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ABSTRACT 

The emission of semi-volatile toxic metals from boilers and incinerators is a major concern. One 

potential method to control semi-volatile metal emissions is high temperature sorbent injection. 

In this work, binary combinations of two toxic metals and three sorbents- kaolinite, hydrated 

lime, and a paper waste-derived sorbent (PWDS), were examined qualitatively and 

quantitatively. PWDS is a novel material produced from the waste sludge of the paper recycling 

process. 

An aerosol size-fractionation technique was developed to discriminate between metal vapor and 

metal that is either condensed on or reacted with particles in the fiimace. A rapid-quench 

sampling system forces homogeneous nucleation to occur in the presence of other particles. 

Small nuclei generated from metal vapor are easily distinguished from metal reacted or 

condensed to larger particles. The aerosol size-fractionation technique was used to explore metal 

partitioning in the combustor. The longitudinal evolution of two mixtures, lead/cadmium, and 

cadmium/nickel, were examined. Based on this study, condensation and coagulation control 

aerosol processes in the furnace. 

Screening and parametric tests were performed to investigate the effect of injection temperature, 

sorbent/metal molar ratio and chlorine concentration on the capture of toxic metals by sorbents. 

In general, kaolinite and PWDS reacted rapidly with lead and achieved ~100% lead sorption in a 

short time while cadmium was absorbed rapidly by lime only. The lead/lime reaction appeared 
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to be slow compared to the other sorbents. In the presence of chlorine, the amount of lead 

captured by kaolinite and PWDS was significantly reduced. However, the small amount of lead 

absorbed by the lime seemed unaffected by chlorine. 

The reaction between lead and kaolinite was studied in detail. Lead capture increases with 

increasing sorbent feedrates and decreases with increasing chlorine concentration. The 

lead/kaolinite reaction appeared to be inhibited by higher temperatures. A simple global reaction 

model was proposed where the lead/kaolinite reaction product inhibits further reactions. Kinetic 

parameters were estimated from experimental results. The model was then modified to account 

for the effect of chlorine, the results of the model predict super-equilibrium concentrations of 

lead chloride vapor. 
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Chapter 1 

Introduction 

The emission of semi-volatile toxic metals from boilers and incinerators is a significant 

environmental and public health concern. These metals insinuate themselves into the 

combustion system either as part of the fuel, e.g. coal and biomass, or as a non-combustible 

fraction of materials undergoing 'thermal treatment', e.g. municipal or hazardous waste. At the 

high temperatures found in the flame zone, these metals escape from the residual inorganic 

material through vaporization where further chemical transformations may occur depending on 

the combustion environment. As the flue gas in the boiler or incinerator cools, several physical 

transformations occur which, in a simplistic sense, partitions the metals to submicron and 

supermicron particles. Since conventional air pollution control equipment like filter baghouses 

and electrostatic precipitators has collection efficiencies that are poorest for submicron particles; 

a fraction of these particles escape to the environment. Once in the environment these toxic 

metal laden particles pose a significant risk to human health. 

Several factors contribute to the risk presented by these particles. Long settling times associated 

with these particles generate increased dispersal distances and raise the probability of human 

exposure. For the same reasons that these particles escape capture in pollution control devices, 

they also penetrate the natural filtration techniques of the body and can settle deep with in the 
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lungs. Once deposited deep within the lung, long residence times result as the body attempts to 

expel the particles. However, the most troublesome factor may be that submicron particles 

emitted from combustion sources are enriched in semi-volatile metals. Generated by the gas-to-

solid transformation process, submicron particles have semi-volatile toxic metal concentrations 

that are significantly higher than the average metal concentrations in the ash of the original fuel. 

Furthermore, toxic metals are often concentrated at the surface of the particles. 

One possible method to control the emission of these particles is to prevent their formation. A 

sorbent powder can be injected at temperatures, which are above the toxic metal dew point. At 

these temperatures, the vapor can react with the particle and remove the vapor from the gas 

phase. The reaction process will prevent subsequent nucleation and condensation processes that 

occur as the combustor cools. Since the large sorbent particles are more easily removed from the 

gas stream, the metal is contained within the system. Furthermore, the product of the reaction 

between metal and sorbent may be easily disposed than the unreacted metal. 

This work examines the interaction between metal vapors and sorbents in combustion systems. 

The systems that were examined include lead/kaolinite, lead/lime, and cadmium/kaolinite. A 

significant challenge in this work was to quantify the extent of reaction between metal and 

sorbent. Since most sampling techniques require extraction and analysis at room temperatures, 

the effect of condensation is important in determining accurate reaction rates between sorbent 

and metal vapor. To accomplish this task, an aerosol fractionation technique was developed. 

