit to 

the data and it suggested that the pores become more tortuous as the 
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reaction proceeds. This model also provides a good qualitative fit to 

experimental results with its many parameters. 

Sulfur Capture with Lime During Roasting 

Direct introduction of lime to commercial roasters appears 

attractive because relatively low roasting temperatures can be expected 

to provide some chemical reaction rate limitation effects. A more 

uniformly distributed reaction on the lime surface should enhance its 

ultimate sulfur capture capacity. Of course this hinges upon solid 

structural considerations of surface area and porosity. 

The Lime Concentrate Pellet Roast Process (LCPR) 

Investigation of possible methods to control sulfur emissions 

during roasting was performed by Haver and Wong^ who tried several 

calcium, magnesium, and sodium compounds as possible sulfur capture 

agents simultaneously introduced to the roasting of chalcopyrite 

(primarily CuFeS2). Calcium hydroxide performed well while other 

reagents did not fix enough of the sulfur to meet emission standards. 

Bartlett and Haung^ performed much of the pioneering work developing 

the use of lime to capture sulfur emissions during roasting, beginning 

with fluidized bed studies using a stoichiometric mix of lime and 

copper concentrates. Exothermicity of both the roasting and SC^-lime 

reactions caused severe temperature escalation, resulting in low sulfur 

capture and ferrite formation. Next they investigated the roasting and 

S02~lime reactions separately and found their rates to have the same 

order of magnitude at equal temperatures, with the roasting reaction 
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occuring somewhat faster. Note the sequence of steps occuring in a mix 

of lime and sulfide concentate as sulfur dioxide is produced by the 

roasting reaction at a slightly faster rate than it can be subsequently 

adsorbed by lime. The residence time of gases passing through a 

fluidized bed is very short so that much sulfur dioxide is blown out of 

the bed before it can be fixed in the lime. In addition to temperature 

considerations, this fact motivated the commencement of pellet studies. 

The diffusion limitations imposed by pelletization of an ore and lime 

mix drastically reduce the overall rate of these exothermic reactions 

to allow easier temperature control, in addition to the provision of 

sufficient contact time between sulfur dioxide and lime for sulfur 

fixation to occur. Sulfur retention and temperature control are the 

primary advantages of using pellets. 

Lime Distribution Schemes 

First experimental efforts with the LCPR process were executed 

with pellets which were manufactured from a uniformly mixed powder of 

metal sulfide concentrate and lime. Hence, the pellets had a uniform 

37  distribution of lime throughout their volume. Haung and Bartlett"" 

performed a rigorous experimental study with such pellets. The 

experiments used uniformly distributed lime pellets manufactured from 

powdered lime and chalcopyrite, roasted at temperatures from 450 to 

800°C. The optimal temperature for both metal recovery and sulfur 

capture was found to be 500°C for these pellets. The roasting reaction 

was completely intraphase diffusion controlled even at this low 
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temperature, confirmed by physical observation and the agreement 

OQ 
between their conversion data and equation (12-18b) in Levenspiel , 

derived for ash diffusion control. The SC^-lime reaction occurred at a 

slightly slower rate and so exhibited a reaction zone in the proximity 

of the roasting reaction front separating sulfide reactant from oxide 

product. Still, the SC^-lime reaction was sufficiently fast to fix as 

much as 98% of the released sulfur as calcium sulfate. Sulfur escape 

was attributed to the early stages of reaction when the roasting 

reaction front is at or very close to the pellet surface. Sulfur 

dioxide released near the pellet surface has a very short distance to 

diffuse in order to escape, so that its residence time in the pellet is 

not sufficient for it to contact and react with lime. Perhaps if some 

of the lime were non-uniformly distributed as a surface coating, even 

this sulfur escape route could be eliminated. 

The solid structural properties of the pellets were a major 

reason for the success of these experiments. Surface area and porosity 

depend on the quantity of lime used and its reactive surface 

properties, the particle size distributions of lime and sulfide 

concentrate, and the pellet preparation procedure followed. The 

process was not as successful at higher temperatures because the pellet 

porosity and lime surface area decreased due to some pellet shrinkage 

caused by sintering. Another interesting observation was the binding 

effect of lime as it lends pellets increased mechanical stability 

during heating and reaction. Finally, the authors made note of the 

effect of micropores on effective diffusivity. If the solid is or 
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becomes significantly microporous, then it can be expected that the 

effective diffusivities will be at least partially influenced by 

Knudsen diffusion effects, exhibiting a 1/2 power dependence on 

temperature, instead of the 3/2 power dependence exhibited by molecular 

OQ 
diffusivities in accordance with Chapman-Enskog theory . Since 

bimodal pore size distributions can be expected in these pellets, the 

effective diffusivities probably have a temperature dependence between 

these two extremes. 

Sohn and Rajamani^® adapted a general, grain model formulation to 

help explain and predict experimental results in specific systems where 

there are succesive gas-solid reactions in porous pellets. Applied to 

the LCPR with uniformly distributed lime, this model could help 

predict ore conversion as a function of time and the sulfur capture 

behavior of the pellet. The model parameters are the relative amounts 

of two solids (stoichiometry), the relative reactivities of these 

solids, and their volume fractions in the pellet. The most restrictive 

assumption involved in the model formulation is that the solid 

structure is unchanged by the reaction, an assumption made to 

facilitate mathematical solution of the model equations. Haung and 

Bartlett^ have shown that the solid structural properties can be 

expected to change with reaction. Possible solid structural changes 

and their effect on reaction behavior should be considered when this 

model is applied to specific gas-solid systems. 

Ahmadzai, Blairs, Harris, and Staffanson^ roasted uniformly 

distributed lime and copper sulfide pellets at higher temperatures from 
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753 to 873°C. They observed that, not only was there Increased ferrite 

formation, but experiments run with the quantity of lime varied showed 

that the presence of lime tended to promote this phenomenon. This 

suggests that a non-uniform distribution of lime, separating the solids 

into a metal sulfide core subsequently coated with lime, may provide 

improved results for metal recovery in addition to improved capture of 

sulfur containing gases. 

A model was formulated by Rajamani and Sohn^ to help interpret 

and predict experimental results in non-uniformly distributed LCPR 

systems. It too is a general, grain model formulation similar to their 

earlier work^® except that this model incorporates a solid distribution 

parameter which allows consideration of extreme distributions, 

uniformly mixed solids and complete separation of solids into core and 

coating, plus the full range of solid distributions in between. The 

results of experimental work with uniformly and non-uniformly 

distributed, limed pellets has been published by a number of 

researchers ,̂<Ŝ '^'^'^, considering the sulfur emission capture 

behavior of lime during the hydrogen or carbothermal reduction of metal 

sulfides. Alternatively, published experimental research into the 

oxidation behavior of non-uniformly distributed, limed pellets is 

lacking. 

Experimental Objectives 

One of the objectives of this project was to ascertain the 

feasibility of using non-uniformly distributed, limed pellets to 

capture sulfur emissions during the oxidative roasting of sphalerite 



concentrate, without producing a prohibitive reduction in the roasting 

reaction rate. It was first necessary to develop the experimental 

methods to accomplish this. Having determined pellet use feasibility, 

the effect of temperature, lime loading, and sphalerite pellet size 

were ascertained through the combined use of experimentation and a 

mathematical model. 

Feasibility 

This project is an investigation of two successive gas-solid 

reactions, oxidation of a sphalerite concentrate (primarily zinc 

sulfide) and subsequent capture of sulfur containing gases by the 

SC^-lime reaction, and their occurance in non-uniformly distributed, 

lime coated sphalerite pellets. The first objective was to determine 

the feasibility of using this sulfur gas capture scheme for metal 

sulfides in general. Zinc sulfide was selected for investigation 

because it is commercially roasted at temperatures higher than those 

for copper sulfide concentrates. Thus, based on previous studies of 

the SC^-lime reaction and ferrite formation considerations, it was 

anticipated that if experiments with zinc were to provide acceptable 

sulfur capture and metal recovery results, then success could be 

expected for both zinc and copper sulfide roasts. The zinc and copper 

industries account for the bulk of commercial roasting processes. 

Experimental Methods 

The data collected for this preliminary study were conversion as 

a function of time and sulfur capture by lime. Experimental methods 
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had to be developed to provide: differential reactor conditions for a 

study of single pellet kinetic properties; a pellet preparation 

procedure for the provision of spherical, uniformly sized, lime coated 

pellets; analytical conversion measurement and sulfur gas analysis 

techniques. It was not clear at the onset of the project how these 

A Q 

objectives were to be achieved. It was known that Rao and Kumar had 

success in separating zinc oxide from zinc sulfide using a dilute 

AQ 
acetic acid solution, and Goksoyr and Ross suggested the titration of 

a 3% solution of hydrogen peroxide as a means to analyze sulfur 

dioxides and trioxides. A complete discussion of the other 

experimental methods and their development is presented in Chapter 2. 

Parametric Evaluation 

It would have been possible to accurately determine the effect of 

the desired parameter manipulations on the roasting and SC^-lime 

reactions with a large number of controlled experiments. In the 

interest of avoiding this potentially time consuming, experimental 

effort, a simple model has been proposed based on real observed 

phenomenon to assist in the prediction of reaction behavior without 

experimentation. The importance of solid structural properties, 

surface area and porosity, and their effect on gas diffusion and solid 

reactivity cannot be understated. The model provides a means for 

estimating the gas diffusivities so that qualitative assessment of the 

solid structural properties becomes possible. The violation of certain 

simplifying assumptions in the model can provide explanation of 

reaction behavior and guidelines for future research, with 
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consideration for the findings of previous investigators. A complete 

discussion of the model and resulting parameter estimations is 

presented in Chapter 3. 



CHAPTER 2 

EXPERIMENTAL APPARATUS AND PROCEDURES 

The design and operation of a laboratory-scale differential 

reactor system were performed to allow examination of single sphalerite 

pellet kinetic properties. The reactant gas feed provided an oxidizing 

atmosphere which permitted the roasting and SC^-lime reactions to 

occur. The product gas stream was analyzed to determine its sulfur 

content so that the sulfur capture efficiency of the SC^-lime reaction 

could be ascertained. 

Apparatus and Materials 

The experimental apparatus, shown schematically in Figure 2-1, 

consisted of four major components. 

Pellets 

Sphalerite, consisting primarily of zinc sulfide, was selected 

for experimental use. An assay of the particular sphalerite 

concentrate used is presented in Table 2-1. Sphalerite pellets were 

prepared having two different sizes and three different lime loadings. 

The sphalerite pellet sizes were "0.72 cm" and "0.92 cm" in diameter. 

These had lime loadings, or coatings, containing the approximate 

stoichiometric amount necessary to capture all sulfur released if the 

roasting reaction were allowed to procede to full conversion (S = 1.0), 

a 30% excess of this amount (S = 1.3), or no lime at all (S = 0.0). A 

25 
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air + nitrogen 
high pressure manifold 
flow meters 

quartz tubes 

C 2 C 3 

air + nitrogen 
high pressure manifold 
flow meters 

quartz tubes 
- electric furnace 

- quartz boats with pellets 
- temperature controllers 

- H202 column 

- fritted disc bubblers 

Figure 2-1. Experimental apparatus 



Table 2-1. Sphalerite assay based on a 100 g sample 

Element Wt% Compound Equiv. Holes Moles Sulfur 

Zn 58.0 ZnS 0.8872 0.8872 

Pb 1.1 PbS 0.0053 0.0053 

Cu 1.1 CuFeS2 0.0173 0.0346 

Fe 2.6 FeS2 0.0293 0.0586 

Total: 0.9857 moles S 

Table 2-2. Summary of overall pellet sizes 

d (cm) S dT (cm) 
_E -I 

0.72 0.0 0.72 

0.72 1.0 1.14 

0.72 1.3 1.22 

0.92 0.0 0.92 

0.92 1.0 1.45 

0.92 1.3 1.56 



complete characterization of the pellets used and their overall sizes, 

d,j., is presented in Table 2-2. 

Gas Delivery 

The gas delivery system consisted of tanks containing compressed 

air and nitrogen with their pressure regulators attached to a switch 

using copper tubing and swagelock fittings. An approximately 3 ft 

length of coiled, copper tubing extended from the switch with two flow 

control valves attached, one to control the flow rate for each reactor 

tube. Tygon tubing carried the gases from the flow control valves to 

the reactor tubes, connected there with the use of rubber stoppers. 

Gas flow rates were measured with a 50 cm bubble meter and stopwatch. 

Reactor 

The reactor consisted of two three inch lengths at the center of 

two (25 mm ID, 28 mm OD x 4 ft length) quartz reactor tubes placed 

horizontally within a Lindberg (type 54459-VS) electric furnace. The 

pellets were inserted and retracted from the reactor tubes using quartz 

boats. A 3 ft length of 2 mm diameter, stainless steel wire with a 

small hook on one end was used to insert and retract the quartz boats 

within the reactor tubes. Two cylindrical plugs formed from stainless 

steel wire mesh were inserted within the reactor tubes approximately 

1 cm upstream from their reactor zones to create turbulence in the gas 

steam and so reduce the radial temperature gradient. 
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Gas Analysis 

The product gas stream was bubbled through 1500 ml or 

approximately 30 inches of 3% hydrogen peroxide solution contained in a 

2 1/2 inch diameter column to capture any sulfur oxides escaping from 

the reactor. Sulfur was captured in the form of sulfuric acid 

measurable using acid-base titration. The acid-base titrations were 

performed using a 50 ml buret and methyl-red indicator. Rubber 

stoppers were used to connect the reactor tube outlets to the glass 

tubing which carried the product gas stream to fritted disk bubblers at 

the bottom of the hydrogen peroxide column. The reactor tube walls 

were insulated along the section where the product gas exited the 

furnace so that all exiting sulfur would pass into the glass tube gas 

carriers. A IN solution of laboratory standard hydrochloric acid was 

used to determine all the solution concentrations involve in acid-base 

titration. Potassium hydroxide solutions having concentations around 

0.007N were used to titrate the sulfuric acid in the hydrogen peroxide 

solution. 

Miscellaneous 

These miscellaneous instruments and apparatus found 

experimental use: 

Perkin-Elmer 2380 Atomic Absorption Spectrophotometer 

Baush & Lomb model ASZ45L3 microscope with lamp 

9 1/2" diameter drum roller with motor 

1/2", 1/4", and 35 mesh/inch screens 

diamond saw 



assorted glassware 

analytical balance 

combination magnetic stirrer and hot plate 

sonic bath 

System Design and Materials Preparation 

Pellet Preparation 

The manufacture of non-uniformly distibuted limed pellets first 

required pelletization of the sphalerite concentrate. Sphalerite was 

thoroughly dried and pressed through a 35 mesh screen to remove all 

lumps. By trial and error it was determined that a mixture of 

approximately 18 ml of water and 150 g of the concentrate powder, 

thoroughly stirred, provided the proper consistency for spherical 

pellet formation within the desired size range^®. This mixture was 

placed in a cylindrical (9 1/2 inch diameter) drum and rolled at a 

speed of 20 rpm for 15 minutes. This procedure produced a broad size 

distribution of spherical, sphalerite pellets. These pellets were then 

passed through screens having 1/2 and 1/4 inch openings, removing the 

very large and very small pellets. Those pellets with diameters 

between 1/4 and 1/2 inch were thoroughly dried before sorting. 

The sphalerite concentrate pellets were sorted so that only 

pellets having diameters of approximately 0.72 cm and 0.92 cm were 

selected for experimental investigation. To choose pellets having 

these approximate sizes, it was first necessary to determine the 

average pellet density, accomplished by selecting 25 pellets having 

different sizes, each weighed using an analytical balance and 
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approximate diameters measured using forceps. Three diameter 

measurements were taken for each pellet and averaged because of their 

lack of spherical perfection and this average used to calculate pellet 

approximate pellet volume. The approximate density of each pellet 

could then be calculated as the ratio of mass divided by volume. These 

were averaged to find the average pellet density of 2,7 g/cm^. The 

individual pellet densities were in agreement with this number +/- 6%. 

Based on this number it was calculated that a "0.72 cm" pellet would 

have a mass of 0.5355 g. Pellets were then selected having mass in the 

range of 0.5355 g +/- 5%. Similarly, the "0.92 cm" pellets were 

selected having mass in the range 1.1172 g +/- 5%. Thus, two narrow 

pellet size distributions were selected centered around pellet 

diameters of 0.72 cm and 0.92 cm. 

In the preparation of non-uniformly distributed lime pellets, 

sphalerite pellets were placed on a 6" x 6" screen suspended between 

two ring stands above a sink, sprayed with water, and rolled in reagent 

grade, calcium hydroxide powder so that some quantity would adhere to 

the pellet surface. The pellets were then removed from the powder and 

rolled around on the screen to enhance their sphericity. This 

procedure was repeated until the desired quantity of calcium hydroxide 

coated the sphalerite. Two lime loadings were desired, the 

stoichiometric amount necessary to capture all the sulfur in a 

sphalerite pellet at full conversion and a 30% excess of this 

stoichiometric amount. To determine the desired pellet sizes 

(sphalerite and lime coating) which would provide these lime loadings, 



It was first necessary to determine the average calcium hydroxide 

coating density. Ten sphalerite pellets of known size (approximately 

0.72 cm or 0.92 cm diameter) were coated to different sizes using the 

procedure described above. They were then thoroughly dried at 100°C to 

remove all water not chemically bound and their diameters measured 

using forceps. Again, three diameter measurements were taken for each 

pellet and averaged. The volume of a coating could be calculated as 

the volume of a sphere having the overall (sphalerite and lime) 

diameter just measured, less the volume of the sphalerite contained 

within the coating. The dried calcium hydroxide coatings were then 

easily separated from the sphalerite and weighed on the analytical 

balance and their densities calculated as the ratio of mass divided by 

volume. The 10 individual, calcium hydroxide coating densities were 

averaged to find the average calcium hydroxide coating density of 

0.6763 g/cm^. The individual coating densities were in agreement with 

this number +/- 7%. Based on this number it became possible to 

calculate the overall pellet sizes (sphalerite and coating) to provide 

the desired lime loadings. The spraying and rolling procedure descibed 

above was repeated until these desired pellet sizes were approximated. 

It was possible to vary the water content of the calcium hydroxide by 

manipulation of this coating procedure. If the pellets were sprayed 

with only a small amount of water during a coating stage, a 

correspondingly smaller amount of calcium hydroxide adhered to the 

pellet surface. This resulted in an increased water content in the 



coating as the number of coating stages required to achieve the desired 

pellet size increased. 

Gas Delivery System Design 

The design of the gas delivery system was performed to satisfy 

the following requirements; an inert environment so that no reaction 

would occur during transient heat-up when pellet temperature was 

increased to the reaction temperature, a convenient method for the 

commencement and termination of reaction, and finally, independent 

control of the gas flow rates to each reactor tube. 

The inert environment was provided by allowing the flow of ultra 

high purity nitrogen through the reactor tubes during the transient 

heat-up period. A readily apparent method for effecting the 

commencement and termination of reaction was to incorporate a switch 

which allowed swift and easy change, from nitrogen to oxygen to 

commence reaction, from air to nitrogen to terminate reaction. A 

greater challenge was posed by the need to provide for independent gas 

flow rate control for each reactor tube. It was decided that this 

could best be accomplished through the use of a high pressure manifold, 

designed with sufficient materials strength to withstand a high 

pressure and sufficient volume to provide independent flow control. 

The material selected was 1/8" ID, 1/4" OD copper tubing with 

sufficient volume provided by its approximately 3' length. Separate 

flow control valves attached to the high pressure manifold provided 

independent gas flow control to each tube. The pressure within the 

manifold of 30 psig was postulated to be sufficiently high. 
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This gas delivery system was then proven to meet all stated 

requirements as follows. No reaction was exhibited in pellets heated 

to the reaction temperature while exposed only to nitrogen flow 

indicating oxygen could only enter the system when air flow was allowed 

by the switch. Independent flow control was confirmed using the 50 cm 

bubble meter and stopwatch to prove the flow in each tube independent 

of flow rate variations in the other. 