Therefore before conducting the metals/sorbent studies, a systematic study of metal aerosol 
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formation was performed during which the sampling techniques were validated. Then the 

aerosol fractionation technique was applied in screening tests to investigate possible interactions 

between single metals and single sorbents. Finally, the reaction mechanism and reaction rate 

parameters for the lead/kaolinite/chlorine system were examined in detail and quantified. 

1.1 The nature of the problem 

The emission of toxic elements from boilers and incinerators is a major concem and is regulated 

by several laws. Of particular concem are the semi-volatile toxic metals like lead, cadmium, and 

arsenic. These metals have properties such that they both vaporize and condense within 

combustion systems. This process partitions the metal between particle in the supermicron and 

submicron sizes. While supermicron particles are easily collected, submicron particles can 

penetrate conventional air pollution control systems and escape into the environment. Once in 

the environment, submicron particles can travel over long distances due to large settling times. 

These particles can defeat the natiu^ filtration systems of the body, and deposit deep in the lung 

where the particles are difficult to expel. Another issue of concem is the disposal of material that 

is collected in baghouses and electrostatic precipitators. The metals associated with the 

collectable fly ash may leach into groundwater when deposited into a landfill [1]. 

I.I.I Sources of metals in comb ustion systems 

Fourteen 'metals' are regulated by law in the United States of America. These elements, shown 

in Table I.l, are regulated by either the Resource Conservation and Recovery Act, (RCRA) or by 
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the Clean Air Acts (CAA) [2]. Under these regulations, the toxic element emissions are 

regulated from incinerators, boilers, and industrial furnaces. RCRA regulates the emissions from 

combustion systems that destroy hazardous wastes within the United States of America. The 

Clean Air Acts regulate the emission of several hazardous air pollutants from most other 

combustion sources not covered under RCRA. Table 1.1 lists toxic elements that are regulated by 

RCRA and CAA (adapted from [2]). 

It is important to note that while these elements are commonly referred to as 'toxic metals'; 

several of these elements, i.e. arsenic and barium, are only metallic in nature and are considered 

metalloids. For the purposes of this work, toxic metals and toxic elements will be used 

interchangeably. 
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Element RCRA regulated CAA regulated 

Antimony Yes Yes 
Arsenic Yes Yes 
Barium Yes No 

Beryllium Yes Yes 
Cadmiiun Yes Yes 
Chromium Yes Yes 

Cobalt No Yes 
Lead Yes Yes 

Manganese No Yes 
Mercury Yes Yes 
Nickel Yes Yes 

Selenium Yes Yes 
Silver Yes No 

Thallium Yes No 

Table 1.1: List of regulated elements under CAA and 
RCRA[3] 

These toxic metals enter the feed stream of combustion systems usually as part of the fuel or as a 

waste destined for destruction. Table 1.2 shows representative compositions for coal, wood, and 

municipal waste that are found in the United States of America. These values should be 

considered with caution as each stream's composition can vary greatly depending on geography, 

seasonal conditions and/or process conditions [3]. However, several aspects of Table 1.2 are 

interesting. In general, MSW contains significant quantities of all toxic metals with the notable 

exception being beryllium. Among the most prevalent toxic elements are lead, nickel, and 

chromium. These metals enter the waste streams in the form of surface coatings, solder, and 

galvanized metals [4]. Alternative sources of lead include batteries and pigments. While not as 

prevalent, cadmium primarily enters as part of plastics and pigments [5]. 
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Trace element Eastern Coal 

(bituminous) 

Western Coal 

(subbituminous) 

Wood MSW 

Antimony 0.06 .2 BDL 

Arsenic 3.9 2 0.23 6.5 

Barium 30 6.5 325 

Beryllium 0.6 .2 0.3 

Cadmium 0.44 0.06 0.08 12.8 

Chromium 23 12 1.1 188 

Cobalt 2.6 0.43 11.9 

Lead 5.6 1.4 1.9 850 

Manganese 51 6 390 

Mercury 0.15 BDL 2.1 

Nickel 15 14 .55 1610 

Selenium 1.6 3 .25 6.6 

Table 1.2: Typical compositioas of coal, biomass, and municipal waste. [3] 

Toxic metal concentrations in wood and coal are relatively low when compared to MSW. 

However, a significantly larger amount of coal and biomass is fired in boilers and fireplaces 

every year. For example, while mercury is not present in significant quantities in coal, the 

volume of coal combustion has been cited as the primary reason for mercury accimiulation in the 

environment [6]. 

Many other combustion streams contain significant toxic metal concentrations. Sewage sludge is 

particularly notable for the high concentrations of arsenic, cadmium, lead ,and nickel [7]. Fuel 

oil contains significant concentrations of several elements that can be augmented by deliberate 

doping of transition metals and alkali-earth metals for soot suppression [3, 8]. By definition. 
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hazardous waste often contains most or all of these toxic metals; the presence of these metals is 

determined by the process(es) from which the waste is derived. An excellent review of waste 

incineration, as well as the metal distributions in various combustion streams, was published by 

Linak and Wendt [2]. 

1.1.2 Metal Transformations 

Upon entry in to the high temperature zone of a boiler and incinerator, toxic metals may undergo 

several transformations. These transformations depend greatly on the combustion environment 

throughout the system. Figure 1.1 illustrates the partitioning mechanisms of the metals from 

various friel types. Metals enter the combustor and begin transforming along two major 

pathways. Along one pathway, metals vaporize and then condense to their final size fraction. 

Submicron particles form by homogenous nucleation and subsequent condensation/coagulation 

processes. Along the other pathway, submicron particles form by a fragmentation process. 

Larger particles can form submicron particles by attrition or explosive fragmentation. 

Toxic metals can be classified into three general classes based on their bulk volatility in a 

combustion system. Refractory metals, like nickel or chromium, have low vapor pressures at 

combustion temperatures and thus do not vaporize under normal conditions. By contrast, a 

volatile metal, such as mercury or selenium, has a high vapor pressure at all temperatures within 

combustion systems. Lastly, semi-volatile metals are those elements, which vaporize at the high 

combustion zone temperatures and subsequently condense within the combustor [2, 9]. 
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By basing a classification system on relative volatility, crude predictions may be made about the 

metal partitioning in the efiQuent stream. Roughly speaking, one would expect that refractory 

metals would remain with the bottoms ash. Semi-volatile metals should be found as part of the 

fly ash and volatile metals should escape as vapor if not absorbed by outlet wet scrubbers. 

However, as with many simple approximations, metals do not behave so predictably. Several 

other factors control the vaporization and transformation processes. 

The presence of chlorine in the feed stock greatly impacts the partitioning behavior of these 

metals. Several authors note that the effect of chlorine often allows refractory metals to vaporize 

at combustion temperatures [10-12]. Equilibrium predictions indicate that in the case of nickel, 

the dew point of the metal is reduced by as much as 200K by the presence of chlorine. 

Downstream partitioning is also affected. Arsenic, which is considered a semi-volatile metal, 

remains volatile throughout the combustor in the presence of chlorine [13]. 

However, chlorine is not alone in its effect on the partitioning of metals. Sodium and water 

content appear to have a significant effect on the partitioning between oxide and chlorine in 

waste incineration. Through an equilibrium analysis, Durlak and co-authors [14] concluded that 

the decreases in the sodiiun and water content affected the partitioning of lead between fly ash 

and bottoms ash. At temperatures of 950°C, a slight increase, 55% to 68%, of the predicted 

percentage of total lead found in the fly ash was reported with a change from 37% to 5% of the 

waste moisture content. A more significant change, 35% to 60% of total lead in fly ash, was 
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reported for a decrease in the waste sodium content (6650ppm to 4500ppm). Furthermore, one 

prevalent theory in coal systems cites a local reducing environment as a mechanism to volatilize 

certain metals [15]. 

Another factor that affects the partitioning behavior of the metals is its form of occurrence in the 

fuel or feedstock. An element may be 'vaporized^ at temperatures below its dew point by the 

destruction of the organic matrix in which it resides. A notable example is the combustion of 

fuel oil where a significant amount of nickel is found among submicron particles [8]. An 

element may artificially have a low dew point if chemically bound to a refractory compound. 

For example, reactive components of coal ash, silicates and calcium compounds, can partition 

several metals to supermicron ash particles [16, 17]. 

1.1.3 Health effects 

The prevalence of trace metals in combustion systems has led to significant concerns about 

impacts on human and environmental health. The emission of mutagenic, carcinogenic or 

acutely toxic elements is an obvious concern. The primary reason for regulations concerning the 

toxic metal emissions is the numerous deleterious effects that these metals have on human 

health. Vouk and Piver [18] reviewed the carcinogenicity and mutagenicity of several metals 

found in fossil fuel combustion. Among the elements found in combustion, nickel, arsenic, 

cadmium and chromium were identified. Having acute and long-term health effects, lead is a 

another metal of concern. Lead emissions from the incineration of waste crankcase oil cause 

significant mortality in mice during health effects studies performed by Mumford and co-
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workers [19]. However, recent studies on particulate health effects have led to even more 

concerns about fine and ultra-fine particles from combustion systems [20]. 

1.2 Sorbent injection 

One proposed approach to control emissions of these particles is the injection of a dry powdered 

sorbent into the combustor at high temperatures. The dry powdered sorbent would act to capture 

metal vapor on supermicron particles thus preventing subsequent transformations that would 

form submicron particles. The metal capture by the sorbent particles could then be easily 

collected in conventional air pollution control systems, such as baghouses and electrostatic 

precipitators. Further benefit may be derived by reactions that occur between metal vapor and 

sorbents. The reacted metal-sorbent products may be relatively non-leachable, which could ease 

the problem of disposal. 