Differential Reactor Design 

A differential reactor system was essential for the success of 

the kinetic experiments performed. It was desired to examine single 

pellet reaction properties and the parameters which affect them, while 

sulfur generation requirements necessitated the use of more than one 

pellet. The investigation of single pellet properties is complicated 

where concentration and temperature gradients are allowed to exist 

across a bed of pellets. Integration of packed bed design equations 

over finite ranges of temperature and concentration, where the single 

pellet properties are not clearly understood, introduces an unneccesary 

level of uncertainty to a situation more directly investigated with the 

use of a differential reactor, thus eliminating consideration of the 

concentration and temperature gradients. 

The design of the differential reactor was performed to satisfy 

the following requirements. First, the temperature and.oxygen 

concentrations had to be approximately the same for each pellet in the 

reactor. The container material had to be capable of withstanding the 

high reaction temperatures (700 to 800°C). Finally, a means for 



holding the pellets during their introduction to and withdrawal from 

the reactor had to be devised, allowing for symmetrical flow of 

reactant gas around the pellets. 

The reactor container selected consisted of two (25 mm ID, 

28 mm OD x 4 ft length) quartz glass tubes placed horizontally within a 

Lindberg (type 54459-VS) furnace. The pellets were inserted and 

retracted from the reactor tubes using quartz boats manufactured as 

follows. A diamond saw was used to slice a (12 mm ID, 14 mm OD x 4 ft 

length) quartz glass tube through the center of its length. These two 

180° sections were then sliced into 6 inch lengths producing 16 boats. 

In order to create stable seats for the pellets, flexible nickel-

chromium wire was wrapped twice around each boat, cut, and tied off. 

On each boat this was done in three locations, separated by 

approximately one inch and toward one end. A 3 ft length of 2 mm 

diameter, stainless steel wire with a small hook on one end was used to 

insert and retract the quartz glass boats within the reactor tubes. 

The nickel-chromium wire was wrapped twice around all boats and tied 

off, near the end opposite the pellet seats, to provide a location for 

the stainless steel hook to push and pull the boats without contacting 

the pellets. The precise length of stainless steel wire required to 

push the pellets to the center of the furnace was determined and 

marked. Thus the carriage system was devised, providing for 

symmetrical flow of gases around the pellets and an easy, safe method 

for inserting and removing the pellets from the hot furnace. 
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A special feature of the Lindberg (type 54459-VS) furnace is that 

it is equipped with three independently controlled temperature zones. 

The separate temperature controllers allowed the formation of a 3 inch, 

uniform temperature zone within the reactor tubes at the center of the 

furnace. This zone was sufficiently long to contain all three pellets 

on each boat so that all pellets were exposed to the same temperature 

+/- 2°C. During the heat-up period, the separate temperature 

controllers were increased using 100°C increments to avoid massive 

overshoot of the desired temperature setting. A chromel-alumel 

thermocouple connected to a voltmeter registering a millivolt scale was 

used to measure the temperature within the reactor tubes. This made it 

possible to use a trial and error approach to determine the proper 

controller set points for provision of the desired uniform temperature 

zone within the reactor. The approximate values of these controller 

settings had to be determined only once for each desired reaction 

temperature. 

Still it was always necessary to "fine tune" the controllers in 

order to achieve the desired temperature within the acceptable accuracy 

of +/- 2°C. First, the minimum required air flow rate had to be 

ascertained, that which would provide for a uniform reaction rate in 

each of the three pellets on the quartz boat. It was necessary that 

this flow rate be sufficiently fast to provide a large excess of oxygen 

so that oxygen depletion between pellets would be insignificant. Thus, 

oxygen concentration would remain essentially constant within the 

reactor. The desired air flow rate was determined to be 1250 ccm as 



follows. The furnace was heated to approximately 800°C and the flow 

rate set at 500 ccm, measured with the bubble meter and stopwatch, then 

the temperature within the reactor could be "fine tuned". Three 

unlimed, "0.92 cm" sphalerite pellets on a single boat were inserted 

into the nitrogen flow within the reactor tube. Reaction was allowed 

to proceed for approximately 10 min after which the oxygen was purged 

and the pellets removed and cooled. The pellets were then halved and 

their shrinking core diameters examined. The 500 ccm air flow rate 

proved to be insufficient as the upstream pellets exhibited smaller 

unreacted cores. The flow rate was increased in steps of 250 ccm and 

the temperature stabilized so that this experiment could be repeated. 

Finally, with a flow rate of 1250 ccm and a temperature of 800°C the 

pellets exhibited uniform core sizes. This flow rate was deemed 

acceptable, using the safe assumption that reaction rate and oxygen 

depletion were reduced at lower experimental temperatures. Using this 

flow rate a radial temperature gradient was measured to be 

approximately 3°C and considered to be insignificant. Since it was 

possible to maintain uniform temperature and oxygen concentration 

across the length of the reactor, it was considered to be differential, 

capable of examining single pellet reaction properties. 

Gas Analysis System Design 

The design of the gas analysis system provided much challenge in 

overcoming problems peculiar to the gas phase analysis of sulfur 

oxides. The primary concern was to close the sulfur balance so that 

all sulfur generated by the roasting reaction could be measured and so 



accounted for in the product gas stream. Methods considered for 

accomplishing this were; commercially available flame emission mass 

spectrometers, calibrated voltage drop readings between a rotating 

electrode emersed in iodine solution and a standard calumel electode^ 

and wet chemistry techniques using oxidizing agents such as iodine or 

hydrogen peroxide. 

itie most desirable method for measuring gas phase sulfur would 

have been with the use of commercially available flame emission 

techniques, providing continuous measurement and significantly less 

time for experiments. All sulfur capture data for a particular pellet 

size and coating could be determined with a single run. These 

techniques were not employed because of their large expense in 

conjunction with concerns at an early stage of the experimental work 

that the possibly high sulfur concentration in the product gas stream 

would render them ineffective, a situation which did not always exist. 

Another continuous method considered for measuring gas phase 

sulfur was to calibrate voltage drop readings between a rotating 

electrode emersed in iodine solution and a standard calomel electrode, 

these being separated by a conductive agar plug. A schematic of this 

sulfur measurement scheme is shown in Figure 2-2. A known portion of 

the product gas stream was to be divided from the main flow and passed 

through a fritted disk to form bubbles in the iodine solution. Iodine 

is a strong oxidizer of sulfur dioxide resulting in a reduction of 

iodine concentration, measurable by titration with standardized sodium 

thiosulfate solution. Thus, it is theoretically possible to register 



g 

e 
• C 3D 

a P5" 
o o 

o 
o 

D 
o o o 

b .Vs\\ 
D d o 

o o 
o f 

a iodine cell 
b calomel electrode 
c agar plug 
d rotating electrode 
e motor 
f fritted disc bubbler 
g voltmeter 

Figure 2-2. Rotating electrode for continuous 
sulfur emissions measurement. 
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sulfur dioxide emissions using a calibration curve for voltage drop as 

a function of iodine concentration. Two problems with this idea became 

apparent and it was discarded. First, iodine proved to be extremely 

diffusive so that invariably, it gradually diffused across the agar 

plug, contaminating the calomel electrode to render it useless. In 

addition the bubble residence time in the iodine solution was deemed 

insufficient for iodine to oxidize all of the sulfur dioxide. 

Since no feasible method for taking continuous measurements of 

sulfur in the product gas was possible it became necessary to use wet 

chemistry techniques using an oxidating agent, measurements taken for 

each run. The first method attempted involved bubbling the product gas 

stream through a column of iodine. The column (2 1/2" diameter x 

approximately 30" height) contained 1500 ml of approximately 0.3N 

iodine solution, a sufficient concentration and height of iodine to 

oxidize all sulfur dioxide in the product stream. This was proven by 

placing a second, similar iodine column in series with the first, and 

bubbling all gas off the top of the first column through the second. 

No change in the second column iodine concentration was registered by 

titration with the standard sodium thiosulfate solution, providing 

sufficient evidence that all sulfur dioxide was oxidized in the first 

column. Still when a known quantity of zinc sulfide was placed and 

roasted in the reactor, the iodine column only registered about 75% of 

the expected sulfur dioxide gas. This indicated that some sulfur 

trioxide, not oxidizable by iodine, was being produced but not 

measured. 



It was then attempted to close the sulfur balance by bubbling the 

product gas stream through 1500 ml or approximately 30 inches of 3% 

hydrogen peroxide solution contained in a similar 2 1/2 inch diameter 

column to capture any sulfur oxides escaping from the reactor. Sulfur 

trioxide is extremely water soluble and sulfur dioxide was thoroughly 

oxidized by the peroxide, and so all escaping sulfur was converted to 

sulfuric acid, measurable using acid-base titration. The acid-base 

titrations were performed using a 50 ml buret and methyl-red indicator. 

The effectiveness of this column was confirmed by connecting a second 

column in series to similarly analyze the gas exiting the first column 

for sulfur. Using acid-base titration the second column registered no 

measurable level of acidity, indicating that all sulfur was captured by 

the first column. 

Rubber stoppers were used to connect the reactor tube outlets to 

the glass tubing which carried the product gas stream to fritted disk 

bubblers at the bottom of the column containing hydrogen peroxide. 

Trace amounts of water in the product stream, perhaps chemically bound 

in the lime, were found to condense after exiting the furnace, 

capturing up to 10% of the exiting sulfur (in the form of sulfur 

trioxide) on the "cold" reactor tube walls. The reactor tube walls 

were then insulated to prohibit water condensation so that all exiting 

sulfur would pass into the glass tube gas carriers. A significant 

quantity of time was expended before this sulfur sink was detected and 

the problem corrected. Then, 98% of the sulfur generated by roasting a 

known quantity of reagent grade zinc sulfide was recovered and measured 
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using acid-base titration, providing acceptable accuracy for the sulfur 

capture measurements to be taken. 

It was necessary to have accurate knowledge of the acid and base 

solution concentrations because the total quantity of sulfur escaping 

from the reactor was small, resulting in only slight changes in the 

hydrogen peroxide solution concentration. This was especially true for 

runs of short duration. All solution concentrations were determined 

relative to a laboratory standard solution of IN hydrochloric acid. A 

0.01N solution was accurately prepared from this by carefully 

transferring 10 ml to a 1000 ml volumetric flask half filled with 

deionized water and subsequently filled to the mark. This solution 

was used to standardize all the dilute base solutions of potassium 

hydroxide which were then used to titrate any sulfuric acid in the 

hydrogen peroxide solution. Potassium hydroxide solutions having 

concentations around 0.007N provided sufficient accuracy of measurement 

and still remained within the 50 ml limit of the titration buret. 

Experimental Procedures 

Reactor System Operation 

Three temperatures were selected for experimental investigation; 

700°C, 750°C, and 800°C. To allow sufficient time for the furnace to 

stabilize at the desired temperature, it was turned on a day before its 

experimental use, and the controllers increased in 100°C steps over a 

three hour period until set at the previously determined approximate 

controller settings. These target settings are shown in Table 2-3. To 

prepare for experimentation the following day it was first necessary to 
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Table 2-3, Approximate temperature controller settings 

controller settings 

desired T inlet center outlet 

700°C 665°C 690°C 675°C 

750°C 720°C 740°C 

800°C 770°C 791°C 775°C 

negate the possibility of valve leakage which could cause mixing of air 

and nitrogen. The air tank and the flow control valve to a single 

reactor tube were opened with the control switch open for nitrogen. 

The bubble meter was used to confirm zero flow. After closing the air 

tank and bleeding the pressure regulator, this procedure was repeated 

with the nitrogen tank on and the switch open for air. If the flow was 

found to be non-zero, then it was necessary to open the valve and 

tighten it to stop any and all leakage. Next, with the rubber inlet 

stoppers in place, both tanks were turned on, the high pressure 

manifold pressurized to 30 psig, the control switch opened for air, and 

the flow rate to each reactor tube set at 1500 ccm, determined using 

the bubble meter. The sudden introduction of air flow caused internal 

heat losses and a transitory temperature instability in the reactor. 

The temperature was allowed to stabilize for approximately 20 minutes 

before any controller adjustments were made. With the thermocouple 

centered in the reactor, slight controller adjustments were made in 

order to situate the central reactor temperature at the desired value 

+/- 2°C. Each controller adjustment required a 20 minute stabilization 



period, and so temperature "fine tuning" could be time consuming. 

After the central reactor temperature was stabilized at its desired 

value, the reactor wing temperatures were similarly "fine tuned" until 

the temerature in the 3 inch length of the reactor was stable at the 

desired value +/- 2°C. At this point the reactor was ready for 

operation with both temperature and gas flow rate properly and 

accurately set. 

The lime displayed considerable sulfur capture ability 

necessitating the use of several limed pellets per run in order to 

generate a measurable quantity of sulfur in the product gas stream. 

This was especially true for runs of short duration. Six lime coated 

"0.72 cm" pellets were required, three per boat and reactor tube. Four 

lime coated "0.92 cm" pellets were required, two per boat and reactor 

tube. The proper number of desired pellets for each run was selected 

and placed on the quartz boats using tweezers to avoid their 

contamination. The gas feed was switched to nitrogen and sufficient 

time granted to allow for all oxygen to be forced from the reactor 

tubes. Then the quartz boats with pellets were inserted into the 

reactor tubes and pushed to the reactor center using the stainless 

steel wire. The column was filled with 1500 ml of 3% hydrogen peroxide 

solution, the exit end of the reactor tubes insulated, and the glass 

tube gas carriers connected with the rubber stoppers. After 

approximately five minutes the switch was turned to allow air flow and 

the time noted for the commencement of reaction. The five minute 

period allowed pellets to achieve steady state temperature at the 



desired level and separated water of hydration from the calcium 

hydroxide so that calcium oxide (lime) remained. After the desired run 

time was allowed to pass the switch was returned to allow nitrogen flow 

and the time noted for the cessation of reaction. Nitrogen was again 

allowed to flow for approximately five minutes to purge all oxygen. 

Then, the insulation was removed from the end of the reactor tubes, the 

glass tube gas carriers were disconnected, and the quartz boats with 

pellets retracted and allowed to cool at the reactor tube outlet. 

The hydrogen peroxide solution could then be analyzed to collect the 

data for use in determining sulfur capture. The cooled pellets were 

placed in a numbered, 4 oz ointment jar. 

Sulfur capture measurements were not taken for unlimed pellets, 

still more than one pellet was used to provide enough conversion data 

points to compensate for the slight scatter in pellet size. Three 

"0.72 cm" pellets or two "0.92 cm" pellets were used, placed on a 

single boat in a single reactor tube with the flow control valve to the 

other tube closed. Then the column was filled with 1500 ml of tap 

water, the glass tube gas carrier attached, and tygon tubing extended 

from the top of the column to vacumn to provide for removal of sulfur 

emissions from the laboratory. Note that the column contained the same 

height of fluid whether limed or unlimed pellets were being reacted so 

that the pressure within the reactor would be the same for both 

situations and the results comparable. This internal reactor pressure 

was measured with a water manometer to be 45 inches of water above 

atmospheric. The sequence of steps used to operate the reactor system 



and record the reaction time was also the same with the pellets finally 

being retracted and allowed to cool at the reactor tube outlet. The 

water in the column was discarded after several runs. 

Sulfur Capture Determination 

Sulfur capture data was determined using acid-base titration. 

This procedure was only performed for those runs involving pellets 

coated with lime. First, the column sulfuric acid concentration was 

initialized by performing a titration prior to reaction. Before the 

performance of the titration subsequent to reaction, a portion of the 

hydrogen peroxide solution was placed in a 250 ml wash bottle for use 

in flushing the glass tube gas carriers to secure all sulfur in 

solution. This portion of the hydrogen peroxide solution was then 

remixed with the rest and thoroughly stirred to provide a uniform 

concentration. Using a transfer pipet and pipet bulb, a 25 ml sample 

was transferred to a 100 ml beaker containing a magnetic stirring rod. 

This beaker was then placed on the stirrer below the 50 ml buret 

containing the 0.007N KOH solution. A few drops of methyl red was 

introduced to the beaker, the stirrer turned on, and the buret stopcock 

opened to begin the titration. The color change for methyl red, from 

red to yellow (acidic to basic), occurred quite rapidly within a few 

drops of base solution, necessitating a very small, dropwise 

introduction of the dilute KOH solution to the titration beaker. Faint 

color change was evident as the titration end point was approached and 

the KOH solution flow rate was further slowed until the end point could 

be precisely arrived at. Titrations were performed in this way before 



and after an experimental run. The total quantity of sulfur in the 

product gas stream from reaction start to finish could be calculated on 

the basis of the acid concentrations determined by titration of these 

25 ml samples. The total quantity of sulfur released by the roasting 

reaction could be calculated on the basis of the partial conversion 

measurements to be discussed and the known sulfur content of the 

sphalerite (found in the assay, Table 2-1). Since the design of the 

gas analysis system succeeded in closing the sulfur balance, the 

difference between these two numbers was necessarily that quantity of 

sulfur captured in the form of calcium sulfate by the lime. This 

procedure was repeated for each limed pellet run where sulfur capture 

measurement was needed. A sample calculation for a single sulfur 

capture data point is presented in Appendix B. 

Conversion Data Determination 

Conversion data points were determined using three independent 

techniques, to verify their accuracy: measurement of the shrinking 

core diameter, solid sample weights recorded before and after solvent 

treatment, and atomic absorption analysis for zinc in diluted 

solutions. Sample calculations for partial conversions determined by 

these methods are presented in Appendix B. 

The partially converted spherical pellets exhibited a shrinking 

core which was exposed by slicing a pellet down its approximate center 

with a razor blade. The core was measureable to 1/200" under the 

Baush & Lomb (model ASZ45L3) microscope used in conjunction with a lamp 

to illuminate the shrinking core surface and a ruler having 1/100" 



divisions. Two measurements were taken per pellet and averaged to get 

a single data point for each pellet where a good center slice could be 

achieved. The assumption of spherical pellet geometry allowed 

calculation of partial conversion according to the formula: 

X = 1 - (-1)3 (2-1) 
dP 

Where: dc is the shrinking core diameter 

dp is the initial sphalerite pellet diameter 

A partially converted pellet contained zinc primarily in one of 

two forms, as unreacted zinc sulfide or as the primary roasting 

product, zinc oxide. Literature^® revealed that zinc oxide is soluble 

in dilute acetic acid solution providing a convenient method for 

separating product and reactant independent of the presence of lime. 

However where lime was present, the calcium sulfate could not always be 

easily separated from the sphalerite so that weight change measurements 

before and after treatment with dilute acetic acid solution were 

rendered inaccurate. Thus, weight change measurements were only useful 

for determining the partial conversion of unlimed pellets. After the 

shrinking core diameters were measured and conversion estimated, 

unlimed pellets from a single run were ground to a powder using a 

mortar and pestle. This powder was weighed on the analytical balance 

and a portion containing less than 0.8 g of unreacted sphalerite was 

selected, saved, and recorded. This portion was set apart in order to 

reduce the number of dilutions necessary for atomic absorption. 



Alternatively, all of the sample powder could be saved for atomic 

absorption analysis and one additional dilution step performed, to 

halve or quarter the zinc concentration as necessary. Sample powder 

was poured into approximately 200 ml of dilute acetic acid solution 

(1 part acetic acid to 15 parts deionized water) contained in a 400 ml 

beaker, which was then heated and treated in the sonic bath. In this 

way any large pellet chunks were disintegrated and all zinc oxide 

separated into solution. A previous experiment proved that this 

quantity and concentration of dilute acetic acid rapidly dissolved 5 g 

of reagent grade zinc oxide, a quantity exceeding that in any one 

experimental run. Less acetic acid solution could be used depending on 

core measurement partial conversion estimates. To continue, these 

solutions were then filtered using #42 filter paper, a Buchner funnel, 

and a 250 ml Erlenmeyer flask with the side arm connected to vacuum. 