Many researchers have demonstrated that various metals may be captured by sorbents. The 

seminal work in this area was performed by Uberoi and Shadman [21, 22]. In a small benchtop 

reactor, they demonstrated that materials like bauxite and kaolinite were capable of adsorbing 

either lead or cadmium at temperatures above the dew point of the metal (~1000K). However, 

reaction times were found to be on the order of hours and clearly not appropriate for use in 

combustion systems. These bench top experiments were performed by vaporizing a metal 

chloride and exposing the resulting vapor to sorbent flakes that were suspended on a micro-

balance. According to these experiments, alumina and bauxite, primarily composed of AI2O3, 
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were much better than all other sorbents at capturing cadmium. By contrast, several 

aluminosilicate materials were good at capturing lead. KaoUnite was reported to have a small 

advantage in these experiments. Reaction products of cadmium and lead interactions with 

kaolinite were identified by X-ray diffraction techniques to be Cd0 Al203-2Si02 and 

Pb0Al203-2Si02. 

Scotto extended this work to focus on the reaction of lead and kaolinite at higher temperatures 

(~1300K) [23]. The reaction process appeared to cause the kaolinite particles to melt, which 

further suggested a reaction mechanism. The melting was attributed to the formation of a 

eutectic phase. The characteristic reaction time was reduced to the order of seconds. The 

presence of chlorine in the system was found to slow the reaction and probably contributed to the 

long reaction times observed by Uberoi and co-workers[21]. This work was further expanded by 

others to include systems of nickel, lead, and cadmium [11]. Of particular interest was the 

determination that cadmium could be adsorbed by both lime and kaolinite at high temperatures. 

The cadmium capture at high temperatures was promoted by melting which was observed in the 

experiments. Nickel was only found to be captured in the presence of chlorine when 

vaporization occurred. 

Other researchers have examined the interaction of lead and other materials with sorbent. Chun 

and co-authors [24] examined the capture of lead and barium by kaolinite while incinerating a 

simulated lubricating oil. Gullet and Raghunathan [25] examine the application of sorbents to 
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coal combustion. In a series of experiments where the effect of injection was evaluated, various 

sorbents (hydrated lime, limestone, and kaolinite) were able to reduce the submicron amounts of 

lead, cadmium, mercury, selenium, arsenic and antimony. 

Most studies have centered on the use of powdered sorbent injection. However, the use of these 

particles may allow mass transfer effects to prevent complete usage of the sorbent. One 

altemative technique was proposed by Owens and Biswas [26]. Instead of injecting a powder 

downstream of the flame, a sorbent precursor is injected with the fuel. The vapor phase 

precursor, hexamethyl disiloxane, is rapidly converted to silicon dioxide in the flame. As a 

vapor, homogenous chemistry should dominate and heterogeneous mass transfer effects would 

be negligible. Several experiments were performed which demonstrated that the lead was 

captured with the injection of the precursor. It is important to note that the primary particle size 

of the lead/silicate product was submicron. 

The adsorption of other metals has also been studied. The kinetics of hydrated lime reactions 

with selenium and arsenic were studied at mediimi temperature by several authors located at 

Ohio State University. [27-29]. These studies were novel in that kinetic information was 

gathered for the reactions at medium temperatures. Mercury control by TiOa with UV irradiation 

was studied by Wu and Biswas [30]. Mercury capture was accomplished by Ti02 particles when 

exposed to UV radiation in the presence of mercury vapor. 
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In addition to the work performed to control toxic metals, the use of kaolinite to control sodium 

vapors has been studied. Sodium is often present in relatively large quantities, and contributes to 

scale formation in boilers. Kaolinite was studied as a sorbent to control sodium vapor. Sodium 

was found to behave similarly to lead in the presence of kaolinite. Sodium was reactively 

captured by kaolinite and formed a eutectic melt on the surface of the particle [31, 32]. Wu and 

coworkers [33] examined the use of sorbents to control lead, sodium and acid gases 

simultaneously. Using multifunctional sorbents composed of a mixture of lime and kaolinite, 

simultaneous control was attained at medium temperatures. 

1.3 Objective 

Several studies have been conducted to investigate the interaction between sorbents and toxic 

metals. Uberoi [21, 22] determined that the reactions of lead and cadmium did occur with 

various sorbent, although the presence of chlorine and the medium temperature resulted in long 

reaction times. Scotto [34] extended the work to high temperatures and qualitatively 

demonstrated that kaolinite rapidly absorbed lead. Furthermore Scotto demonstrated that 

chlorine at high temperatures reduced the amount of lead captured by kaolinite. Additionally the 

capture of nickel, lead and cadmium by a variety of sorbents was explored by Linak and co

authors [11]. This work builds on the observations of Uberoi, Scotto and Liank. Binary 

combinations of the metals — lead and cadmium, and sorbents- kaolinite, hydrated lime and a 

paper-waste derived sorbent are examined through a series of screening and parametric tests. 
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The objective is to extend the qualitative and quantitative knowledge about toxic metal/sorbent 

interactions. 