The solid sample remaining on the filter paper was dried and weighed on 

the analytical balance, the filter paper weight being previously 

recorded. This solid was assumed to be primarily zinc sulfide with 

some insoluble impurity. The quantity of insoluble impurity generated 

was assumed to be the same for each similar run and determined as that 

quantity of insoluble impurity remaining on the filter paper for a full 

conversion run. The weight of impurity remaining at full conversion 

and the filter paper weight were subtracted from the weight of all 

partial conversion runs and the remaining weight was assumed to be 

primarily zinc sulfide. This weight when divided by the total weight 

of dry sphalerite initially reacted is approximately one minus the 
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partial conversion. Before the pellets were treated with dilute acetic 

acid solution, they were first treated with deionized water to separate 

into solution any zinc sulfate product, the secondary product of the 

roasting reaction formed at low roasting temperatures. Weight change 

readings were taken before and after treatment with water in an attempt 

to quantify the zinc sulfate content. This solution was saved for 

subsequent atomic absorption analysis. Acetic acid is an organic 

compound with a broad spectrum for atomic absorption. Even dilute 

amounts in a solvent background caused sufficient interference at the 

zinc absorption frequency to render atomic absorption for zinc in the 

form of zinc oxide useless. Thus the dilute acetic acid solutions used 

to dissolve zinc oxide were discarded. 

Atomic absorption analysis for zinc was performed with the use of 

the Perkin-Elmer 2380 Atomic Absorption Spectrophotometer. The 

calibration curve for zinc, zinc concentration (ppm) as a function of 

absorbed light intensity, displays linearity when the zinc 

concentration is less than 1 ppm. It was necessary that all solutions 

be diluted so that zinc concentration would be in the range from 0 to 1 

ppm, this being the range where their concentrations could be measured 

relative to prepared standard solutions. Based on the zinc content of 

the sphalerite it was calculated that 0.8 g of dry sphalerite dissolved 

in solution and diluted as follows produced a solution with a zinc 

concentration of 0.93 ppm, providing the upper limit for the 

calibration curve. The same dilution procedure was used in preparing 

both the standard solutions and the unknowns. A sphalerite sample, 



whether standard or an unknown with its filter paper from the previous 

filtration, was placed in a 400 ml beaker to which 20 ml of a 37% 

hydrochloric acid solution and 10 ml of a 70% nitric acid solution were 

introduced. Generally the solutions were processed in groups of 

twelve, each accompanied by a numbered 4 oz polyethylene Boston round 

bottle used to distinguish each sample. A beaker was heated on the hot 

plate for as long as 20 minutes in order to insure that all zinc in the 

sphalerite was secured in solution. Deionized water was added to 

compensate for any diminished solution level in a beaker as water 

boiled away. All solutions were then filtered to separate any 

insoluble impurities and filter paper into the cake. The filtrate was 

then diluted to 250 ml in a graduated cylinder. These 250 ml solutions 

were placed in 250 ml Erlenmeyer flasks for temporary storage, a period 

sufficient to allow the solution to achieve uniform concentration. 

Next, 5 ml of a solution were transferred by pipet to a 100 ml 

volumetric flask which was then filled to the miniscus mark. Then 5 ml 

were similarly transferred from the 100 ml volumetric to a 500 ml 

volumetric flask. The solution was then ready for atomic absorption 

analysis. Excess solution was used to thoroughly rinse the 

accompanying Boston round bottle with approximately 200 ml of the 

500 ml poured into the bottle and stored for later analysis. Three 

100 ml volumetric flasks and three 500 ml volumetric flasks were 

available so that their use could be rotated and the solutions 

contained given sufficient time to achieve uniform concentration. The 

standard solutions were prepared using 0.8 g, 0.6 g, 0.4 g, 0.2 g, and 
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0.0 g sphalerite, all treated according to this dilution procedure 

except that these were stored in 8 oz Boston round bottles. After 

close to one hundred unknown solutions had been accumulated, the 

Perkin-Elmer 2380 Atomic Absorption Spectrophotometer was put into 

operation; the zinc lamp put in place, lamp current set, the absorption 

frequency set to that of zinc (213.9 nm), gain adjustments performed, 

acetylene and air flow rates set, flame ignited, and final frequency 

adjustments made. The standard solutions were then aspirated and 

programmed into the computer to fix the calibration curve. The unknown 

solutions were then aspirated and their concentrations determined 

relative to the known standards. Note that the standards were prepared 

with units, g of dry sphalerite, not ppm. Since all unknowns were 

prepared following the same dilution procedure as the standards, they 

to were assigned units, g of dry sphalerite. Either the 

portion of solid powder selected for wet chemistry treatment or the 

dilution factor associated with any additional dilution step had been 

recorded for each run, and could now be used to expand atomic 

absorption result to determine the amount of unreacted sphalerite in a 

run. The total amount of sphalerite per run prior to reaction was 

calculated based on pellet size, pellet density, and the number of 

pellets in a run. The amount of unreacted sphalerite divided by the 

total amount before reaction is one minus the partial conversion. 

Zinc Sulfate Formation Measurement 

The formation of the secondary product, zinc sulfate, was 

estimated for full conversion runs only. Experimentation proved that 



zinc sulfate is water soluble while the primary roasting reaction 

product, zinc oxide, and zinc sulfide reactant are not. Thus an 

additional wet chemistry step where the powder from the full conversion 

runs was washed with water and filtered could be used to separate and 

secondary, zinc sulfate product. Two methods of estimation were 

available; weight change measurements before and after the water wash, 

and atomic absorption analysis for zinc in the diluted filtrate. 

Weight change measurements were again only possible for unlimed, 

full conversion runs because the calcium sulfate could not be easily 

removed from the roasted sphalerite. Also, any water soluble 

sphalerite impurities had the potential to cause problems for this 

method of analysis, problems which did not materialize as will be 

discussed in considering the experimental results. 

Atomic absorption analysis for zinc in the water wash filtrate 

required preparation of standards and significant filtrate dilution. 

Standards were prepared using reagent grade zinc sulfate, ZnSO^«71^0, 

all excess water removed by vacumn storage in a dessicator. A mass of 

4.396 g of this dried, zinc sulfate hydrate was selected using the 

analytical balance and placed in a 1000 ml volumetric flask containing 

deionized water to produce a solution having a concentration of 

1 g Zn/1000 ml or 1000 ppm Zn. Then, 5 ml of this solution were 

transferred by pipet to a 500 ml volumetric flask which was then filled 

to the miniscus mark with deionized water to prepared a standard stock 

solution with a concentration of 10 ppm Zn. This solution was stored 

and used when necessary to make standard solutions by transfer of 



50 ml, 40 ml, 30 ml, 20 ml, and 10 ml to a 500 ml volumetric flask to 

manufacture 1 ppm, 0.8 ppm, 0.6 ppm, 0.4 ppm, and 0.2 ppm solutions of 

zinc. Deionized water was used as the zero standard. Unknowns were 

prepared as follows. The quantity of zinc sulfate was estimated based 

on the weight change readings before and after the water wash. A 

dilution procedure was determined to effect a zinc sulfate solution 

with concentration less than 1 ppm zinc, and the accompanying dilution 

factor recorded. The precise concentration was then measured by atomic 

absorption relative to the standard solutions and this value expanded 

according to the dilution factor to determine the total amount of 

zinc sulfate. 



CHAPTER 3 

MATHEMATICAL MODEL 

The task of formulating a mathematical model for computer 

solution was performed with the objective of generating idealized 

predictions for roasting reaction conversion as a function of time. 

Model Formulation 

Assumptions 

It was first necessary to make certain simplifying assumptions. 

It is assumed that only two reactions occurred in each pellet, the 

roasting reaction: 

2/3 ZnS + 02 —2/3 ZnO + 2/3 S02 (3-1) 

and the S02-lime reaction: 

2 CaO + 2 S02 + 02—^ 2 CaS04 (3-2) 

One very important assumption is that both these reactions are limited 

by the diffusion of gaseous reactant through the porous ash layer or, 

alternatively stated, the time scale for diffusion is much larger than 

that for the roasting and S02~lime reactions. Thus, as soon as the 

gaseous reactants, oxygen (02) and sulfur dioxide (S02), are able to 

diffuse through the porous solid ash to contact solid reactant, 

reaction is assumed to occur so that differentially thin reaction 

55 
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Z o n e s  

1 z inc sulf ide 
2 zinc oxide 
3 calcium sulfate 

4 calcium oxide 

5 gas -f i lm 

Gas Species 

A oxygen 

B sulfur dioxide 

Figure 3-1. Lime coated pellet as reactions proceed 

interfaces result, separating zinc sulfide (ZnS) from zinc oxide (ZnO) 

and calcium oxide (CaO) from calcium sulfate (CaSO^). This will be 

commonly referred to as the "shrinking core" or "expanding shell" 

assumption, its effect being the four zone situation portrayed in 

Figure 3-1. The roasting reaction occurs at r^ and the S02~lime 

reaction occurs at r^ so that each zone depicts a different solid; ZnS 

in zone 1, ZnO in zone 2, CaSO^ in zone 3, and CaO in zone 4. Note 

that the "shrinking core" assumption as applied to the S02_lime 

reaction incorporates the assumption that all sulfur dioxide produced 
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by the roasting reaction is subsequently captured by the SC^-lime 

reaction. This model always predicts 100% sulfur capture. Another 

very important assumption in this mathematical formulation is the 

"pseudo-steady state" assumption. Although the time scale for 

diffusion is assumed to be much larger than the time scale for the 

reactions, both are assumed to be very much smaller than the time scale 

for any perceptable movement of the reaction interfaces. This allows 

the time and spacial variations to be decoupled so that the transport 

equations can be solved independent of time. Other assumptions were 

made as follows. The formation of zinc sulfate solid and sulfur 

trioxide gas is neglected. The gaseous species present, oxygen and 

sulfur dioxide, display constant diffusivities dependent only upon the 

solid through which they are being diffused, suggesting that in each 

solid zone the intraphase solid properties of surface area and porosity 

are independent of partial conversion and radial space coordinate. 

Also, the effect of microporosity on the intraphase, effective 

diffusion coefficients is neglected. The reactions were assumed to 

occur under isothermal conditions at the selected reaction temperature, 

suggesting that the solid thermal conductivities are sufficiently large 

to dissipate the heats of reaction. Finally, pellets were assumed to 

have spherical geometry. A set of double subscripted parameters will 

be used to identify the gaseous specie diffusion coefficients. The 

letter in the subscript refers to the specific gaseous specie; A for 

oxygen and B for sulfur dioxide. The number in the subscript will 

refer to the solid zones indicated in Figure 3-1. 



58 

Mathematical Characterization of Transport Equations 

The conservation equation for all zones and species is: 

d2C 2 dC 
D(—- + 1 _) = 0 (3-3) 
dr r dr 

Note that the reaction term is zero. An implication of the "shrinking 

core" and "expanding shell" assumptions is that the reactions occur 

only at the reaction interfaces. The conservation equation has the 

following general solution: 

— = (3-4) C = - - + 3 (3-5) 
dr r2 r 

The constants of integration, a and, 0 are determined using zone 

boundary conditions. 

The boundary conditions and their mathematical characterizations 

are as follows. At the pellet surface, the flux of oxygen diffusing 

across the gas film boundary layer and the flux of oxygen diffusing 

into the pellet are equated. Characterized mathematically this 

becomes: 

dCA 
V CAo " CA' " DA4 

r4 dr r4 

There is a discontinuity in the rate at which oxygen diffuses to and 

from the SC^-lime reaction front as oxygen is consumed by this 

reaction. This discontinuity is equated to the rate of sulfur dioxide 
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production at the roasting reaction front. Characterized 

mathematically this becomes: 

dCA ^C'A 
4IRR3V3(DA4 1 + - DA3 * = ^RRRJVJR (3-7) 

dr r^ dr r^ 

Where, is the solid (ZnS) stoichiometric coefficient for the 

roasting reaction having a value of 2/3, and V3 is the solid (CaO) 

stoichiometric coefficient in the SC^-lime reaction having a value 

of 2. For convenience the roasting reaction rate, R, is defined in 

terms of the oxygen flux consumed at r^ (moles C^/cm^-s). To continue, 

at the SC^-lime reaction front the concentration of oxygen in the fresh 

lime is the same as that in the calcium sulfate product layer so that: 

CA1 + - 0A1 . (3-8) 

r3 r3 

The "expanding core" assumption as applied to the SC^-lime reaction 

implies that all sulfur dioxide is captured at the reaction 

front so that the its concentration diminishes to zero therefore: 

CB1 _ = 0 (3-9) 

r3 

No reaction occurs at the sphalerite pellet surface so that the 

concentrations and fluxes of both gaseous species are continuous here, 

producing four matching boundary conditions as follows: 

dcA dcA 

°A3 * + = DA2 1 - (3"10) 
dr r2 dr r <  
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dCT dCr 

dB3 * + " °B2 ' -
dr r£ dr ^ 

(3-11) 

CA* + " CA* -
r2 

(3-12) 

CB^ + 
r2 

- CW1 _ (3-13) 

The "shrinking core" assumption as applied to the roasting reaction 

implies that all oxygen is consumed at the roasting reaction front 

where its concentration diminishes to zero therefore: 

CAt + = 0 (3-14) 
rl 

The definition of the roasting reaction rate in terms of the oxygen 

flux consumed at r^ provides another boundary condition: 

dcA 
1 + = R (3-15) 

dr r j 

Finally, the production of sulfur dioxide by the roasting reaction must 

be related to the roasting reaction rate with consideration for 

stoichiometry. Characterized mathematically this becomes: 

dcB 
- DG2 1 + = VJR (3-16) 

dr r j 

Equations (3-6) through (3-16) provide a total of eleven boundary 

conditions. 



Mathematical Characterization of Time Dependency 

Recall that the roasting reaction rate has been defined as the 

flux of oxygen consumed by the roasting reaction. This is directly 

proportional to the roasting reaction front recession rate, dependent 

upon the molar density of sulfur in the sphalerite, pg, and the 

roasting reaction stoichiometric coefficient, This relationship 

incorporates a time dependency mathematically characterized as: 

PK dr, 
R = (3-17) 

1 dt 

The assumption that all sulfur dioxide produced by the roasting 

reaction is subsequently captured by the SC^-litne reaction allows the 

roasting reaction rate to be further coupled to the SC^-lime reaction 

front expansion rate: 

2 2 ^r3 
7̂rriviR = — 

dt 

Where: Pq is the molar density of lime (mole CaO/cm ) 

The molar density of lime is a measure of its sulfur capture ability 

per unit volume. This expression can be algebraicly rearranged to 

yield: 
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Thus, the rates of movement for both reaction interfaces are correlated 

with the roasting reaction rate, with all other quantities in equations 

(3-17) and (3-18) considered to be known parameters. 

Dimensional Analysis 

Dimensional analysis requires that certain dimensionless groups 

be defined. All diffusivity coefficients were rendered dimensionless 

relative to the oxygen diffusion coefficient in the zinc oxide ash 

layer, D^, yielding: 

_ DAB — ^A4 — ®A3 
DAB - 5— <3"19) DA4 - 5— «-20> DA3 - rr «-21) 

UA2 A2 A2 

®B2 
DB3 = -— (3-22) D2 = -— (3-23) 
53 °B2 2 A2 

Where D^g is the molecular diffusivity of oxygen through nitrogen in 

the bulk. Note that ultimately Dg^ can be rendered dimensionless 

relative to D^ using the product of Dg^ and D2« Concentrations were 

non-dimensionalized relative to the bulk oxygen concentration, C q̂, 

yielding: 

C C 

\ " r- (3"24) °B • c5- (3"25) 
Ao Ao 

The radial dimensions are dimensionless relative to the sphalerite 

pellet radius, ̂  yielding: 
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_ r ri 
r = — (3-26) r, = — (3-27) r9 = 1 (3-28) 

r 2 1  r 2 2  

r3 r4 
r, - — (3-29) r, = _ (3-30) 

3  r2 4  r2 

When these dimensionless groups were substituted into the 

transport equations, it became apparent that the following 

dimensionless quantities needed to be defined. They are a natural 

product of the dimensional analysis. The dimensionless roasting 

reaction rate is: 

R = JL— (3-31) 
A2 Ao 
r 

2 

And the dimensionless time is given by: 

_ t ' 
t = 1 = - (3-32) 

T P r B 2 

6vlCAoDA2 

The molar sulfur density is a measure of the sulfur dioxide 

producibility of the sphalerite per unit of pellet volume. Note that 

the characteristic time employed is the full conversion time for a 

completely intraphase diffusion contolled, "shrinking core" reaction in 

a spherical pellet, as shown by Levenspiel^® in his equation (17). 
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The factor of 6 has been included in the denominator to make this 

agreement. 

Finally, dimensional analysis required consideration of the 

Sherwood number, Sh, which relates the time scale for gas film 

diffusion to that of gas diffusion in the bulk according to the 

relationship: 

When the eleven boundary condition equations are non-

dimensionalized by substitution of the appropriate dimensionless 

quantities and the transport equation solution indicated by equations 

(3-4) and (3-5) is properly applied, the following eleven dimensionless 

boundary equations result corresponding to equations (3-6) through 

(3-16) respectively. 

(3-33) 

Where: kg is the mass transfer coefficient for gas film diffusion 

df is the overall pellet diameter, sphalerite and lime 

(3-34) 

(3-35) 

aA4 " 01 A3 " r3^A4 + r3&A3 = 0 (3-36) 

aB3 " r3^B3 ~ 0 
(3-37) 
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°A3aA3 ~ aA2 = 0 (3-38) 

DB3aB3 ~ aB2 " 0 (3-39) 

aA3 " aA2 " PA3 + ̂ A2 " 0 (3-40) 

aB3 ~ aB2 ~ ̂ B3 + ̂ B2 ~ 0 (3-41) 

aA2 ~ rl^A2 " 0 (3-42) 

aA2 " rl R ~ 0 (3-43) 

—2 — 
®2aB2 ^1^1 ^ " (3-44) 

This completes the presentation of all transport equations. Note 

that there are a total of ten' integration constants, five pairs are 

needed to characterize the concentration of each gaseous specie as a 

function of pellet radius in each zone, oxygen in zones 2, 3, and 4, 

sulfur dioxide in zones 2 and 3. These, in addition to the unknown 

dimensionless reaction rate, provide a total of eleven unknowns. The 

dimensionless boundary conditions, equations (34) through (44), provide 

eleven equations so that simultaneous solution is possible to determine 

the gas specie concentrations and the dimensionless reaction rate, R. 

The time dependency equations, (3-17) and (3-18), are non-

dimensionalized by substitution of the appropriate dimensionless 

quantities yielding their dimensionless forms: 

(3-45) 

dt 
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r = 6 a* A)2 ̂  <3"46> 
PB rl dt" 

Unlimed Pellet Model Formulation 

An analogous, though simpler, model can be formulated for the 

situation where there is no lime coating the pellets so that only the 

roasting reaction is occurring, with all sulfur dioxide considered to 

be escaping. The "shrinking core" assumption allows the division of a 

pellet into two zones, an unreacted zinc sulfide core and the zinc 

oxide ash, separated by the differentially thin roasting reaction 

front. This situation is shown in Figure 3-2. 

The transport equations are limited to a total of five. Again, 

the flux of oxygen across the gas film boundary layer must be equated 

to the oxygen flux through the pellet surface. Characterized 

mathematically this becomes: 

dcA 
V CAo " CA' +> " DA2 —'1 - «-47> 

r2 dr r2 

As in the previous formulation of the model the oxygen concentration 

diminishes to zero at the roasting reaction front in accordance with 

the "shrinking core" assumption yielding equation (3-14). The 

definition of the roasting reaction rate provides a boundary condition 

identical to that in the previously formulated and given by equation 

(3-15). Similarly, the flux of sulfur dioxide away from the roasting 

reaction front is linked to the roasting reaction rate as previously 
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Z o n e s  

1 -  z inc  su l f ide  

2  -  z inc  ox ide  

5  -  gas  f i lm 

G a s  S p e c i e s  

A -  oxygen 

B -  su l fu r  d iox ide  

CA 

'B 

Figure 3-2. Unlitned pellet as roasting reaction proceeds 

explained and characterized by equation (3-16). The only significant 

difference in the formulation of this model is that all the sulfur is 

assumed to escape to the bulk. This requires a diffusive flux of 

sulfur dioxide across the gas film boundary layer, equated to the flux 

of sulfur dioxide through Che pellec surface as follows: 

dCjj 
kg ĈBo " CB' ~ dB2 ' - (3-48) 

r2 dr r2 

The concentation of sulfur dioxide in the bulk, C^, is assumed to be 

zero. 
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There is a single time dependent equation determined by the 

proportionality between the roasting reaction rate parameter and the 

roasting reaction front recession rate. This relationship has the 

exact same mathematical characterization as that in the situation where 

lime is present, given by equation (3-17). The dimensionless forms of 

equations (3-14), (3-15), and (3-16) are given by equations (3-42), 

(3-43), and (3-44). Equations (3-47) and (3-48) are non-

dimensionalized by substitution of the appropriate dimensionless 

quantities followed by proper application of the transport equation 

solution given by equations (3-4) and (3-5) to yield: 

2 ~ shD*D 
( —) a + 6 =1 (3-49) 

A2 A2 
shDAB 

2D + ShD 

< _ "> *B2 " *B2 = ° C3-50> 

ShDAB 

Their are a total of five unknowns, oxygen and sulfur dioxide diffusing 

through the zinc oxide ash layer each require a pair of integration 

constants and the roasting reaction rate, R, is an unknown. The 

equations (3-42), (3-43), (3-44), (3-49), and (3-50) also total to five 

so that a simultaneous solution to determine the unknowns is possible. 