1.3.1 Approach 

Metal/sorbent interactions have been studied by at least two different techniques, differential 

packed bed and dispersed phase plug flow reactor. Each technique has advantages and 

disadvantages, which must be considered. For example, the packed bed reactor has the 

advantage of experimental simplicity, but is challenged to produce the residence times and 

temperatures required for this study. A dispersed phase reactor can attain practical times and 

temperatures but presents challenges in sample extraction and analysis. 

A differential reactor system was used to study selenium interactions with calcium-based 

sorbents [29]. An isothermal, externally heated, bench scale reactor was constructed in which 

selenium vapor in dry nitrogen was drawn through a packed bed of lime. The method of initial 

reaction rates was performed to gather reaction rate information. While simple to construct and 

operate, a differential packed bed system has some disadvantages. Careful construction of the 

packed bed must be exercised to prevent channeling and to ensure uniform mass and heat 

transfer. Furthermore, differential reactors do not perform well in situations where the 

heterogeneous (sorbent) phase undergoes structural transformations. Researchers [11, 34] have 

observed that metal/sorbent reactions cause sorbent particles to melt. 
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Another experimental method was used by Mwabe and Wendt to study sodium capture by 

kaolinite [32]. Kaoiinite powder was injected into a laboratory-scale, plug flow fiimace 

downstream of the flame. Samples were isokinetically extracted below the dew point of the 

metal and analyzed. This technique has the advantages of a dispersed phase, internally fired 

(natural gas flame) furnace. The technique avoids the complications introduced by particle 

melting caused by the sodium/kaolinite interaction. Higher temperatures, which are attainable 

within the internally fired furnace, allow a greater range of temperatures to be explored. 

Realistic residence times and the ability to extract information at various extents of reaction 

allow for the consideration of more complex kinetic models. However, there are distinct 

disadvantages. Under certain conditions, the apparent capture rate may be limited by the 

transport of metal vapor to the surface of the particles. Because a non-isothermal reactor is used, 

the condensation and reaction products must be distinguished. In the case of sodium/kaolinite 

interactions, the condensation product, NaOH, was water-soluble while the reaction product, 

Na20 Al203-2Si02, was insoluble. Condensation and reaction products were easily separated by 

water extraction. Unfortunately, other toxic metal/sorbent systems do not exhibit such 

convenient behavior, either because the condensed specie, i.e. lead oxide and cadmium oxide, is 

not readily soluble or because the sorbent (lime) is water-soluble. Therefore, another technique 

is required to quantitatively assess extents of reaction. 

In this work, experiments were performed in large laboratory combustors similar to that used by 

Mwabe and Wendt [32]. Sorbents are dispersed into the flue gas by pneumatic injection into the 
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post-flame region. Samples were extracted above the dew point where condensation in the 

furnace would not be a consideration. A technique was developed that suppresses the 

condensation of toxic metals to sorbent particles in the sampling system. By forcing 

homogeneous nucleation to form small particles, metal vapor that enters the probe is easily 

distinguished from metal reacted to the large sorbent particles in the combustor. 

1.3.2 Experimental Overview 

To accomplish the objectives of this work, several studies were performed in a prelude to the 

systematic studies of metal/sorbent reactions. These studies were conducted to understand the 

important aerosol processes in the furnace and aerosol sampling systems. In effect, is it possible 

to distinguish particle size distributions generated by nucleation, condensation and/or 

coagulation in the probe or furnace? Furthermore, is it possible for the rapid-quench technique 

to force homogeneous nucleation (and prevent heterogeneous condensation) in the presence of a 

pre-existing particle population, such that the vapor and solid phases in the furnace can be 

distinguished? A systematic study was conducted examining the interaction of two condensing 

semi-volatile metal (lead/cadmium) and of a vapor (cadmium) condensing in the presence of a 

pre-existing particle population that is composed of a non-reactive refractory metal (nickel). 

Based on the results of the preliminary study, a technique, aerosol size-fractionation, was 

developed to measure the reactive capture of a semi-volatile metal by sorbent particles. A series 

of screening studies were performed which examined the single metal/single sorbent interactions. 

From the screening studies, a systematic study of the lead/kaolinite system was performed. For 
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this system, global reaction mechanism and pertinent kinetic parameters were determined. 