Solution Procedure 

Critical to the solution of the transport and boundary movement 

equations is the "pseudo-steady state" assumption that the diffusion 



and reaction processes occur very much faster than any perceptable 

reaction front movement. This allows the transport equations to be 

decoupled from the reaction front movement equations for independent 

solution. The transport equations contain the same number of unknowns 

as there are equations, forming a square matrix with an accompanying 

solution vector. First, a small finite time interval is selected 

during which the reaction fronts are assumed to be stationary, i.e. 

their locations in the transport equations are assumed fixed and known. 

An appropriate interval for the provision of sufficient solution 

accuracy was chosen to be approximately 1/100 of the reaction half-

life. Then, a Gaussian elimination routine was selected and programmed 

for computer solution to solve the transport equation matrix and 

determine the solution vector, including the dimensionless reaction 

rate, R. This reaction rate unknown exists because of the "pseudo-

steady state" assumption. It provides the link between the transport 

and reaction front movement equations. Finite element analysis allows 

calculation of small, iterative reaction front movements based on the 

reaction rate, used in conjunction with the small, finite time interval 

previously selected. New reaction front locations are then calculable. 

For clarity the solution procedure will be reviewed from the 

start of reaction to its conclusion. This procedure was programmed in 

FORTRAN for solution by a DEC 10 computer. First, parameter values 

were assigned, their determination to be discussed in the next section. 

Based on these parameters and the knowledge that both reaction fronts 

begin at the sphalerite pellet surface, the matrix elements were 



calculated and their locations assigned. The Gaussian elimination 

routine then solved the matrix determining the solution vector, the 

unknown reaction rate and all integration constants. The reaction rate 

was then used to calculate the reaction front movements which occur 

during the time interval allowed. The SC^-lime reaction front expands 

from the sphalerite pellet surface so that the value for its movement 

is added. Contrarily, the roasting reaction front recedes from the 

sphalerite pellet surface so that the value for its movement is 

subtracted. Thus, the pellet becomes separated into four distinct 

solid zones. The program then substitutes the newly determined 

reaction front locations into the transport equations, re-calculates 

the matrix elements, and assigns their locations. This new matrix is 

then solved to determine a new value of reaction rate, R, and 

integration constants. The reaction fronts are stepped off again and 

the iterative solution continues. Conversion as a function of the 

unreacted sphalerite core radius was calculated based on the spherical 

pellet geometry. A loop default was programmed to occur when 

conversion became greater than one, and the program terminated. The 

output from this routine provided conversion, reaction front locations, 

and integration constant values, as a function of time. The 

integration constants allowed complete specification of the gaseous 

specie concentrations as functions of pellet radius, calculable for any 

selected extent of reaction. 
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Parameter Estimation 

For any one situation, sphalerite pellet size, lime loading, and 

reaction temperature being fixed, computer solution of the of the 

model required estimation of the following dimensionless parameters: 

all diffusivity ratios; D2, D^, D^, D^, and D^; the Sherwood 

number, Sh, overall to sphalerite pellet size ratio, r^, and the 

molar density ratio, P^/Pg* Dimensionless time determination required 

six characteristic time estimations, values for two sphalerite pellet 

sizes at their three different reaction temperatures. Temperature or 

pellet size dependent parameters calculated or estimated for use in the 

computer program are presented in Tables 3-1 through 3-3. 

Pellet Size Ratio 

The pellet size ratio, r^, is simply the ratio of the overall 

pellet size (sphalerite and lime coating) relative to the sphalerite 

pellet size (with no lime) and is entirely dependent on the sphalerite 

pellet size selected and its lime loading, in accordance with equation 

(3-30). 

Molar Density Ratio 

The molar density ratio, p^/pjj, relates the molar density of lime 

(CaO) to the molar density of sulfur in the sphalerite. It is a 

measure of volumetric lime sulfur capture capacity relative to the 

volumetric sulfur producibility of the sphalerite. The molar density 

of sulfur in sphalerite was calculated based on the sulfur content of 

the sphalerite, given by the sphalerite assay as 0.9857 moles of sulfur 



Table 3-1. Parameter estimations at 700°C 

d (cm) 0.72 0.72 0.72 0.92 0.92 0.92 
P 

0.0 1.0 1.3 0.0 1.0 1.3 

r, 1.583 1.694 1.576 1.696 
4 

Sh 3.9 4.7 4.9 4.3 5.7 6.1 
a 

D (cm2/s) 1.389 1.389 1.389 1.389 1.389 1.389 
2 2 

D.„ (cm2/s) 0.910 0.910 0.910 0.910 0.910 0.910 
2™ 2 

(cm2/s) 0.179 0.179 0.179 0.179 0.179 0.179 

D 7.76 7.76 7.76 7.76 7.76 7.76 
aD 

Da/ 5.0 5.0 5.0 5.0 
A4 

Dm (cm2/s) 0.895 0.895 0.895 0.895 

T (min) 27.81 27.81 27.81 45.40 45.40 45.40 

Figure ref. C3-1 C3-3 C3-5 C3-2 C3-4 C3-6 



Table 3-2. Parameter estimations at 750°C 

d (cm) 0.72 . 0.72 0.72 0.92 0.92 0.92 
P 

0.0 1.0 1.3 0.0 1.0 1.3 

r, 1.583 1.694 1.576 1.696 
4 

Sh 3.9 4.7 4.9 4.3 5.7 6.1 
a 

D (cm2/s) 1051- 1.510 1.510 1.510 1.510 1.510 
2 2 

Dcn (cm2/s) 0.991 0=991 0.991 0.991 0.991 0.991 
2 2 

(cm2/s) 0.196 0.196 0.196 0.196 0.196 0.196 

D. _ 7.70 7.70 7.70 7.70 7.70 7.70 
AB 

Da/ 5.0 5.0 5.0 5.0 
A4 

Dm (cm2/s) 0.980 0.980 0.980 0.980 

T (min) 26.77 26.77 26.77 43.71 43.71 43.71 

Figure ref. C3-7 C3-9 C3-11 C3-8 C3-10 C3-12 



Table 3-3. Parameter estimations at 800°C 

d (cm) 0.72 , 0.72 0.72 0.92 0.92 0.92 
P 

r4 

0.0 1.0 1.3 0.0 1.0 1.3 

1.583 1.694 1.576 1.696 

Sh 3.9 4.7 4.9 4.3 5.7 6.1 
a 

D_ „ (cm2/s) 1.630 1.630 1.630 1.630 1.630 1.630 
2 2 

Dso _N (cm2/s) 1.074 1.074 1.074 1.074 1.074 1.074 

(cm2/s) 0.230 0.230 0.230 0.230 0.230 0.230 

DA„ 7.09 7.09 7.09 7.09 7.09 7.09 
AB 

D. . 4.6 4.6 4.6 4.6 
A4 

Dm (cm2/s) 1.058 1.058 1.058 1.058 

T (min) 23.94 23.94 23.94 39.10 39.10 39.10 

Figure ref. C3-13 C3-15 C3-17 C3-14 C3-16 C3-18 
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per 100 g of sphalerite, multiplied by the sphalerite pellet density 

calculated on a similar 100 g basis. The sample calculation of the 

molar density ratio is presented in Appendix B. Its value was 

calculated to be 0.343, a constant independent of sphalerite pellet 

size, lime loading, and reaction temperature, determined entirely by 

the pellet preparation procedure. 

Intraphase Diffusivity Ratio 

The intraphase diffusivity ratio, D2, relates the intraphase 

diffusivity of sulfur dioxide to that of oxygen. Its estimation was 

simplified by the assumption that effect of microporosity on the 

intraphase, effective diffusion coefficients in the zinc oxide zone can 

be neglected. Thus, the diffusivity ratio of these gaseous species 

through pores in the zinc oxide intraphase is assumed to be 

approximately equal to the ratio of their diffusivities in the bulk. 

These diffusivities were calculated using Chapman-Enskog theory for 

QQ 
binary diffusion . The binary diffusivity coefficients of oxygen and 

sulfur dioxide were calculated relative to nitrogen, since nitrogen is 

the primary gas component, and the intraphase difusivity ratio 

estimated to be simply the ratio of these. Its temperature independent 

value was determined to be 0.66. A sample calculation using Chapman-

Enskog theory to estimate a binary molecular diffusion coefficient is 

presented in Appendix B. The results for all such calculations are 

presented in Tables 3-1 through 3-3. 
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Sherwood Number 

The Sherwood number, Sh, incorporates a consideration of the mass 

transfer coefficient for diffusion across the gas film boundary layer. 

CO 
It was estimated according to the Ranz and Marshall correlation as 

follows: 

Sh = 2 + 0.6 Re1''2 Sc1/3 (3-51) 

Reynolds number is defined according to the relationship: 

PvdT 
Re = (3-52) 

U 

Where: p is the gas density 

v is the gas velocity 

JJ is the gas viscosity 

dT is the pellet diameter 

Schmidt number is defined according to the relationship: 

Sc - (3-53) 
MDAB 

The gas density was calculated assuming that the ideal gas law is 

applicable, a realistic assumption at the elevated reaction 

temperatures. The overall pellet diameters are known and summarized in 

Table 2-2. Gas velocities were calculated based on the measured 

volumetric flow rates divided by the cross-sectional area available for 

flow, the reactor tube area less the area of a pellet, and a 

temperature correction was incorporated. Gas viscosity as a function 



CO 
of temperature was found tabulated in the literature . Finally, the 

molecular diffusivity of air in nitrogen was calculated based on 

Chapman-Enskog theory as discussed in the previous section. It was 

necessary to correct the calculated free stream values of Sherwood 

number to account for the fact that the pellets were surrounded by 

cylindrical walls. Correction factors were determined based on their 

correlation with the cylinder to particle diameter ratio^. A sample 

calculation of the Sherwood number corrected for cylindrical boundaries 

is presented in Appendix B. Sherwood number proved to be a very weak 

function of temperature so that this functionality was neglected. 

Molecular to Intraphase Diffusivity Ratio 

The molecular to intraphase diffusivity ratio, D^g, is the ratio 

of the previously estimated binary molecular diffusion coefficient of 

oxygen through nitrogen, D^g, relative to the intraphase diffusion 

coefficient of oxygen through nitrogen in the zinc oxide zone, PA?, in 

accordance with equation (3-19). 

Consider the unlimed pellet situation. Analytic solution of the 

five transport equations provides a solution for the dimensionless 

reaction rate parameter as: 

R - - 6^1 = ShPAB (3-54) 
_ _2 — — — 
dt r^(2 - ShD^jj) + r^hD^yj 

which can be integrated to yield: 
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- 6(i(2 - ShD^Jrj3 + IshD^rJ)! 1 = Sh tl (3-55) 

The 50%, 75%, and 90% partial conversion times were used to determine 

estimates for the intraphase oxygen diffusivity coefficient in the zinc 

oxide layer, D^2> instead of the full conversion (burnout) time 

relationship , because these times could be more accurately estimated 

from the experimental data. The functional relationship between 

partial conversion and time displays almost asymptopic behavior as the 

full conversion value of 1.0 is approached. Scatter in the 

experimental data points removed any possibility for accurate 

estimation of the burnout times. A functional relationship for the 

reaction half-life, t-i/2* determined by application of the boundary 

condition at 50% partial conversion, where the unreacted core to 

initial radius ratio (r^) is 0.7937. This arises naturally from the 

assumption of spherical pellet geometry. This functional relationship 

is: 

o r2 2D 
t = B 2 / A2 + 0.11012) 

1/2 6vlcAoDA2 ShDAB 

Rearranged algebraically this becomes: 

0.11012 p r2 2p r2 
|X ^ D L /fc _ D Z N —1 C5— 

^ 6vlCAo 1//2 6vlCAoShDAB 

This provides the intraphase oxygen diffusivity coefficient in the zinc 

oxide layer as a function of the reaction half-life. The boundary 



conditions at partial conversions of 75% and 90% provide similar 

functional relationships with the 75% and 90% partial conversion times. 

The forms of these are: 

D 
0.30945 pr2 

hB 2 5_i_ (t 
6VICAo 3/4 

(3-57) 
A2 

D 
A2 

(3-58) 

The zinc sulfide stoichiometric coefficient ( p is 2/3. The bulk 

concentration of oxygen (C^q) was calculated according to the 

relationship: 

The product gas stream was passed through a fritted disk bubbler at the 

bottom of a 30 inch column of water, causing the reactor tube pressure 

to be above atmospheric. This additional pressure amounted to 45 

inches of water or approximately 0.1 atm so that a pressure correction 

factor of 1.1 was applied to the mole fraction of oxygen in air to 

yield its partial pressure. All other quantities are known or have 

been previously estimated. Thus it was possible to estimate the 

CA° ~ RT 
(3-59) 

Where: is the partial pressure of oxygen (atm) 

R is the universal gas constant (cm^-atm/g mol-°K) 

T is the absolute temperature (°K) 
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intraphase diffusion coefficient of oxygen from experimentally observed 

estimates of the 50%, 75%, and 90% partial conversion times. 

Due to scatter in the experimental data points, it was necessary 

to choose upper and lower limits to bound the targeted partial 

conversion times which could not be determined with precision. At each 

of the three reaction temperatures, upper and lower limits were chosen 

to bound the 50%, 75%, and 90% conversion times for both sphalerite 

pellet sizes, "0.72 cm" and "0.92 cm". Thus, for each temperature, 

twelve values of PÂ  were calculated and averaged to yield the final 

temperature dependent value. The three reaction temperatures required 

36 independent calculations to determine three average values, one for 

each temperature. Previously calculated molecular diffusivity values 

could then be divided by the finally determined vales of PA? to yield 

the desired dimensionless parameter. A sample calculation is presented 

in Appendix 8. 

Lime to Zinc Oxide Intraphase Diffusivity Ratio 

It was determined that the lime to zinc oxide diffusivity ratio, 

D^, could be correlated to the initial roasting reaction rate in 

accordance with the formulation to follow. Consider the situation in a 

pellet at the exact instant when roasting is commenced. The only 

solids in the pellet are the fresh lime (zone 4) and unreacted zinc 

sulfide (zone 1). This situation is depicted in Figure 3-3. For this 

instant the reaction rate is dependent only upon diffusion through the 

fresh lime. 



8 1  

Z o n e s  

l  -  zinc sulf ide 

4- calcium oxide 

5 -  gas f i lm 

G a s  S p e c i e s  

A  -  o x y g e n  

Figure 3-3. Limed pellet as reactions commence 

The initial rate determining transport equations can be 

formulated. First, the gas film boundary layer is considered and non-

dimensionalized to again yield equation (3-34). The "shrinking core" 

assumption necessitates that the oxygen concentration be zero at the 

sphalerite pellet surface with a mathematical characterization slightly 

different from equation (3-14) as follows: 

CA1 + =• 0 (3-60) 

r2 
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The dimensionless form of this is: 

aA4 " SA4 " 0 <3-61) 

Finally, the definition of the initial roasting reaction rate yields: 

dcA 
dA4 * + = Ro (3-62) 

dr T2 

Non-dimensionalized this becomes: 

(3-63) 

The dimensionless equations given by (3-34), (3-61), and (3-63) can be 

solved analytically to provide an expression for the dimensionless 

initial roasting reaction rate, RQ, of the form: 

ShD D r , 
AB A4 4 (3-64) 

2DA4 + ShDAB r̂4 ~ ̂  

This is rearranged algebraically to solve for to get: 

ShD.„R (r, - 1) 

A4 = ~ 
D = AL_2 h. (3-65) 

shDABr4 ~ 2Ro 

The only unknown in this relationship is the dimensionless initial 

rate, its relationship with the dimensionless roasting reaction front 

recession rate given by equation (3-45). Substitution of the 



appropriate characteristic quantities, and r£, followed by algebraic 

rearrangement yields: 

The spherical geometry functional relationship between conversion and 

the unreacted sphalerite core radius similar to equation (2-1) can be 

differentiated with respect to time and rearranged to yield: 

.dr r2 ,dX. 
(dH>o " " T <ar°o «"67> 

Thus an initial rate estimation, the change in conversion per unit 

time, provides an estimate of the initial roasting reaction zone 

recession rate which is correlated with the initial dimensionless 

reaction rate parameter in equation (3-66). Equation (3-65) can then 

be used to provide an estimate for the lime to zinc oxide diffusivity 

ratio, D^. Thus there is a correlation between the lime to zinc 

oxide diffusivity ratio and the initial roasting raction rate. 

However, accurate estimation of the intitial rates proved to be 

difficult because of scatter in the data points. As will be discussed 

in more detail in the next chapter, the best fit to the model seemed to 

occur at 750 °C, where it was determined through use of the computer 

program that the initial rate data was most closely approximated by a 

choice of 5.0 for the lime to zinc oxide diffusivity ratio. Values 

consistent with this were determined at 700 °C and 800 °C in accordance 



with the assumptions that the lime structural properties are 

independent of temperature and that the effective diffusivity in the 

lime layer is not significantly effected by microporosity. With these 

assumptions the intraphase effective diffusivity in the lime is allowed 

a 3/2 power temperature dependence, similar to the functional 

relationship between molecular diffusivity and temperature. Sample 

calculations involved in rendering the values consistent between 

temperatures are presented in Appendix B. 

Calcium Sulfate to Zinc Oxide Diffusivity Ratio 

No readily apparent method for estimating the calcium sulfate to 

zinc oxide diffusivity ratio, D^-j, existed. It was decided to perform 

the computer solution for the model with a few assumed values of °A3 

which approximated the experimental results. For each set of 

experimental parameters, three model curves were generated for 

comparison with the data. The structural properties of calcium 

sulfate were assumed to be independent of temperature and the effect of 

microporosity on the intraphase effective diffusivity was neglected. 

Thus, as in the previous section, a functional relationship with 

temperature similar to that for bulk molecular diffusivity, D^g, is 

allowed. Final selected values of the calcium sulfate to zinc oxide 

diffusivity ratio were rendered consistent between temperatures 

accordingly. Further, it is assumed that this ratio will be the same 

for both gas species being considered, so that Dg^ has the same value 

as Sample calculations are presented in Appendix B. 



CHAPTER 4 

DISCUSSION AND RESULTS 

The results of the experimental work include a number of 

important observations concerning roasting reaction behavior, sulfur 

emission fixation in the lime, and parametric evaluations based on the 

model. As the scope of this project does not include explicit 

measurement of the solid structural properties, it is necessary to 

propose suppositions about them, based on observation and parameter 

estimation. Some results can be interpretted in light of prior 

publications. 

Qualitative Observations 

Roasting Reaction Kinetics 

All roasted concentrate pellets were observed to exhibit a 

shrinking core of unreacted sphalerite as the reaction time was 

increased, indicating that the roasting reaction rate in these pellets 

was entirely diffusion controlled. Aside from this physical 

observation, additional support for this conclusion is provided by the 

good qualitative agreement between conversion data points calculated 

from core diameter measurements, and those calculated from the two 

other completely independent measurement techniques. Diffusion control 

resulted because the roasting of zinc sulfide occurs sufficiently fast 
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in the temperature range from 700 to 800°C and the sphalerite pellet 

porosity of approximately 0.34 was sufficiently low. 

Typical sphalerite conversion as a function of time plots are 

displayed in Figures 4-1 and 4-2. Figure 4-1 is characteristic of the 

results for pellets reacted with no lime, displaying conversion data 

points based on core measurements, wet chemistry mass remaining, and 

atomic absorption readings. Figure 4-2 is typical of the conversion 

results for lime coated pellets, displaying only data calculated from 

core measurements and atomic absorption readings. A complete 

presentation of all plotted conversion as a function of time data can 

be found in Appendix CI. 

There is scatter in the data points, particularly those based on 

unreacted core measurements. Scatter can be attributed to the 

following; slight variations in the sphalerite pellet sizes, slight 

variations in the lime coating thickness, and the phenomenon of crack 

formation in the lime coating (discussed in detail below) which caused 

diffusion resistance differences from pellet to pellet. Additional 

inaccuracy of the atomic absorption derived data may have been caused 

by wet chemistry dilution errors and/or fluctuations in the light 

intensity absorption behavior of the very dilute (less than 1 ppm zinc) 

solutions. The conversions calculated from core measurements display 

significant scatter, especially those points registered during the 

early stages of conversion. The method of splitting the pellets to 

reveal the core did not always provide a precisely centered separation. 

This error is magnified by the cubic relationship between core diameter 
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Figure 4-1. Temporal sphalerite conversion profile and data 
points for unlimed pellet: T = 800°C d =0.92 cm 
S = 0.0 P 

O 

A 

• 

- based on unreacted core measurements 

- based on solid mass remaining after wet chemistry 

- based on atomic absorption readings 



88 

X 0.8 

~ 0.6 

c 0.4 

0.2 

0 10 20 30 40 50 60 70 

T i m e ,  t  ( m i n )  
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and conversion used in calculating the data points. For pellets run 

for short duration, the core diameters are larger so that any 

measurement error, cubed, is correspondingly larger. Still, in spite 

of inaccuracies inherent in the conversion data determination methods, 

there is good qualitative agreement between them, with one exception. 

Zinc Ferrite Formation 

Particularly for limed pellets, the atomic absorption data points 

tend to lie below the core measurement data points as the pellets 

approach complete conversion. Consider that the core measurement data 

results from a physical observation, independent of chemical 

composition, while the atomic absorption data measures that quantity of 

zinc insoluble in water or dilute acetic acid. Based on the core 

measurements there is certainly product formation so that no zinc 

sulfide remains at full conversion, and yet the product cannot be zinc 

oxide because this would have been removed by dilute acetic acid. It 

is possible that some of the total product is zinc ferrite, insoluble 

in dilute acetic acid, but soluble in a heated aqueous solution 

containing concentrated nitric and hydrochloric acids. 

There is better agreement between atomic absorption and core 

measurement data points where the pellets are unlimed. This difference 

suggests that ferrite formation appears to be lower for runs performed 

in the absence of lime, and thus it may be concluded that lime promotes 

ferrite formation in accordance with an observation in the 

literature^This phenomenon was physically observed in the fact that 
•c 

a hard, brittle shell of sphalerite product, possibly containing zinc 
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ferrites, could be easily cleaved from the surface of fully or 

partially roasted sphalerite centers contained within lime coated 

CO 
pellets. LiteratureJ states that the color of zinc ferrite is black 

which was possibly observed in this lime/sphalerite interaction zone, 

its most prominent colors being green and black. This phenomenon was 

not observed in unlimed pellets. Increased ferrite formation with 

increased roasting temperature is expected, but cannot be ascertained 

from the conversion data. 

Zinc Sulfate Formation 

The results of experiments performed to ascertain the presence 

and quantity of the secondary, zinc sulfate product are presented in 

Table 4-1. This data was collected for full conversion runs only, so 

that no information about sulfate formation profiles is to be found 

here. Atomic absorption measurements for zinc in aqueous solution were 

considered to be more accurate than the weight difference measurements 

because the quantity of water soluble impurity products was unknown. 

Still, when these methods are considered together, they do shown some 

qualitative agreement. Note that except at 700°C, all atomic 

absorption measurements for zinc in water reveal only trace quantities. 

Based on this information it is concluded that there is at best a 

negligeable quantity of zinc sulfate formed at 750 and 800°C. 

Consequently, other measurements for sulfate at 750°C were omitted. 

Further, since the weight change registered at 800°C is not considered 

to be zinc sulfate, it is considered to be water soluble impurity. 

Quantities of water soluble impurity registered at 800°C were 



Table 4-1. Fraction of water soluble zinc 

T (°C) d (cm) S X X .. v ' p sw s,AA 

700 0.72 0.0 11.3% 11.7% 

700 0.72 1.0 2.3% 

700 0.72 1.3 7.6% 

700 0.92 - 0.0 17.9% 12.8% 

700 0.92 1.0 5.2% 

700 0.92 1.3 3.6% 

750 0.72 0.0 

750 0.72 1.0 neg 

750 0.72 1.3 neg 

750 0.92 0.0 

750 0.92 1.0 neg 

750 0.92 1.3 neg 

800 0.72 0.0 3.8% neg 

800 0.72 1.0 neg 

800 0.72 1.3 neg 

800 0.92 0.0 A.8% 0.1% 

800 0.92 1.0 

800 0.92 1.3 
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subtracted from the corresponding weight difference readings for runs 

performed at 700°C to improve the accuracy of these zinc sulfate 

measurement. 

Again, the data in Table 4-1 show that no significant zinc 

sulfate was found in the pellets roasted at 750 and 800°C and the 

weight difference quantities at 800° are attributed to water soluble 

impurity. The formation of zinc basic sulfate at these temperatures is 

also neglected because the sulfur balance was closed by the hydrogen 

peroxide column, accounting for 98% of the sulfur in a known quantity 

of sphalerite. It is more interesting to note that there is a 

measureable quantity of zinc sulfate formed at 700°. This is in 

agreement with the findings of Ingraham and Kellogg*® who claim that 

the highest, thermodynamically stable temperature for sulfate formation 

is 734°C. Further, the quantity of zinc sulfate formed seems to be 

larger where lime is absent, and for larger pellet size. It is 

anticipated that, because of the longer residence time for sulfur 

containing gases in larger pellets, more of it can be expected to react 

to form the sulfate product. A possible explanation for the results 

where no lime Is present can be found in the fact that the sulfur 

dioxide concentration in the bulk is significantly higher with no lime 

coating in the pellets. This reduces the driving force for sulfur 

dioxide diffusion, similarly increasing its residence time in the 

pellets. 
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Effect of Parameter Changes 

Parameters varied for this experimental work were sphalerite 

pellet size, quantity of lime in the coating, and temperature. To 

examine the effect of these parameter manipulations it was necessary to 

discern some method of deriving from the data points, curves to 

adequately describe the the average conversion as a function of time 

behavior of the pellets. This was accomplished using the weight 

average conversion calculation procedure outlined in Appendix B. For 

each parameter set, all weight average data was calculated and plotted 

resulting in graphs similar to that shown in Figure 4-3. The best fit 

line for each set of averaged data was estimated, drawn, and these 

lines used for comparison purposes. The complete collection of these 

plots is found in Appendix C2. 

The effect of lime loading is illustrated by Figure 4-4. Because 

the roasting reaction is completely diffusion controlled, it is 

expected that fastest reaction occurs where no lime is present 

(S = 0.0), and the results confirm this. Note that there is a 

significant decrease in the roasting reaction rate when a 

stoichiometric coating of lime (S = 1.0) is present, but a thicker 

coating containing lime in excess of stoichiometric (S = 1.3) does not 

cause a similar large reduction. This suggests that while there is 

some additional diffusion resistance afforded by additional lime, more 

of the total diffusion resistance associated with the coating is caused 

by the formation of the calcium sulfate product of the S02-lime 

reaction, independent of the lime coating thickness. 
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The effect of temperature in the absence of lime is illustrated 

in Figure 4-5. Temperature is seen to have only a small effect on the 

diffusion controlled, roasting reaction. This is to be expected as the 

effect of temperature on effective diffusion coefficients is not nearly 

commensurate with its effect on chemical reaction rate constants. The 

effect of temperature where lime is present is illustrated in Figure 

4-6. The conversion profiles cross, the effect of temperature on solid 

structure apparently more important than its influence on effective 

diffusion coefficients. The observed phenomenon are more complicated 

in the presence of lime as there exist complex solid structure 

differences apparently due to changing temperature. These phenomenon 

must be associated with the effect of the SC^-lime reaction in addition 

to the interaction between lime and sphalerite at the sphalerite pellet 

surface. A more detailed discussion of these phenomenon is included in 

the presentation of the model results and parameter estimations. 

Finally, it is a trivial conclusion that smaller pellets will 

react faster. This occurs because the gas reactant, oxygen, has less 

distance to diffuse for complete reaction to occur. 

Sulfur Emissions Capture 

A typical plot of the sulfur emissions capture ability of lime 

distributed entirely as a coating on the sphalerite pellet surface is 

presented in Figure 4-7. Sulfur capture data is reported as that 

proportion of the total sulfur in a run which has been released into 

the gas phase and is subsequently fixed as calcium sulfate by the SC -̂

lime reaction, plotted as a function of sphalerite conversion. The 45° 
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line represents the best possible sulfur capture results, where all 

sulfur released by the roasting reaction is captured by the S02~linie 

reaction. All experimental data for sulfur capture reveal complete 

sulfur capture during the early stages of reaction, with less favorable 

behavior occuring towards full sphalerite conversion. This is exactly 

07 
opposite the results of Haung and Bartlett , who postulated the sulfur 

escape from their uniformly distributed lime pellets to be occurring 

during the earliest stages of reaction. Possible reasons for escaping 

sulfur emissions during the present investigation will be discussed. 

Before proceding it should be noted that the situation presented 

in Figure 4-7 is a worst case, selected only because it typifies and 

accentuates trends apparent in all the sulfur capture data plots. 

Significantly improved results occur at lower reaction temperatures and 

in the presence of excess lime, as discussed below. 

Lime Cracking Phenomenon 

Rather than a continuous function, discrete data points were 

determined for each set of experiments due to the nature of the sulfur 

measurement procedure, using acid-base titrations. The scatter in the 

data points can be directly attributed to crack formation in the lime 

coating. This was a random phenomenon, sometimes a significant problem 

and sometimes non-existent. A best fit line is drawn through the data 

points. This is for comparison purposes so that relative sulfur 

capture ability behavior can be discerned for parameter manipulations. 

The cracks were observed to form during heating from room to 

reaction temperatures and they became larger as the reactions 
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proceeded. Thus the cracks were formed for three apparent reasons; the 

difference in the zinc sulfide and calcium oxide thermal expansivities 

during the transient heat up period, possibly expansion of the zinc 

oxide roasting product relative to the zinc sulfide reactant, and 

certainly expansion of the calcium sulfate SC^-lime reaction product 

relative to the calcium oxide reactant. Cracks were a means for sulfur 

gas to escape, providing less diffusion resistance through the pellet 

coating. Still, this sulfur emission escape route did not appear 

significant during the early stages of reaction. Cracks were observed 

to become larger with a correspondingly larger effect on sulfur capture 

behavior with increased calcium sulfate formation. 

An experiment performed after the sulfur capture data was 

collected revealed that by increasing the water content in the lime 

during the coating stage of the pellet preparation procedure, it was 

possible to almost eliminate crack formation and substantially reduce 

the size of the few cracks that did form. It can be expected that 

experiments repeated with pellets thus prepared will exhibit 

significantly improved sulfur capture ability and less scatter. While 

generally improved sulfur capture ability can be expected with reduced 

cracking, the qualitative trends resulting from parameter changes will 

not be effected. 

Effect of Temperature 

A typical display of the effect of temperature on the sulfur 

capture ability of lime is presented in Figure 4-8. Depicted is the 

sulfur capture behavior of pellets having a stoichiometric quantity of 
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lime in the coating. As expected the sulfur capture ability improves 

as temperature is reduced from 800 to 700°C. At 700°C, even though 

cracking is a problem, enough sulfur is fixed by the lime to satisfy 

EPA standards, and this behavior can be expected to improve as the 

pellet preparation procedure becomes refined. Alternatively, at 800°C 

the sulfur capture ability of the lime is not satisfactory, and 

reductions in the cracking cannot be expected to make it so. 

Prior investigations of the S02-lime reaction revealed the 

existence of a solid conversion limit determined by the solid structure 

of the lime, complete or at least improved solid conversion resulting 

where the lime contained much large pore volume. The success of 

experiments conducted at 700°C suggests that the lime coating 

preparation procedure resulted in a pore size distribution favorable 

for sulfur capture. A rough calculation reveals the calcium hydroxide 

coating porosity to be approximately 0.7. Assuming that coating 

shrinkage is small when water is driven off to form calcium oxide, the 

porosity of the lime is calculated to be approximately 0.8. This is 

probably a high estimate, but it serves to highlight the fact that the 

lime in these experiments contained significant pore volume. In the 

pellet preparation procedure, very small grains of lime adhered to a 

dampened pellet surface during a stagewise rolling process involving no 

significant compaction pressure. Thus it is reasonable to expect a 

bimodal pore size distribution with much large pore volume located in 

the intergranular voids and some micropore volume located within the 
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grains. It is precisely this manner of pore size distribution which 

21 22 produced favorable results for other researchers '. 

Unacceptable results at 800°C can be attributed to a combination 

of different phenomenon. At higher temperatures the SC^-lime reaction 

is entirely diffusion controlled, particularly in the micropores. It 

is possible that the lime reactive surface area contained in the 

micropores was reduced because of pore plugging as the SC^-lime 

reaction became concentrated at the micropore mouths. This would 

reduce the overall lime reactivity and sulfur capture capacity causing 

less favorable results. Another possible reason could have an effect 

during the latter stages of reaction when the diffusion controlled 

roasting reaction rate and consequently the concentration of sulfur 

containing gases is low. The St^-lime reaction is reversible 

and exothermic with significant calcium sulfate product formation 

occurring for sulfur dioxide concentrations above 3000 ppm^* 

Further, it is reasonable to expect that the calcium sulfate product is 

thermodynamicly less stable at higher temperatures so that when the 

sulfur gas concentration becomes low during the latter stages of 

reaction, it is possible that calcium sulfate decomposes releasing some 

sulfur emissions. Finally, any part of the cracking phenomenon 

attributable to heating effects is larger at higher temperature. 

Figure 4-9 displays the effect of temperature for pellets with a 

30% excess of the stoichiometric amount of lime in the coating. The 

effect of temperature is significantly reduced when excess lime is 

present. 
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Effect of Lime Loading 

Figure 4-10 displays the effect of lime loading at 800°C, a 

stoichiometric lime coating (S = 1.0) or a 30% excess of stoichiometric 

(S = 1.3). The behavior shown is typical of results at other reaction 

temperatures, this particular figure being selected to display the 

dramatic difference which excess lime can have, even at this higher 

temperature. It is apparent that the excess lime significantly 

improves the sulfur capture behavior for those pellets. Note that even 

at 800°C, enough of the sulfur emissions are captured to meet EPA 

standards, an encouraging result which suggests that refinement of 

these non-uniformly distributed lime pellets is warranted. 

Effect of Pellet Size 

All experimental comparisons of the effect of sphalerite pellet 

size on the sulfur capture ability reveal this effect to be 

insignificant, as typically displayed in Figure 4-11. The reaction 

temperature and quantity of lime in the coating have much more 

influence. The effect of pellet size is still smaller where excess 

lime is present. 

Model Results 

The model formulated is idealized with some very restrictive 

assumptions made to facilitate its mathematical solution. Its utility 

is not to be found in its hypothetical ability to predict real reaction 

phenomenon, though it can succeed at this. Rather, based on 

comparisons of the real phenomenon with the model, it becomes possible 
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to formulate educated postulations for reasons the model does not 

always apply. In this way questions are posed which provide direction 

for future research. For discussion, Figures 4-12 through 4-14 present 

comparisons of model predictions with data for "0.92 cm" pellets 

containing a 30% excess of lime in the coating, and roasted at 750, 

800, and 700°C respectively. 

It is important to realize that the model has no ability to 

predict the sulfur emissions capture ability of the pellets. Again, 

its utility is in its ability to generate predictions for sphalerite 

conversion as a function of time. With the postulation of an 

"expanding shell" of calcium sulfate being formed, the model will 

always predict 100% sulfur capture efficiency. 

A Critical Appraisal of Model Assumptions 

The assumption of completely diffusion controlled reaction is 

justified for the roasting reaction, as previously discussed. However 

the application of this assumption to the S02-lime reaction may not be 

equally valid, though Wen and Ishida^* suggest that it is. The 

assumption was made based on imprecise physical observations of 

slightly discolored, calcium sulfate layers surrounded by fresh lime, 

expanding as the roasting and S02~lime reactions proceed. 

Superficially, the sulfur emission capture data would appear to suggest 

that the assumption is untrue. If the "expanding shell" assumption 

truely applies to the S02-lime reaction, then 100% sulfur capture 

efficiency is always anticipated where the quantity of lime in the 

coating is at least stoichiometric, contrary to the experimental 
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results. However, if micropore plugging occurs to limit the ultimate 

lime conversion, then it is still possible that at each temperature, 

homogenously structured, expanding shells of less than fully converted 

grains of lime may be present. Thus, no definite conclusion concerning 

the ultimate diffusion limitation of the SC^-lime reaction is possible. 

Still, if the "expanding shell" hypothesis is allowed, based on the 

sulfur capture data it is not possible that the solid structure in the 

calcium sulfate zone is independent of temperature. One or the other 

assumption has to be erroneous. 

There are a number of phenomenon to consider in the roasting 

reaction product layer. As discussed, at 700°C there is some formation 

of the secondary, zinc sulfate product. It is not known if the zinc 

sulfate is homogenously distributed, independent of pellet radius. Its 

formation may be further related to the extent of reaction. This is a 

concern at 700°C only, because zinc sulfate formation has been 

discounted at higher temperatures. Whether solid structure in the 

roasting reaction product layer is independent of temperature does not 

pose a major problem for the model predictions because the effective 

diffusivities in this layer were estimated for each temperature, 

independent of the others. However, the radial distribution of zinc 

sulfate at 700°C may be a matter of concern, albeit small because the 

quantity of zinc sulfate formed is small. 

It would appear the assumption that the solid structural 

properties of lime are independent of temperature is reasonable, 

allowing for only minimal differences in specific volume between 700 
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and 800°C. The pellet preparation and heating procedures were the same 

for all pellets, independent of roasting temperature, considering that 

there is no significant difference in the shock of heating lime from 

room temperature to 700°C or to 800°C. 

The assumption that sulfur dioxide is the only gaseous product of 

the roasting reaction is made for convenience in estimating effective 

diffusivities with the Chapman-Enskog theory. To the extent that there 

is sulfur trioxide formed as a gaseous product of the roasting 

reaction, the effective diffusivities of the sulfur emissions will be 

overestimated. The binary molecular diffusivity of sulfur trioxide in 

nitrogen is less than that for sulfur dioxide because the trioxide 

molecule is larger. Its larger size also has implications for sulfur 

trioxide ability to diffuse through pore space. Sulfur emissions 

measurement with a column of iodine only succeeded in detecting 75% of 

the sulfur anticipated. This suggests that as much as 25% of the 

sulfur emissions exist in the form of sulfur trioxide which cannot be 

oxidized by iodine. The result of this argument is that the ratio of 

the sulfur gas to oxygen diffusivity, D2, is somewhat overestimated. 

The assumption that no temperature gradient exists in the pellet 

O C 
needs to be confirmed. Based on the work of other researchersJ» , this 

assumption has preliminary justification for the temperature range 

employed. 

The assumption that the effective diffusivities are not 

significantly affected by microporosity will require further 
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experimentation to measure diffusivities and pore size distributions in 

the solid zones to confirm its validity. 

A critical assumption in the model formulation is the four zone 

situation portrayed in Figure 3-1. Physical observations suggest the 

possibility that a fifth zone exists with distinctive structural 

properties. This zone is a direct result of the interaction between 

lime and sphalerite at the sphalerite pellet surface. While it is a 

very thin zone of interaction, its structural properties and chemical 

composition are unknown and warrant further investigation. 