Lastly, since practical systems will contain multiple semi-volatile toxic metals, a screening study 

was performed which examined the simultaneous interactions of multiple semi-volatile metals 

with hydrated lime and kaolinite. 
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Chapter 2 

Sorbents 

Several sorbents have been studied as potential sorbents for toxic metal absorption in combustors 

[11, 21, 22, 24-30, 33-38]. These sorbents are usually one of two materials: clays or limes. 

Clay-based sorbents are mixtures of aluminum oxide and silica oxide at various concentrations. 

Lime and limestone derived sorbents have been used for many years to control the emission of 

sulfur dioxide and to a lesser extent hydrochloric acid. In this work three sorbents were used, 

hydrated lime, kaolinite, and a paper waste derived sorbent (PWDS). 

The paper waste derived sorbent is a novel material made from the waste sludge of the paper 

recycling process. Manufactured by CDEM B.V. of the Netherlands, the PWDS is composed of 

mineral matter recovered from paper sludge. A low-temperature fluidized bed combustor 

efTectively regenerated the minerals while consuming the residual organic matter. The recovered 

material is a mixture of calcium carbonate and kaolinite and is an excellent cement additive. 

However, based on its composition, the PWDS may also be an effective sorbent. 

The composition of the three sorbents considered in the work are shown in Table 2.1. Note that 

the PWDS is essentially a mixture of kaolinite and lime sorbents. 
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Calcium 
Hydroxide 

ICa(OH)xl 

Calcium 
Carbonate 

[CaCOjl 

Major Kaolinite 
[AljO, ISiOj-ZHzO] Sorbent Impurities 

1-2% ti02 Kaolinite 

0.2 FeO 
0.3 AI2O3 

Hydrated Lime 

PWDS 0.1 tioi 1% (22% CaO) 

Table 2.1: Summary of sorbent concentrations [wt%] 

2.1 Kaolinite 

Kaolinite is a common mineral with many industrial and commercial uses. Commercially, 

kaolinite is used as a primary component of paper fillers and coatings. Industrially, kaolinite is 

an important material in the production of ceramics, and fiberglass. Kaolinite is used as an 

expander and functional filler in the plastics industry where it serves to enhance the mechanical 

and chemical functionality of many plastics. Kaolinite is also used as a white pigment replacing 

titinia dioxide in the production of white rubber. Because of its industrial and conmiercial value, 

the properties of kaolinite have been well studied. Of particular interest to this work is the 

process of calcination. Calcination is the process whereby chemistry and crystalline structure of 

the mineral is modified by exposure to increased temperatures [39]. 

2.1.1 General description 

Kaolinite is a yellowish white mineral, which is mined from kaolin clay deposits throughout the 

world. The United States of America is the top producer of the mineral with the most mining 
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activity centered in Georgia. The common formula for kaolinite is Al203-2Si02-2H20; however 

it is often cited by the empirical formula Al2Si20s(0H)4. The use of the empirical formula 

emphasizes the structure of the material. 

Kaolinite is usually found to be composed of a series of stacked platelets. Figure 2.1 shows the 

typical structure of well-ordered kaolinite. The platelet structure results from the characteristic 

crystal structure of kaolinite. The idealized structure of kaolinite, illustrated in Figure 2.2, is 

composed of alternating layers of silicon oxides and aluminum oxides where aluminum ions are 

terminated by hydroxyl groups. Each aluminum atom is octahedrally coordinated by oxygen and 

each silicon atom is tetrahedrally coordinated by oxygen. While the structure of kaolinite 

described above is typical, the properties of the mineral vary greatly with the relative disorder of 

the mineral. A disordered kaolinite is one which exhibits poor crystallization and a large nimiber 

of small grains (large stacking fault density). 



Figure 2.1: FESEM picture of unfired kaolinite particle from B40 sample 
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SILICA 
LAYER 

ALUMINA 
LAYER 

Figure 2.2: Typical crystal structure of kaolinite 

2.1.2 Phase transformations 

Kaolinite is one of several possible crystal structures for a mixture of aluminum oxide and 

silicon oxide. To promote phase transformations of kaolinite, the mineral is systematically 

exposed to high temperatures to modify the crystal structure of kaolinite. This process is 

commonly referred to as calcination. Since a sorbent material is injected at high temperature, 

calcination is an important process to understand. 

Since metals/kaolinite reactions occur at high temperatures, the calcination process may impact 

the reactivity of kaolinite. There are two types of calcination processes. A ramp-soak approach 

is the most common and well-studied calcination process. The material is exposed to gradual 

temperature increases until a target temperature is attained. Once the target temperature is 
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reached, the material is held at that temperature for hours. Note that ramp-soak calcination is 

roughly analogous to the experimental procedures of Uberoi [21, 22] where test sorbent is held at 

medium temperatures for long times. The second process is called flash calcination. Here 

kaolinite is rapidly introduced to the high temperature environment and then rapidly quenched to 

room temperature a short time later (-1-2 sec.). This process is similar to the process that 

kaolinite undergoes in high temperature sorbent injection. These processes produce different 

products and each is discussed separately. 