Comparison of Experimental Results with Model Results 

The closest agreement of experimental results with the model 

occurred at 750°C with the lime to zinc oxide diffusivity ratio 

determined to have a value of 5.0, and the calcium sulfate to zinc 

oxide diffusivity ratio determined to be approximately 1.5. With the 

stated diffusion ratio estimations, Figure 4-12 shows that agreement is 

very good during the early stages of reaction with the experimental 

results being slightly slower than predicted as the roasting reaction 

goes to completion. The primary cause for the slight deviation is 

likely attributable to the importance of two phenomenon; micropore 

plugging in the lime so that the calcium sulfate layer becomes broader 

at a rate faster than that predicted by the model, and calcium sulfate 

decomposition as the roasting reaction, sulfur gas product rate becomes 

slow during the final stages of reaction. This causes a broadening of 

the SC^-lime reaction front with apparent commensurate increases in 

diffusion resistance not considered by the model. Support for this 
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argument is provided by Figure 4-13 portraying results for a similar 

situation except that the temperature is increased to 800°C. The 

behavior of the experimental data relative to the model is similar 

except that the deviations during the later stages of reaction are more 

pronounced. This is reasonable considering that the pore plugging and 

calcium sulfate decomposition are expected to be more pronounced as the 

temperature increases. 

With these parameter estimations, oxygen diffusing into a lime 

coated pellet encounters successively more resistance as it diffuses 

further into the pellet, the film resistance being less than the lime 

resistance being less than the calcium sulfate resistance which, 

finally, is less than the zinc oxide layer diffusion resistance. This 

situation is reflected in the conentration profiles of Figure 3-1. 

All diffusivity ratios are average quantities, encorporating 

complex structural considerations throughout the pellet. Though the 

chemical and/or physical interaction between sphalerite and lime is not 

explicitly considered by the model, its effect on the effective 

diffusivities is combined with that of calcium sulfate. At 750 and 

800°C, this combination provides model predictions reasonably close to 

experimental behavior, with allowance for the broadening of the 

S02~lime reaction front. However at 700°C a more complicated situation 

arises, typified by Figures 4-14 and 4-15. At 700°C there is a 

significant increase in the roasting reaction rate relative to that 

predicted by the model for the same combinations of pellet size and 

lime loading that provided fairly close agreement at 750 and 800°C. 
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While there are inaccuracies in the effective diffusivity estimates, 

discussed previously, the magnitude of the difference between 

experimental and model behavior exhibited at 700°C is too large to be 

explained by these. Based on these observations, it seems that 

diffusive resistance attributed to the zone of interaction between 

sphalerite and lime is reduced at 700°C relative to its effect at 750 

and 800°C. Still, the effect of this zone of interaction is not 

eliminated as evidenced by the different behavior of "0.72 cm" and 

"0.92 cm" pellets. The increase in roasting reaction rate relative to 

the model predictions is strikingly more significant for the larger, 

"0.92 cm" pellets than for the smaller, "0.72 cm" pellets. It appears 

that the portion of this additional resistance which remains has more 

effect in smaller pellets. This is reasonable considering that, though 

this interaction zone is thin, it does have a finite thickness which is 

independent of pellet size. When the interaction zone thickness is 

normalized relative to the sphalerite pellet size, it has a larger 

value for smaller sphalerite pellets, with a correpondingly larger 

relative diffusive resistance effect on reaction rate. 

The zone of interaction between sphalerite and lime is a 

significant, but not totally unexpected phenomenon. Ahmadzai et al^* 

suggested that the presence of lime promotes ferrite formation. If 

this is true, then it is reasonable to expect that zinc ferrite 

formation would be concentrated at the sphalerite pellet surface, in 

the presence of lime. It is interesting that the increased diffusive 

resistance attributed to the lime/sphalerite interaction appears to 
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become complete at a temperature between 700 and 750°, because only at 

700°C is the experimental behavior significantly different from the 

model prediction. This observation provides additional evidence that 

the lime/sphalerite interaction may involve zinc ferrite formation. 

Ferrite formation is promoted by high roasting temperatures, but 

limited by the quantity of iron impurities in the ore. As temperature 

is increased the conversion of zinc sulfide to ferrite product will 

reach its limit at some critical temperature. With these pellets this 

temperature appears to be between 700 and 750°C. 



CONCLUSIONS 

Several significant conclusions can be made based on this work: 

1) Non-uniformly distributed lime pellets, with lime segregated as a 

surface coating about a metal sulfide concentrate, provide a feasible 

method for capturing gaseous sulfur emissions, worthy of further 

investigation. Sulfur capture ability during the early stages of 

reaction is improved relative to the behavior of uniformly distributed 

pellets. 

2) The roasting and S02~lime chemical reaction kinetics were 

sufficiently fast and the diffusion of gaseous reactants sufficiently 

slow so that the overall reaction rates for both reactions were 

diffusion controlled in the temperature range from 700 to 800°^* 

3) These pellets capture close to 100% of the sulfur emissions 

released during the early stages of the roasting reaction while methods 

need to be developed to improve their effectiveness as reaction 

approaches completion. 

4) Sulfating of lime reduces its porosity to provide increased 

resistance to diffusion. 

5) Direct measurement of surface area and porosity in zinc oxide, 

lime, and calcium sulfate is needed to confirm information deduced 

here. Also, direct measurement of diffusion coefficients using a 

diffusion cell reactor or some other scheme will provide useful 

information. 

120 
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6) The effect of temperature on sulfur capture behavior is significant 

with the lime displaying improved sulfur capture capacity at the 

lowest temperature investigated. A temperature lower than 700° may 

result in further improvement, or possibly overalll reaction rate 

kinetics could become partially controlled by the chemical reactions 

causing sulfur capture behavior and the temperature control benefits of 

pelletization to deteriorate. Further experimental investigation is 

needed to determine an optimal roasting temperature. 

7) Ineffective sulfur emissions capture during the later stages of 

reaction and at higher roasting temperatures can potentially be 

attributed to; the plugging of micropores contained in the lime grains, 

and decomposition of calcium sulfate at low sulfur gas concentrations 

as the roasting reaction approaches completion. 

8) Faster roasting reaction behavior at lower roasting temperatures 

can potentially be attributed to less diffusion resistance in the 

lime/sphalerite interaction zone. An investigation of this zone is 

required to ascertain its physical and chemical properties. Conversion 

data suggests that this zone may contain zinc ferrite. 

9) Zinc ferrite formation is promoted by increased temperature so that 

the choice of roasting temperature may have implications for final 

metal recovery. 

10) If the lime/sphalerite interaction zone does contain zinc ferrite, 

then zinc ferrite formation is also promoted in the presence of lime so 

that complete or at least partial segregation of lime and metal sulfide 

concentrate is beneficial to metal recovery. 
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11) Crack formation in the lime coating reduces the sulfur emissions 

capture ability of the pellets. Increased water content in the lime 

during pellet preparation reduces cracking to improve sulfur capture. 

12) Perhaps if some lime is mixed with the metal sulfide concentrate 

with the remainder used as a pellet coating, relative expansivity 

differences can be reduced, hence cracking also. Investigation of this 

lime distribution scheme will involve an optimization between improved 

sulfur emissions capture ability and reduced metals recovery due to the 

potential for increased ferrite formation with increased contact 

between ore and lime. 

13) Zinc Sulfate is present as a secondary roasting product at 700°, 

its quantity increasing with sphalerite pellet size. The fraction of 

sulfated zinc was found to be less than 10% in pellets coated with 

lime, and slightly higher in unlimed pellets. 

14) Considering the large gas flow rates involved in these 

experiments, the concentration of sulfur containing gases in the 

product stream may be sufficiently low to allow the use of commercially 

available flame emission sulfur analyzers. 



APPENDIX A 

RAW DATA TABLES 

The tables presented here contain all raw data used to calculate 

the final results for discussion. Tables A-l through A-18 contain the 

information used to determine partial conversion values and sulfur 

capture ability in the lime coatings. The information contained in 

Table A-19 was used to estimate the amount of water soluble zinc formed 

in the pellets under varied experimental conditions. 

Recall that it was necessary to separate a portion of unreacted 

zinc so that atomic absorption measurements would register less than 

0.8 g of sphalerite. This was accomplished either by the performance 

of an additional dilution, indicated by an integer value of F, or by 

separating some solid fraction for analysis, indicated by a non-integer 

value for F. For those situations where a solid fraction was 

separated, the recorded values of W (mass remaining after treatment 

with dilute acetic acid) have been corrected to account for this. The 

recorded values of W are those values anticipated as if all solid was 

kept for analysis. 
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Table A-1. 

t (min) 

1.5 

3 

6 

10 

15 

20 

25 

T = 700°C d =0.72 

dc (cm) W (g) 

0.270 1.144 
0.245 
0.245 

0.230 0.873 
0.225 
0 . 2 1 0  

0.220 0.723 
0.220 
0.210 

o.170 0.473 
0.160 
0.155 

0.155 0.333 
0. 145 
0.140 

0.140 0.243 
0.130 
0.110 

0.075 0.134 
0.070 
0.000 

0.025 0.119 
0.000 
0.000 

cm S=0.0 N = 3 

AA (g sph) F 

0.634 1.70 

1.31 

0.732 1.0 

0.369 . 1.0 

0.277 1.0 

0.159 1.0 

0.058 1.0 

0.036 1.0 
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Table A-•2. T = 700°C d 
P 

= 0.72 cm S = 1.0 N = 6  C K O H =  0.0072 

t (min) d 
c 
(in) VQ (ml) Vfc (ml) AA (g sph) F 

3 0.260, 
0.250, 

0.255 
0.250 

0.00 0.15 0.604 4.0 

6 0.230, 
0.225, 
0.210 

0.225 
0.215 

1.35 1.50 0.692 2.0 

10 0.205, 
0.190, 

0.200 
0.190 

0.10 1.70 0.688 2.0 

15 0.200, 
0.190, 
0.155 

0.200 
0.160 

1.35 4.10 0.502 2.0 

20 0.185, 
0.180, 
0.140, 

0.180 
0.150 
0.140 

1.45 7.35 0.595 1.0 

25 0.185, 
0.155, 
0.090 

0.185 
0.140 

3.85 12.50 0.307 1.0 

30 0.266 1.0 30 0.266 1.0 

35 0.130, 
0.000, 
0.000 

0.110 
0.000 

7.10 13.30 0.225 1.0 

40 0.050, 
0.000, 
0.000, 

0.030 
0.000 
0.000 

4.35 13.60 0.092 1.0 
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Table A-3. T = 700°C d = 0.72 cm S = 1.3 Qvna = 0.0072 N 
p KOH 

N = 3 for conversion data calculations 

N = 6 for sulfur capture data calculations 

t (min) d (in) V (ml) V (ml) AA (g sph) F 
c o t ________ 

2 0.255 0.00 0.45 0.685 2.0 
0.255 
0.255 

4 0.250 0.00 0.85 0.630 2.0 
0.245 
0.230 

7 0.235 0.30 0.60 0.522 2.0 
0.225 
0.215 

11 0.205 0.70 2.70 0.613 1.0 
0.200 
0.190 

15 0.200 0.45 1.45 0.547 1.0 
0 .180  
0 .180  

20 0.160 2.35 4.65 0.363 1.0 
0.160 
0.150 

26 0.120 1.25 1.70 0.147 1.0 
0.105 
0.100 

35 0.070 4.15 5.00 0.043 1.0 
0.030 
0.000 

40 0.030 1.35 3.25 0.038 1.0 
0.000 
0.000 



Table A-4. T =700°C d = 0.92 cm S = 0.0 N =2 
P 

t (mill) dc (cm) W (g) AA (g sph) F 

3 0.320 1.356 0.717 1.79 
0.300 

6 0.290 1.085 0.742 1.44 
0.275 

10 0.255 0.833 0.800 1.09 
0.255 

15 0.230 0.454 0.362 1.0 
0.215 

20 0.215 0.496 0.439 1.0 
0o205 

25 0.125 0.162 0.078 1.0 
0.080 

30 0.110 0.160 0.090 1.0 
0.085 

35 0.090 0.169 0.159 1.0 
0.085 

40 0.090 0.150 0.056 1.0 
0.040 

45 0.085 0.132 0.081 1.0 
0.045 

50 0.085 0.126 0.041 1.0 
0.000 

55 0.000 0.163 0.078 1.0 
0.000 



3 

6 

10 

15 

20 

25 

30 

35 

40 

45 

50 

60 

64 

T = 700°C d 
P 
= 0.92 cm S = 1.0 N " 4 °K0H " °° 0072 

d (in) 
c 

V (ml) 
o 

Vt (ml) AA (g sph) F 

0.330, 
0.320, 

0.330 
0.310 

0.00 0.05 0.768 4.0 

0.310, 
0.300, 

0.310 
0.295 

0.00 0.00 0.514 4.0 

0.300, 
0.285, 

0.290 
0.270 

0.05 0.10 0.185 10.0 

0.265, 
0.260, 

0.260 
0.255 

0.00 8.25 0.799 2.0 

0.250, 
0.225 

0.250 0.05 9.50 0.627 2.0 

0.250, 
0.205, 

0.225 
0.165 

4.15 17.60 0.862 1.0 

0.200, 
0.175, 

0.185 
0.170 

3c 45 12.50 0.481 1.0 

0.215, 
0.150, 

0.180 
0.150 

1.35 8o60 0.655 1.0 

0.170, 
0.105, 

0.145 
0.105 

0.586 1.0 0.170, 
0.105, 

0.145 
0.105 

0.586 1.0 

0.145, 
0.070, 

0.140 
0.070 

6.70 17.15 0.405 1.0 

0.080, 
0.045, 

0.075 
0.025 

0.273 1.0 0.080, 
0.045, 

0.075 
0.025 

0.273 1.0 

0.000, 
0.000, 

0.000 
0.000 

5.20 24.30 0.164 1.0 

0.025, 0.000 0.097 1.0 



t C 

3 

6 

10 

15 

20 

26 

32 

38 

44 

50 

55 

65 

T = 700°C d 
P 

= 0.92 cm S = 1.3 N 4 CKOH ~ °* 0072 ! 

d (in) 
c 

V (ml) 
0 

(ml) AA (g sph) F 

0.330, 
0.320, 

0.325 
0.320 

0.00 0.00 0.687 4.0 

0.320, 
0.310, 

0.310 
0.295 

0.00 0.20 0.662 4.0 

0.305, 
0.275, 

0.300 
0.270 

0.00 1.40 0.541 4.0 

0.290, 
0.250 

0.270 0.15 1.15 0.519 4.0 

0.235, 
0.230, 

0.235 
0.230 

1.20 2.80 0.645 2.0 

0.240, 
0.185, 

0.210 
0.185 

0.95 2.55 0.838 1.0 

0.185, 
0.180. 

0.185 
0.160 

20 55 5.15 0.752 1.0 

0.130, 
0.090, 

0.095 
0.090 

0.467 1.0 0.130, 
0.090, 

0.095 
0.090 

0.467 1.0 

0.125, 
0.100, 

0.110 
0.085 

2.15 3.75 

0.050, 0.050 0.166 i; o 0.050, 0.050 0.166 i; o 

0.000, 
0.000, 

0.000 
0.000 

4.80 7.60 0» 176 1.0 

0.090, 0.000 0.150 1.0 



(ml: 

2 

4 

7 

10 

14 

18 

25 

28 

30 

T = 750°C d = 0.72 cm S = 0.0 N = 3 
P 

d (in) 
c 

W (g) AA (g sph) F 

0.240 
0.240 
0.235 

1.101 0 . 6 0 1  2 .0  

0.215 
0.210 
0.205 

0.778 0 .866  1 . 0  

0.205 
0.200 

0.589 0 . 6 2 8  1 . 0  

0.190 
0.190 

0.497 0.523 1 . 0  

0.170 
0.165 
0.155 

0.407 0.415 1 . 0  

0.145 
0.135 
0.135 

0.265 0.245 1.0 

0 . 1 1 0  
0.075 

0.093 0 . 1 0 1  1 . 0  

0 .060  
0.050 
0.045 

0.065 
0.035 
0.000 

0.093 0 .022  1 . 0  
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Table A-8. T = 750°C d = 0.72 cm S - 1.0 N = 6 c= 0.0072 N 
p KUn 

t (mill) d (in) V (ml) V (ml) AA (g sph) F 
c o t 

3.35 3.50 0.467 5.81 

0.00 0.25 0.476 4.75 

0.20 1.00 0.461 4.20 

2.60 12.25 0.532 2.16 

12 0.230, 0.210 0.00 3.50 0.464 2.83 

0. ,275, 0. .275 
0. ,270, 0. ,270 
0. .265, 0. ,240 

0. ,260, 0. ,255 
0. ,250, 0. ,245 
0. ,245 

0. ,245, 0. ,245 
0. 240, 0. ,235 
0. ,230, 0. ,230 

0. 210, 0. 195 
0. 195, 0. 190 
0. 190, 0. 180 

0. 230, 0. 210 
0. 205, 0. 200 
0. 185, 0. 185 

0. 200, 0. 200 
0. 185, 0. 175 
0. 170, 0. 155 

0. 140, 0. 140 
0. 140, 0. 135 
0. 135, 0. 110 

0. 160, 0. 135 
0. 095, 0. 085 
0. 060, 0. 050 

0. 025, 0. 000 
0. 000, 0. 000 
0. 000, 0. 000 

17 0.200, 0.200 0.40 14.05 0.472 2.14 

24 0.140, 0.140 0.00 13.20 0.497 1.0 

32 0.160, 0.135 3.45 13.70 0.332 1.0 

40 0.025, 0.000 7.30 26.55 0.066 1.0 
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Table A-9. T = 750 C d = 0.72 cm S = 1.3 N = 6 = 0.0072 N 
p KOH 

t (min) d (in) 
c 

V (ml) 
o 

V (ml) AA (g sph) F 

11 

17 

24 

33 

41 

0. 270 0. 265 
0. 265 0. 265 
0. 255 0. 250 

0. 255 0. 255 
0. 250 0. 240 
0. 230 0. 225 

0. 235 0. 235 
0. 230 0. 230 
0. 230 0. 225 

0. 225 0. 225 
0. 220 0. 220 
0. 210 0. 205 

0. 200 0. 190 
0. 190 0. 185 
0. 180 0. 155 

0. 170 0. 170 
0. 155 0. 150 
0. 140 0, 120 

0. 085 0. 060 
0. 055 0. 045 
0. 045 0. 000 

0. 050 0. 035 
0. 000 0. 000 
0. 000 0. 000 

3.00 

9.20 

3.15 

9.20 

5.40 

3.25 

5.60 

6 .00  

3.20 

9.30 

3.25 

9.35 

5.55 

3.45 

6.05 

6.55 

0.489 

0.498 

0.574 

0.535 

0.494 

0.531 

0 . 1 1 8  

0.082  

5.32 

4.66 

3.58 

3.17 

2.07 

1 . 0  

1 . 0  

1 . 0  



Table A -10. T = 750°C d = 0.92 cm S = 0.0 N = 2 
P 

t (min) d (in) W (g) AA (g sph) F 
_c • ' 