The popularity of the ramp-soak approach has led to large amounts of infonnation about the 

temperature dependent behavior of kaolinite. In general, kaolinite undergoes a series of 

transformations until mullite is reached at high temperature. It should be noted that these 

transformations are somewhat dependent on the crystalline nature and impurity concentration of 

the mineral [40, 41]. Under a ramp-soak approach, kaolinite follows the reaction sequence 

shown in Figure 2.3. 

-ROOK 
Kaolinite 

[ai203-2si02-2h20] 

~1200k 
Metakaolinite 
[al203-2si02] 

alumina-silica defect 
spinel phase + free 

SiO: 

-nooK 

Mullite 
[salaoj-lsioj] 

Figure 2.3: Phase transformations of kaolinite 
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As kaolinite is heated, several transformations occur to the surface and structure of the particle. 

At approximately 300°C, the surface of the particle can change slightly due to the desorption of 

physically adsorbed water. As the temperate increases, crystalline changes occur to the particle. 

Between 400°C and 600°C, dehydroxylation begins to occur along the edges of the crystal and 

parallel to the major crystal plane (001) [42]. The activation energy for this reaction is 

approximately 60-235 kJ mol-1 [41, 43]. Furthermore at low temperatures, this reaction is 

limited by surface diffusion of hydroxyl and hydrogen. At high temperatures, this process 

becomes controlled by diffusion through the product layer and appears to have zero-order 

behavior [44]. This endothennic reaction yields a new structure called metakaolinite. The 

metakaolinite structure is composed of tetrahedrally coordinated aluminum-oxygen complexes. 

The aliuninum-oxide surface has been forced to match the unaffected silicon oxide surface. 

Under ramp soak conditions, the overall shape and structure of the particle remains unchanged 

[45]. At temperatures of 950''C, metakaolinite begins to re-crystallize to form an alumina-silica 

defect spinel with firee silica. In this structure, the aluminum atoms have relaxed to octahedral 

coordination. The spinel structure has a cubic structure which can be viewed as consisting of 

eight smaller cubes. In each of the eight smaller cubes, the oxygen ions are located in the normal 

face-centered cubic positions [46]. Once the temperature breaches I050°C, the exothermic 

reaction forming mullite formation begins and more silica is expelled from the crystal. Mullite 

formation begins with the nucleation within the silica-rich spinel phase. The process is controlled 

by the diffusion of the components around the nucleation site. The apparent activation energy is 
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highly dependent on the structural state of the starting kaolinite and varies from 380-530 

kJ-mof'. The time for the particle to reach a certain amount of homogeneity is inversely 

dependent on the stacking fault density [47]. 

As opposed to the long ramp-soak procedure, flash calcination occurs as the solid is heated 

rapidly, held at temperature for a short time, and then cooled rapidly. Typical flash calcination 

occurs for 0.2-2.0 seconds at temperatures ranging from lOOOK to I700K. The properties of the 

flash calcined are quite different from the properties of the ramp-soak even if the kinetics within 

the solid at high temperature are quite fast [48]. Flash calcination produces particles that are 

well dehydroxylated, contain little mullite, have reladvely low density, and contain small internal 

voids. 

The structural differences between the ramp-soak and the flash calcined kaolinite are caused by 

the short residence times. Two industrially important properties are generated in flash 

calcination- internal voids and low density. In flash calcination processes, rapid heating causes 

steam formation within the particles. The steam formation rate is much greater than the rate of 

diffusion along the platelet boundary. Steam escapes explosively, creating small surface blisters 

and intemal voids within the particle. The size of these features is approximately that of the 

wavelength of light; thus, the opacity of the particle, a desired property in a coating, are 

enhanced [49]. Typically under ramp-soak conditions, the structure of the kaolinite drastically 

changes due to collapse of the crystal after dehydroxylation. An ideal kaolinite structure has a 
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specific gravity of 2.64 and metakaoiinite with a 14% weight change on dehydroxyiation has an 

ideal specific gravity of 2.27. Under ramp-soak conditions, the specific gravity may rise to 2.8. 

However, flash calcination generates a specific gravity as low as 2.3 depending on the 

temperature and time of the process [50]. 