3 0.300 1.560 0.796 2.0 
0.295 

6 0.310 1.269 0.617 2.0 
0.290 

10 0.280 0.888 0.474. 2.0 
0.265 

14 0.255 0.707 0.355 2.0 
0.250 

19 0.230 0.571 0.573 1.0 
0.220 

27 0.175 0.399 0.361 1.0 
0.175 

32 0.140 0.275 0.228 1.0 
0.130 

38 0.085 0.139 0.067 1.0 
0.070 

43 0.070 0.165 0.085 1.0 
0.065 

46 0.000 0.100 
0.000 
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Table A-11. T = 750°C' d = 0.92 cm S = 1.0 N = 4 C__nil = 0.0072 N 
p KOH 

t (mln) dc (in) Vq (ml) V (ml) AA (g sph) F 

2 0.340 3.95 4.20 0.527 6.80 
0.335 
0.330 
0.325 

5 0.320 3.00 3.30 0.582 5.97 
0.320 
0.310 

, 0.310 

9 0.315 4.15 4.40 0.553 5.63 
0.305 
0.300 
0.295 

14 0.285 3.20 3.90 0.572 4.09 
0.285 
0.280 
0.275 

29 0.230 4.30 6.50 0.664 1.85 
0.225 
0.220 
0.215 

40 0.205 3.85 33.85 0.529 1.58 
0.175 
0 . 1 6 0  
0 . 1 6 0  

51 0.130 3.25 8.80 0.308 1.0 
0.095 
0.090 
0.085 

61 0.095 3.25 24.35 0.241 1.0 
0.080 
0.060 
0.035 
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Table A-12. T = 750°C d = 0.92 cm S = 1.3 N = 4 = 0.0072 N 
p K.Url 

t (min) d (in) V (ml) V (ml) AA (g sph) F 
c o L 

3 0.350, 
0.330, 

0.340 
0.325 

3.40 3.50 0.472" 7.87 

6 0.325, 
0.320, 

0.320 
0.310 

5.90 6.05 0.496 6.32 

10 0.310, 
0.300, 

0.310 
0.300 

1.20 1.40 0.520 5.36 

15 0.280, 
0.280, 

0.280 
0.275 

6.05 6.30 0.502 4.32 

22 0.260, 
0.255, 

0.255 
0.250 

6.95 7.75 0.519 3.00 

30 0.230, 
0.225, 

0.230 
0.200 

3.50 6.60 0.527 2. 13 

40 0.190, 
0.170, 

0.180 
0.155 

2.40 3.15 0.630 1.0 

50 0.130, 
0.105, 

0.105 
0.080 

1.40 4.75 0.322 1.0 

61 0.105, 
0.000, 

0.000 
0.000 

2.30 6.60 0.204 1.0 



Table A-13. T = 800°C d = 0.72 cm S = 0.0 N = 3 
P 

t (min) dc (in) W (g) AA (g sph) F 

2 0.260 1.190 0.610 2.0 
0.260 
0.250 

4 0.220 0.834 0.865 1.0 
0.215 
0.205 

7 0.200 0.680 0.722 1.0 
0.190 
0.175 

10 0.185 0.488 0.520 1.0 
0.175 
0.170 

15 0.145 0.236 0.220 1.0 
0.125 
0.100 

20 0.105 0.121 0.093 1.0 
0.075 
0.070 

25 0.025 0.086 0.049 1.0 
0.000 
0.000 
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Table A-14. T = 800°C d = 0.72 cm S = 1.0 N = 6 = 0.00725 N 
p KOH 

t (min) d (in) 
c 

V (ml) 
o 

V (ml) AA (g sph) F 

12 

15 

20 

25 

30 

0. 280 0. 270 
0. 265 0. 265 
0. 265 0. 250 

0. 265 0. 260 
0. 260 0. 255 
0. 255 0. 245 

0. 250 0. 245 
0. 240 0. 235 
0. 230 0. 230 

0. 250 0. 235 
0o 230 0. 225 
0. 220 0. 205 

0. 210 0o 200 
0. 195 0. 195 
0. 195 0. 190 

0. 185 0. 180 
0. 175 0. 175 
0. 165 0. 155 

0. 155 0. 150 
0. 140 0. 130 
0. 125 0. 110 

0. 125 0. 115 
0. 100 0. 095 
0. 095 0. 080 

0. 120 0. 070 
0. 045 0. 040 
0. 000 0. 000 

4.05 

8 .80  

7.60 

4.45 

4.35 

7.30 

3.80 

4.96 

2.90 

5.05 

9.20 

8.20 

4.50 

12 .10  

13.85 

25.50 

40.30 

37.20 

0.592 

0.570 

0.470 

0.364 

0.610  

0.883 

0.494 

0.278 

0,080 

4.0 

4.0 

4.0 

4.0 

2 . 0  

1 . 0  

1.0 

1.0 

1.0 



Table A-15. T = 800°C d = 0.072 cm N = 6 C = 0.00725 N 
n rr/MJ KOH 

t (min) 

1.5 

d (in) 
c 

10 

15 

20 

25 

32 

35 

0. 280 0. 275 
0. 270 0. 260 
0. 255 

0. 275 0. 260 
0. 260 0. 255 
0. 255 0. 250 

0. 260 0. 250 
0. 240 0. 240 
0. 235 0. 230 

0. 235 0. 230 
0. 230 0. 225 
0. 220 0. 195 

0. 220 0. 215 
0. 210 0. 195 
0. 190 0. 180 

0. 185 0. 160 
0. 155 0. 145 
0. 145 0. 145 

0. 150 0. 145 
0. 140 0. 130 
0. 130 0. 085 

0. 110 0. 085 
0. 070 0. 070 
0. 050 

0. 000 0. 000 
0. 000 0. 000 
0. 000 0. 000 

V (ml) 
o 

1.25 

2.45 

2 .80  

0.00 

0.00 

0.20 

1.65 

0 . 2 0  

7.90 

Vt (ml) 

1.55 

2.85 

2 . 8 0  

0.30 

0.30 

2 . 2 0  

9.55 

10.00 

13.90 

AA (g sph) 

0.616 

0.627 

0.513 

0.570 

0.570 

0.858 

0.536 

0.256 

0.053 

F 

4.0 

4.0 

4.0 

2 . 0  

2 . 0  

1.0 

1.0 

1.0 

1.0 



Table A-16. 

t (min) 

2 

5 

8 

11 

15 

20 

25 ' 

30 

35 

40 

T = 800°C d =0.92 
P 

d (in) W (g) 
c 

0.325 1.582 
0.310 

0.290 1.269 
0.230 

0.260 1.085 
0.260 

0.250 0.972 
0.240 

0.230 0.809 
0.230 

0.185 0.547 
0.175 

0.160 0.350 
0.145 

0.110 0.394 
0.105 

0.100 0.369 
0.060 

0.050 0.343 
0.000 

S = 0.0 N = 2 

AA (g sph) F 

0.845 2.0 

0.690 2.0 

0.977 1.0 

0 .826  1 .0  

0.511 1.0 

0 . 2 6 6  1 . 0  

0.159 loO 

0.073 1-0 

0.044 1.0 

0.13 1.0 



able A-17. T = 800°C d 
P 

= 0.92 cm S = 1.0 N = 
4 CK0H ~ °* 00725 

(min) d (in) 
c 

V (ml) 
o 

Vt (ml) AA (g sph) F 

2 0.350, 
0.345, 

0.350 
0.335 

2.70 2.90 0.945 4.0 

4 0.345, 
0.330, 

0.335 
0.310 

1.80 2.25 0.844 4.0 

7 0.315, 
0.315, 

0.315 
0.300 

1.35 1.50 0.675 4.0 

10 0.290, 
0.290, 

0.290 
0.275 

2.10 2.40 0.631 4.0 

15 0.300, 
0.280, 

0.290 
0.280 

2.10 2.25 0.490 4.0 

20 0.275, 
0.245, 

0.260 
0.240 

2.25 3.20 0.480 4.0 

27 0.265, 
0.230, 

0.260 
0.220 

2.20 6.95 0.618 2.0 

35 0.235, 
0.200, 

0.210 
0.180 

1.45 16.15 0.497 2.0 

45 0.160, 
0.140 

0.150 6.40 27.25 0.546 1.0 

50 0.200, 
0.170, 

0.170 
0.135 

2.25 52.15 0.449 1.0 

55 0.150, 0.075 3.85 31.40 0.374 1.0 

60 0.000, 
0.000, 

0.000 
0.000 

2.75 54.20 0.059 1.0 



2 

4 

7 

10 

15 

20 

26  

35 

45 

52 

60 

T = 800°C d = 
P 

0.92 cm S = 1.3 N = 
4 CK0H " °* 

1 

00725 

dc (in) 
V (ml) 
0 

Vfc (ml) AA (g sph) F 

0.350, 
0.340, 

0.345 
0.340 

2.55 3.05 0.967 4.0 

0.335, 
0.330, 

0.330 
0.330 

3.05 3.25 0.801 4.0 

0.330, 
0.315, 

0.330 
0.295 

3.15 3.45 0.926 4.0 

0.315, 
0.285, 

0.305 
0.275 

2.95 3.70 0.654 4.0 

0.310, 
0.300, 

0.300 
0.295 

3.35 3.85 0.599 4.0 

0.275, 
0.245 

0.260 1.80 2.25 0.533 4.0 

0.250, 
0.225, 

0.235 
0.210 

2.55 3.00 0.636 2.0 

0.205, 
0.180, 

0.200 
0.170 

0.00 3.40 0.720 1.0 

0.165, 
0.150, 

0.150 
0.115 

2.75 7.00 0.467 1.0 

0.140, 
0.105 

0.140 3.50 12.70 0.506 1.0 

0.110, 
0.000, 

0.070 
0.000 

1.20 11.40 0.189 1.0 
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Table A-19. Data taken for full conversions to calculate zinc 

Wb (g) Wa (g) AA (g Zn x 106) 

sulfate ; 

T (°C) d (cm) 
P 

S N 

700 0.72 0.0 3 

700 0.72 1.0 6 

700 0.72 1.3 3 

700 0.92 0.0 2 

700 0.92 1.0 4 

700 0.92 1.3 4 

750 0.72 0.0 3 

750 0.72 1.0 6 

750 0.72 1.3 6 

750 0.92 0.0 2 

750 0.92 1.0 4 

750 0.92 1.3 4 

800 0.72 0.0 3 

800 0.72 1.0 6 

800 0.72 1.3 6 

800 0.92 0.0 2 

800 0.92 1.0 2 

800 0.92 1.3 4 

1.658 1.315 0.172 6.25 x 105 

0.068 6.25 x 105 

0. 112 6.25 x 10"* 

2.137 1.420 0.262 6.25 x 105 

0.214 6.25 x 105 

0.149 6.25 x 105 

0.013 250 

0.128 250 

0.910 250 

0.480 250 

1.394 1.307 0.690 250 

0.934 250 

0.062 250 

1.897 1.746 0.396 5000 



APPENDIX B 

SAMPLE CALCULATIONS 

The raw data presented in Appendix A was treated according to the 

procedures presented here in order to generate the more useful 

experimental results for discussion. Also, a more detailed 

presentation of the parameter estimation procedure has been included. 

Raw Data Treatment 

Water Soluble Zinc 

Two methods exist for estimating the portion of zinc product 

which becomes water soluble, dependent upon varied experimental 

conditions. For unlimed pellets (S = 0), it was possible to take 

advantage of the weight change which occurred in the dry solid before 

and after washing with water. This was not possible for limed pellets 

because calcium sulfate, which could not easily be separated from the 

partially converted pellets, is slightly soluble in water so that these 

measurements could not be considered specific for zinc. The other 

method was to make use of atomic absorption to measure the zinc 

concentration in diluted samples, applicable for both limed and unlimed 

pellets. The data used in the calculations to follow are for the full 

conversion runs presented in Table A-19. 

The difference between the mass of dry solid before, W^, and 

after, Wa, washing with deionized water provides one estimate for water 
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zinc, assuming that the solid fraction dissolved exists entirely in the 

form of zinc sulfate (ZnSO^). This assumption is only valid when the 

mass of water soluble impurities, W^, determined as the value of the 

water soluble weight change registered at 800°C has also been 

subtracted. The sphalerite assay (Table 2-1) indicates that the 

sphalerite is 58 weight percent zinc so that the mass of zinc in a run, 

QZn, is given by: 

QZn = <0.58)3TT(^)3PsphN (B-l) 

The mass of water soluble zinc measured by weight change measurements, 

Zw, was estimated by: 

Z = <Wb - W - W.) (65*38 § Zn/mole) 
w b a 1 (161.44 g ZnSO^/mole) 

Finally, the proportion of zinc converted to a water soluble form, Xgw, 

is given by: 

Zw 
*sw = q- (B~3) 

^Zn 

Example B-l. Consider the situation where T = 700°C, dp = 0.72 cm, 

S = 0.0, and N = 3 pellets per run. The sphalerite pellet density, 

pgph, was determined to be approximately 2.7 g/cm . Equation (B-l) is 

used to calculate as follows: 
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Qzn = (0.58)jTi(-^-)3(2.7)(3) 

with the result that = 0.918 g. Next Zw was estimated using 

equation (B-2): 

Zw = (1.658 - 1.315 - (1.394 - 1.307))( 
w 161.44 

with the result that Zw = 0.104 g. It was then possible to determine 

the desired quantity, Xgw, using equation (B-3): 

0.104 
Xsw ~ 0.918 

with the result that Xsw = 0.113. 

A second method, applicable for limed or unlimed pellets, made 

use of atomic absorption measurements for zinc in the diluted water 

filtrate. The atomic absorption (AA) readings were taken in dilute 

solution having concentrations registering less than one part per 

million or one microgram per milliliter. Thus these readings were 

f i  f l  assigned units of grams of zinc times 10 (g Zn x 10 ). The dilution 

procedures were recorded and the appropriate dilution factors, F, 

calculated. Equation (B-l) is again used to calculate the mass of zinc 

in a run. Then, the mass of water soluble zinc, Z^ is calculated 

simply as the product of the atomic absorption measurement and the 

dilution factor as follows: 
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ZAA = (AA)<f> <b"4) 

Finally, the percentage of water soluble zinc measureable using atomic 

absorption, Xg could be calculated as follows: 

ZAA 
Xs AA = 7T- (B_5) s.AA Qzn 

Example B-2. Again consider the situation where T = 700°C, dp = 

0.72 cm, and S = 0.0. The mass of zinc in this run is the same as in 

the previous example. The mass of the water soluble zinc fraction is 

calculated using equation (B-4) as follows: 

ZAA Cl -72  x 10~7)(6.25 X 105) = 0.1075 g 

It is then possible to calculate the percentage of water soluble zinc 

measureable by atomic absorption using equation (B-5) as follows: 

0.1075 „ , 
Xs,AA = ~~o7918~ ~ 0,117 

Partial Conversion 

Partial conversion data points were calculated from three 

independent experimental measurements; shrinking core diameters, solid 

mass remaining subsequent to treatment with dilute acetic acid 

solution, and atomic absorption measurements for zinc in dilute aqueous 

solution. The calculation procedures discussed here were applied to 

the raw data found in Tables A-l through A-18. 
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Core diameter measurements, dc, allowed partial conversion 

calculations, Xc> based on the unreacted sphalerite pellet volume, Vc, 

considered relative to initial pellet volume, Vp, as follows: 

V Att(—)3 
, _ v _ c _ 3 2 (B-6) 

Xc ~~v7 4 d 3 

p  iH- f )  

Cancellation of terras and rearrangement yields: 

Xc = 1 - (-1)3 (B-7) 

P 

Example B-3. Consider the 0.27 inch core diameter measurement where 

T = 700°C, dp = 0.72 cm, and S =0.0. This converted from inches to 

centimeters so that equation (B-7) can be used to calculate partial 

conversion as follows: 

v _ , ,(0.27)(2.54)n3 
c { (0.72) 

With the result that Xc = 0.136. 

For unlimed pellets only, weight measurements subsequent to 

dilute acetic acid wash, filtration, and drying provided an approximate 

measure for the mass of the unreacted zinc sulfide, corrected to 

account for insoluble impurities, and considered relative to the 

initial mass of zinc sulfide in a run, Wp. First the mass of insoluble 

impurities, W m̂p, was determined to be the insoluble mass remaining for 
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a full conversion run. This was subtracted from the mass remaining for 

all partial conversion runs, W, to provide the estimate for unreacted 

zinc sulfide, Wc, as follows: 

Wc = W - Wimp (B-8) 

The sphalerite is 58 weight percent zinc. If all the zinc is assumed 

to exist in the zinc sulfide form, then the sphalerite is 89 weight 

percent zinc sulfide. This figure allowed calculation of, Wp, as 

follows: 

Wp = (0.89^Tr(^)3psphN (B-9) 

Partial conversion could then be calculated as follows: 

Wc 
1 - ̂  (B-10) 

WP 

Example B-4. Again consider the situation where T = 700 °C, 

dp = 0.72 cm, S = 0.0, N = 3, and t = 1.5 minutes. Note that the 

30 minute, approximately full conversion run shows a remaining mass of 

0.119 g, considered to be insoluble impurity. This was subtracted from 

the remaining mass in this partial conversion run to provide an 

estimate of unreacted zinc sulfide using equation (B-8): 

Wc = 1.144 - 0.119 = 1.025 
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The initial mass of zinc sulfide in this run was calculated using 

equation (B-9) as follows: 

Wp = (0.89)iTT<-^-)3(2.7)(3) = 1.409 g 

Finally, the remaining mass partial conversion measurement, Xw, is 

calculated to be 0.273, according to equation (B-10). 

Atomic absorption provided a direct measure for the mass of 

unreacted sphalerite in an undiluted sample. Additional dilutions or 

solid fractions used are considered by the factor, F. The mass of the 

unreacted sphalerite portion is given simply by the product of the AA 

reading and the factor, F. The intial mass of sphalerite in a run, 

QSph, is given by the product of pellet volume, pellet density, and the 

number of pellets per run as follows: 

With this information it was possible to formulate an expression for 

partial conversion measureable by atomic absorption, XAA> given by: 

Example B-5. Again consider the situation where T = 700°C, 

dp = 0.72 cm, and S = 0.0. For the run where t = 1.5 minutes. Qsph is 

calculated using equation (B-ll) as follows: 

(B-ll) 

(AA)(F) 

Qsph 

(B-12) 
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Qsph = ̂ (^-)3(2.7)(3) = 1.583 g 

And the unreacted portion is: 

(AA)(F) = (0.634)(1.7) = 1.0778 g 

With the result that = 0.318, given by equation (B—12). 

Weight Average Partial Conversion 

Two methods were used to calculate an average value of partial 

conversion, dependent upon whether the calculated result was greater or 

less than 80%. 

If the average partial conversion was less than 80%, then the 

partial conversion measured by atomic absorption was given weight equal 

to the sum of the partial conversions estimated from core diameter 

measurements, characterized mathematically as follows: 

n 

X = (nXAA +l xci)/2n (B~13) 
1 

Where n is the number of core diameter based partial conversion 

measurements. For unlimed pellets only, partial conversions estimated 

based on measurement of the mass remaining after treatment with dilute 

acetic acid solution were given an average weight equal to one-third of 

the sum of the estimates attributed to the core measurements. This can 

be shown mathematically as follows: 
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(B—14) 

Example B-6. Consider the situation where T = 700 °C, dp = 0.72 cm, 

and S = 0.0. Based on the partial conversion data points calculated 

from raw data presented in Table A-l for the t = 1.5 minute run, the 

weight average partial conversion was calculated using equation (B—14) 

as follows: 

With the result that X = 0.315. 

Average partial conversions calculated using equations (B-13) or 

(B-14) which were found to be greater than 80% were then recalculated 

so that the partial conversion estimate based on atomic absorption was 

given no more weight than a single core diameter based value, 

characterized mathematically as follows: 

For unlimed pellets only, the remaining solid mass based values were 

again given a weight equal to one-third the sum of the values 

attributed to the core measurements, yielding: 

X = (3(0.318) + -(0.273) + 0.136 + 0.354 + 0.354)/. 
(7)(3) 

3 

n 
X = (XM + Z  Xci)/(n+l) (B-15) 

X = <XAA + jXw Xci>/< +̂ (B—16) 
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Example B-7. Now consider the 25 minute run for the same situation as 

in the previous example. The weight average partial conversion 

calculated based on the raw data recorded was performed using equation 

(B-16) as follows: 

X = (0.963 + 2 (0.989) + 0.981 + 0.985 + 1.000)/(( i)(3)  + 1)  

With the result that X = 0.984. 

Sulfur Capture 

The data desired here was that quantity of sulfur which was 

released and subsequently captured by the S02_lime reaction, plotted as 

a function of the weight average partial conversion, X. The total 

quantity of moles of sulfur escaping from the reactor, (l-Y)Ng, was 

calculated based on knowledge of the changed acid concentration in the 

3% hydrogen peroxide solution, determined using acid-base titration. 

This was formulated as follows: 

fl-V^N = ° f! 1*5 1 (B—17) 
( ' S ~T3 KOH + 

2 mole H 
mole S 

The total number of moles of sulfur in a run, Ng, can be determined 

because the sphalerite assay provides the sphalerite sulfur content, 

0.9857 moles of sulfur per 100 grams of sphalerite. This is formulated 

as follows: 
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0.9857 mole S.4 .dp.3 . . 

" s " <  100 g Sph W 

The total number of moles released by the reaction was estimated as the 

product of the moles of sulfur in a run, Qg, and the weight average 

partial conversion, X. Combining this knowledge with equations (B-17) 

and (B-18) it was possible to formulate the desired sulfur capture data 

point, Scap, as follows: 

XN„ - (1-Y)N<; 
Sep ? «-»> 

which was simplified to yield: 

Scap - X + Y - 1 (B-20) 

Example B-8. Consider the situation in Table A-3 where T = 700°C, 

dp = 0.72 cm and S » 1.0. At a total run time of 25 minutes the 

quantity of sulfur escaping is calculated using equation (B-17) as 

follows: 

(l-Y)Ng = (12'5 " 3'85)(0.0072)(-H) = 0.00187 mole S 

The total quantity of sulfur contained in the unreacted pellets was 

calculated using equation (B-18) as follows: 

Ng = (fli^I)(i)Tr(£lIi)3(2.7)(6) = 0.312 mole S 
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The fraction of the total sulfur which escaped is simply: 

^ Y>NS 0.00187 
1-Y = = = 0.0599 

Ng 0.0312 

and: Y = 1 - 0.0599 = 0.94 

The weight average value of conversion was previously calculated to be 

0.839 so that the sulfur capture data point could finally be calculated 

using equation (B-20) as follows: 

Scap = 0,839 + 0,94 " 1 = 0,779 

Parameter Estimation 

Molar Density Ratio 

Example B-9. The molar density ratio, Pg/P^ calculated according to 

the following: 

p„ pCa(0H) /MCa(0H)o 
_C 2 2_ ( B—21) 

^sph^sph 

The quantity is a the reciprocal of the sphalerite sulfur content 

calculated as follows, 

M , 100 « . 101.45 * "PK 
sph 0.9857 mole S mole S 

Substitution of the remaining quantities yields the molar density ratio 

using equation (B-21) as follows: 
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PC _ (0.6763)/(74.08) _ 0.00913 _ 

^ ~ (2.7)/(101.45) 0.0266 

Note that Pc = 0.00913 and PB = 0.0266. 

Intraphase Diffusivity Ratio 

The intraphase diffusivity ratio was calculated using Chapman-

Enskog kinetic theory for mass diffusivity in a binary system 

formulated according to equation (16.4-13) of Bird, Stewart, and 

Lightfoot^ which is: 

t3<JT + JT> 
D = 0.0018583 - - (B-22) 
M  Pa2  a 

AB AB 

and: aAB = f^A + a B> (B-23) 

eAB " <EAe B'"2 <B"24> 

where: MA and Mg are the molecular weights of the diffusing gas species 

oA. 2^' an(* % are Leonard Jones parameters 

T is absolute temperature (°K) 

P is pressure (atm) 

fyyj is a dimensionless function of temperature and 

Example B-10. Consider the situation for sulfur dioxide diffusing 

through nitrogen at 700°C. The calculation of followed this 

procedure. It is known that the reactor pressure is 1.1 atmospheres, 
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absolute temperature is 973 °K, and the molecular weights of sulfur 

dioxide and nitrogen are 64.07 and 28.02 respectively. The Leonard-

Jones parameters for the gas species were found tabulated in Table B-1 

of Bird, Stewart, and Lightfoot. For sulfur dioxide G is 4.49 and 

e/k is 252. For nitrogen a is 3.681 and e/k is 91.5. Boltzman's 

constant is denoted by k. The average quantities and £^g were 

determined using equations (B—23) and (B-24) as follows: 

aAB = Y(4*29 + 3,681) = 3*9855 

= ((252)(91.5))1/2 = 151.85 
k 

Values of f^g were found tabulated as a function of kT/e^yj in Table B-2 

of Bird, Stewart, and Lightfoot. The value of kT/£̂ yj was calculated to 

be 6.41 from which £^g was found to have a value of 0.80305. All 

appropriate quantities were inserted into Equation (B—22) as follows: 

/(973)3( 1 + 1 ) 
D = 0.0018583 1 64,07 28.02— 

AB 2 
( 1 . 1 X 3 . 9 8 5 5 )  ( 0 . 8 0 3 0 5 )  

with the result the D^g is 0.910 cm^/s. The binary molecular 

diffusivity for oxygen diffusing through nitrogen was calculated 

similarly and found to be 1.389 cm^/s. The intraphase diffusivity 

ratio is given by its definition in equation (4-7), calculated to be 

0.66. 
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Sherwood Number 

To calculate a Sherwood number It was first necessary to estimate 

the quantities needed for calculation of the Schmidt and Reynolds 

numbers using Equations (4-52) and (4-53). Assuming that the gas 

behaves ideally the gas density could be calculated using: 

PM 
P " ™ (B-25) 
h* DT RT 

Next, the gas velocity was calculated as the measured volumetric flow 

rate divided by the cross-sectional area for flow, with a correction 

for the elevated reactor temperature. The cross-sectional area of the 

IT 2 
pellets (-rdT) was subtracted from the reactor tube cross-sectional area 

. 4 

to yield the cross-sectional area for flow. The formulation for this 

calulation is as follows: 

v T 
v = 

60 ((|)2 - &2)Tr 

(B-26) 

Where: T is the reactor temperature (°K) 

Tr is the room temperature (°K) 

v is the gas volumetric flow rate (cm /min) 

D is the tube diameter (cm) 

d^. is the overall pellet diameter (cm) 

The pellet diameters are known (Table 2-2) and the viscosity was found 

CO 
in the literature . Finally, the molecular diffusivity coefficient 
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was calculated using Chapman-Enskog theory as outlined in the previous 

section. 

With these quantities the Schmidt and Reynolds numbers could be 

calculated and inserted into equation (4-51) to yield a value for the 

Sherwood number. These values of Sherwood number were then corrected 

to account for the cylindrical wall effects. The cylinder to pellet 

diameter ratio, A, was calculated using: 

dT 
A - — (B-27) 

Correction factors, K, were found correlated as a function of this 

parameter as determined by Clift, Grace, and Weber^. These correction 

factors were used to adjust the Sherwood number and determine the final 

desired value as follows: 

Sh = — (B-28) 
a K 

Where: Sh_ is the adjusted value of Sherwood number a 

Example B-ll. Consider the situation where 0.72 cm pellets having 

stoichiometric lime coatings are roasted at 700°C and 1.1 atmospheres 

of pressure. The viscosity of air under these conditions is 

4.152 x 10"4 g/cm-s. The overall pellet diameter is 1.14 cm. The 

inside reactor tube diameter is 1.25 cm. The cross-sectional area of a 

9 o 
quartz boat is 0.0313 cm". Room temperature is 20 C. The average 

molecular weight of air, M, is 28.84. as calculated using Chapman-
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Enskog theory is 1.389 cm /s. The air density within the reactor is 

calculated using equation (B-25) as follows: 

( 1 . 1 X 2 8 . 8 4 )  4  3  

"  •  ( 8 2 . 0 5 X 9 7 3 )  "  " 7  *  1 0  g / C °  

Next the linear air velocity within the reactor is calculated using 

Equation (B-26) as follows: 

( 1 2 5 0 ) ( 9 7 3 )  
v  =  =  1 1 . 7 9  c m / s  

( 6 0 )  ( ( i l ^ ) 2  -  ( — ) 2 ) ( 2 9 3 )  

It was then possible to calculate the Reynolds number using Equation 

(4-52) as follows: 

( 3 . 9 7  x  1 0 " 4 ) ( 1 7 . 7 9 X 1 . 1 4 )  
Re = -  =  1 9 . 3 9  

( 4 . 1 5 2  x  1 0 ~ 4 )  

Also the Schmidt number could be calculated using equation (4-53) as 

follows: 

( 4 . 1 5 2  x  1 0 " 4 )  A , B < 1  
Sc = -  =  0 . 7 5 3  

( 3 . 9 7  x  1 0  ) ( 1 . 3 8 9 )  

Next, an uncorrected value of Sherwood number was calculated using the 

correlation with Reynolds and Schmidt numbers presented in Equation 

(4-53): 

Sh = 2.0 + 0.6(19.89)1 ̂  2 (0.7 5 3 )1 / 3 = 4.4 



The cylinder to pellet diameter was calculated as follows: 
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i*14 « X  = -= = 0.46 
2.5 

and the correction factor, K, found to be 0.94. Then the final desired 

value of Sherwood number was calculated using Equation (B-28) as 

follows: 

Sba" or"4-7 

Molecular to Intraphase Diffusivity Ratio 

The final value for this parameter at a given temperature is an 

average of twelve individually calculated values. 

Example B-12. Consider a single calculation for based on the 

half-life of reaction estimated for 0.72 cm, unlimed pellets roasted at 

700°C. The half-life estimate, ^i/2> will be taken to be 4.75 minutes. 

The Sherwood number was calculated to be 3.9. The binary molecular 

diffusivity of oxygen through nitrogen was calculated to be 

1.389 cm^/s. The molar sulfur density of sphalerite, pg, was 

calculated to be 0.0266 mole S/g sphalerite. The concentration of 

oxygen was calculated according to Equation (3-59) as follows: 

C. = (!.1)(0.21) = 6 mole/cm3 
Ao (82.05)(973) 

These quantities were inserted into Equation (4-57) as follows: 
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(0.11012)(0.0266)(0.72/2)2 

(6)(2/3)(2.89 x 10*"6) 
= 0.1878 cm^/s 

( 2 ) ( 0 . 0 2 6 6 X 0 . 7 2 / 2 ) 2  

<(4.75)(60) -
(6)(2/3)(2.89 x 10~6)(3.9)(1.389) 

This provided a single estimate for the diffusivity of oxygen through 

the zinc oxide solid. At 700°C, eleven other such estimates were 

averaged with this estimate to yield a value of equal to 

0.179 cm2/s. The molecular to intraphase diffusivity ratio, DAB* was 

then calculated according to its definition given in Equation (4-3) as 

follows: 

Lime to Zinc Oxide Diffusivity Ratio 

This parameter was determined by finding the value which most 

accurately correlated with the initial rates observed experimentally. 

A value of 5.0 at 750°C was observed to provide a very good 

approximation for initial roasting rates of limed pellets. The 

assumptions of no significant effect of microporosity on effective 

diffusivity and similar solid structure, independent of temperature, 

allow that the intraphase and molecular diffusivity ratios be the same 

for values at different temperatures. This is formulated as follows: 

DA4«1> dAB«1> 

°A4<T2> "DAB<T2> 
CB-29) 
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Example B-13. Consider the situations at 750°C and 700°C. At 750°C 

9 9 — 
it was determined that PAB is 1.51 cm /s, 0.196 cm /s, and 

is approximately 5.0. With this information it could be calculated 

that D^, the product of and ^4' *s cm^/s. At 700°C it was 

determined that D^g is 1.389 cm /s. Insertion of the proper values 

into Equation (B-29) and rearrangement yields the diffusivity of oxygen 

through the lime layer at 700°C as follows, 

DA4(700°C) = (0.98) = 0.9015 cm2/s 

At 700°C, D^2 is 0.179 cm^/s, and the lime to zinc oxide diffusivity 

ratio at this temperature is given by its definition in Equation (4-4), 

calculated to be 5.0, coincidentally the same value as at 750°C. 

Calcium Sulfate to Zinc Oxide Diffusivity Ratio 

At 750°C, the calcium sulfate to zinc oxide diffusivity ratio, 

Da3» was found to be in the range from 1.0 to 3.0 by fitting the data 

using the computer program. A series of three curves were generated 

using values of 1.0, 1.5, and 3.0. These were made consistent at 700°C 

and 800°C using a procedure similar to that in the previous section. 

It was assumed that the structural properties in the calcium sulfate 

layer are independent of temperature and the effect of microporosity on 

gas diffusion is neglected. With these assumptions the ratio of the 

oxygen diffusivities through calcium sulfate at different temperatures 

must have the same value as the bulk diffusivities at the same 

temperatures or: 



°A3<TP _°AB< tI> 

DA3(T2) DAB<T2J 

Calculations using this formula procede are the same as those for the 

lime to zinc oxide diffusivity ratio. 

Characteristic Time 

Example B-14. The characteristic time is defined according to the 

relationship indicated within equation (3-32). Consider the situation 

where 0.72 cm pellets are roasted at 700°C and 1.1 atmospheres of 

pressure. The bulk oxygen concentration was calculated using equation 

(3-59) and found to be 2.89 x 10""^ mole/cm^. At 700°C the diffusivity 

o 
of oxygen in the zinc oxide layer was estimated to be 0.179 cm /s. The 

roasting reaction stoichiometric coefficient is 2/3. The molecular 

density of sulfur in the sphalerite is 0.0266 mole S/g sphalerite. 

Inserting these values into equation (3-32) yields: 
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(B-30) 

(0.0266)(0.72/2) 
T = 

(6)(2/3)(2.89 x 10 b)(0.179)(60) 
= 27.8 min 



APPENDIX C 

RESULTS 

Contained in this appendix is a complete collection of graphs 

derived from the experimental data generated for this project. Section 

one contains weight average partial conversion data points plotted as a 

function of time, the best fit lines having been estimated and drawn 

through them. Section two contains all the partial conversion data 

points generated by different methods, the corresponding best fit line 

drawn through them. Section three contains model results for partial 

conversion as a function of time, compared with the corresponding best 

fit line determined from the experimental data. Section four contains 

comparisons of the the best fit lines, partial conversion as a function 

of time, for the parameter manipulations indicated. Section five 

contains the sulfur capture data points as a function of partial 

conversion, the best fit lines having been estimated and drawn. 

Section six contains comparisons of the best fit lines, sulfur capture 

as a function of conversion, for the parameter manipulations indicated. 
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SECTION 1 

Contained here is a complete set of sphalerite conversion profiles 

for all combinations of changed parameters; sphalerite pellet diameter, 

temperature, and lime loading. Circles indicate conversion data points 

calculated from unreacted sphalerite core diameter measurements. 

Triangles indicate data points determined from solid mass remaining 

after wet chemistry. The squares indicate data points derived from 

atomic absorption readings. 
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SECTION 2 

Contained here is a set of weight average conversion data 

points based on the data presented in section one and calculated 

according to the procedure outlined in Appendix B. 
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SECTION 3 

Contained here is a complete set of comparisons between 

experimental results and the mathematical model. The dashed lines 

represent roasting reaction behavior as predicted by the model. The 

solid lines were derived from the data. 
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SECTION 4 

Contained here are comparisons of experimental results for 

the parameter changes indicated. 
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SECTION 5 

Contained here is the complete set of sulfur capture data 

points collected for all runs performed with lime coated pellets. 
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SECTION 6 

Contained here are all comparisons between sulfur emissions 

capture data points, for the condition changes indicated. 
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NOMENCLATURE 

AA atomic absorbtion reading, g sph or ppm Zn 

CA oxygen concentration, mole/cm 

Caq oxygen concentration in the bulk, mole/cm 

dimensionless oxygen concentration 

Cg sulfur dioxide concentration, mole/cm 

O 
Cg0 sulfur dioxide concentration in the bulk, mole/cm 

Cg dimensionless sulfur dioxide concentration 

Cror concentration of potassium hydroxide used in 
titrations, N 

dc unreacted sphalerite core diameter, cm 

dp sphalerite pellet diameter, cm 

dT overall pellet diameter, sphalerite and lime coating, cm 

D reactor tube ID, cm 

binary molecular diffusivity defined by equation (B-22), cm /s 

O 
PA? effective oxygen diffusivity in zinc oxide, cm /s 

2 
effective oxygen diffusivity in calcium sulfate, cm /s 

effective oxygen diffusivity in calcium oxide, cm /s 

Dg2 effective sulfur dioxide diffusivity in zinc oxide, cm2js 

Dg3 effective sulfur dioxide diffusivity in calcium sulfate, 

cm^/s 

D^g molecular to intraphase diffusivity ratio defined by 
equation (3-19) 

°A4 lime to zinc oxide diffusivity ratio defined by 
equation (3-20) 
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DA3>D]$3 calc*um sulfate to zinc oxide diffusivity ratio defined by 
equations (3-21) and (3-22) 

D£ intraphase diffusivity ratio defined by equation (3-23) 

F dilution factor for AA correction 

kg mass transfer coefficient for gas film diffusion, cra/s 

K Sherwood number correction factor in equation (B-28) 

Mgph mass of sphalerite containing a mole of sulfur, g/mole 

Mcao molecular weight of calcium oxide, g/mole 

n number of successful core measurements in a run 

N number of pellets in a run 

Ng number of sulfur moles in a run, moles 

QSph mass of sphalerite in a run defined by equation (B-ll), g 

QZn mass of zinc in a run defined by equation (B-l), g 

r radial space coordinate of a pellet, cm 

r^ location of roasting reaction front, cm 

V2 location of sphalerite pellet surface, cm 

r^ location of SC^-lime reaction front, cm 

r^ overall pellet radius, sphalerite and lime, cm 

r^ dimensionless roasting reaction front defined by 
equation (3-27) 

r£ dimensionless sphalerite pellet surface defined by 
equation (3-28) 

r^ dimensionless SC^-lime reaction front defined by 
equation (3-29) 

r^ dimensionless overall pellet radius defined by 
equation (3-30) 

R roasting reaction rate defined as the flux of oxygen consumed, 

mole 0 /cm -s 



220 

Re Reynolds number defined by equation (3-52) 

S stoichiometric ratio of lime to sphalerite 

Scap proportion of sulfur in a run which is released and captured 

Sc Schmidt number defined by equation (3-53) 

Sh Sherwood number defined by equation (3-33) 

Sha Sherwood number adjusted for cylindrical boundaries according 
to equation (B-28) 

t1/2 50% sphalerite conversion time, min 

c3/4 sphalerite conversion time, min 

t9/10 sphalerite conversion time, min 

v linear gas velocity, cm/s 

r, 
v volumetric gas flow rate, cm /min 

•5 
Vc unreacted sphalerite core volume, cm 

VQ volume of potassium hydroxide solution titrated before a 
run, ml 

O 
Vp initial sphalerite pellet volume, cm 

Vt volume of potassium hydroxide solution titrated after a 
run, ml 

W mass of solid not soluble in dilute acetic acid, g 

Wa mass of solid remaining after water wash, g 

Wjj mass of solid prior to wet chemistry, g 

Wc mass of zinc sulfide remaining after wet chemistry, g 

mass of water soluble impurity at 800°C, g 

Wimp mass of dilute acid insoluble impurity remaining at full 
conversion , g 

Wp mass of zinc sulfide in a run defined by equation (B-9) 

X weight average conversion defined by equations (B-13) 

through (B-16) 
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XAA sphalerite conversion determined by atomic absorbtion 
according to equation (B-12) 

Xc sphalerite conversion determined from unreacted sphalerite 
core measurements according to equation (2-1) 

J^ sphalerite conversion determined by weight difference 
according to equation (B-10) 

Xg ̂  sphalerite conversion to secondary zinc sulfate product 
' measured by atomic absorbtion according to equation (B-5) 

Xgw sphalerite conversion to secondary zinc sulfate product 
measured by weight difference according to equation (B-3) 

1-Y proportion of total escaping sulfur in a run determined 
by equation (B-17) 

ZAA mass of water soluble zinc measured by atomic absorbtion 
and calculated according to equation (B-4), g 

Zw mass of water soluble zinc defined by equation (B-2), g 

a integration constant used to determine gas concentration 

profiles in equations (3-4) and (3-5), mole/cm 

3 integration constant used to determine gas concentration 

profiles in equation (3-5), mole/cm 

X pellet to reactor tube diameter ratio defined by 
equation (B-27) 

VI gas viscosity, g/cm-s 

Vj zinc sulfide stoichiometric coefficient in the roasting 
reaction, 2/3 

V3 calcium oxide stoichiometric coefficient in the SC^-lime 
reaction, 2 

p gas density, g/cm^ 

PB 

PC 

molar density of sulfur in sphalerite, mole/cm 

molar density of calcium oxide, mole/cm 

Pc/pB molar density ratio defined by equation (B-21) 



3 
sphalerite pellet density, g/cm 

characteristic time defined by equation (3-32) 
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