The short residence time also affects the crystal transformations within the particle. The 

dehydroxyiation of the particle proceeds as described; however, the degree of dehydroxyiation is 

an important parameter. For kaolinite particles with diameters of 90% less than 2^m, the best 

dehydroxyiation occurred at highest temperatures and fastest heating rates [43]. At heating rates 

of ISOOGK/s and 1300K, the particles attained 95% dehydroxyiation at a residence time of 0.5 

seconds [51]. In all cases, near complete dehydroxyiation (>90%) was attained by 1.5 seconds in 

the reactor [51]. In addition to dehydroxyiation, a major concern is the formation of muUite 

within particles. Given enough time at the high temperatures of fiash calcination, mullite 

transformations occur and dominate the crystal structure. However, flash calcination produces 

no detectable mullite under any reported conditions [40, 51]. In fact, flash calcined kaolinite is 

relatively amorphous to X-rays, but has electron diffraction patterns similar to the parent 

kaolinite. High-resolution NMR studies verify the lack of mullite and cristobilite formation 

within the particles [40]. If the product of the flash calcination is subsequently soak calcined, 

progress is significantly slower than would be expected for a raw kaolinite [51]. 
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2.1.3 Effect of Mineralizers on Kaolinite Transformations 

As mentioned previously, the presence of impurities in the kaolinite crystal structure has a 

dramatic effect on transformation at high temperatures. Many impurities act as mineralizers, 

which catalyzed the phase transformations of kaolinite. While there is disagreement about the 

exact mechanism, mineralizers act to accelerate the mullite formation process by either 

promoting the spinel phase at lower temperature or by directly promoting mullite formation. 

Experimentation in this area is usually conducted by physically mixing an inorganic nitrate into a 

kaolinite sample. The mixture is than oxidized at a relatively low temperature and subsequently 

heated to high temperature in a ramp-soak approach. 

Three classes of mineralizers have been observed by researchers [52]. Class 1 contains 

mineralizers with no definite selectivity between spinel and mullite phases. This class is 

characterized by LizO, NajO, and K2O. Class 2, which contains MgO and ZnO, promotes the 

formation of a spinel type phase while class 3 mineralizers like CaO and CuO promote direct 

mullite formation. In general, the presence of mineralizer acts to change the melting point of the 

particle; this change promote the formation of the new phase. As the reaction proceeds, the 

substitution of the mineralizer into the crystal structure causes local melting to occur. Melting 

promotes phase transformations by increasing the atomic mobility. The melting point can 

actually be increased or decreased depending on the mineralizer. For example, CaO raises the 

transformation temperature while K2O lowers the transformation temperature. Upon inspection 

of the phase diagrams for these systems, it is apparent that these transformations are driven by 
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the eutectic point of the system. Calciimi aluminosilicate systems has a eutectic point that is 

~'1600K and the potassium systems has a eutectic temperature of ~1273K. 

This effect has been seen for the systems of containing lead. An early study contacted a 

sapphire crystal and a kaolinite crystal at high temperature [53]. The difiiision of the lead ions 

across the interface caused the kaolinite crystal to melt and promoted the formation of a muUite 

phase. Figure 2.4 is the phase diagram for the lead aluminosilicate system. 

2.1.4 Implications for Sorbent Research 

Basic research on the effects of flash calcination and mineralizers has many implications for 

sorbent research. The two calcination processes are similar to the two research techniques, 

benchtop thermogravimetric and dispersed phase reactors, that been used to investigate 

metal/sorbent interactions. The process differences may account for observed differences 

between the work of Uberoi and Scotto. Recall that Uberoi performed experiments in a medium 

temperature benchtop reactor and found reaction times to be hours long [21, 22]. This approach 

is directly analogous to the ramp soak calcination process. The other technique in which 

kaolinite is dispersed in the combustor at high temperatures is nearly identical to the flash 

calcination processes described previously. In this analogue, Scotto attained reaction time of 

seconds on a high temperature downflow combustor [34]. The difference between the two 

calcination processes may account for the differences in the reaction times. In a medium 

temperature experiment, metakaolinite formation kinetics may be more important than at high 

temperatures. Furthermore, density differences between ramp-soaked and flash calcined 
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kaolinite indicate that internal structure may be important. Sintering and structural collapse may 

decrease pore volume and lower kaolinite reactivity. 

The research concerning the influence of mineralizers is directly related to the interactions 

between metals and kaolinite. In fact, mineralizer research has been performed with sodium [52] 

and sorbent research has been shown that sodiimi can be captured from the gas phase by 

kaolinite [32]. This basic research may provide further insight into differences observed between 

Uberoi and Scotto. Given the long times of Uberoi, the effect of mineralizers may be more 

important. The small substitutions of a mineralizer, lead oxide, will promote the evolution of 

different phases within the kaolinite. For example, muilite formation may be promoted by the 

presence of 4% of a mineralizer [52]. Thus these competing reactions initiate even when little 

metal is captured. Given the slow reaction rates measured by Uberoi, the competing muilite 

formation may be significant. This may not be true in the high temperature experiments where 

short times and faster metal/sorbent reactions will prevent the muilite formation reaction &om 

being important. 
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Figure 2.4: Phase diagram for the AlzOj-SiOz-PbO system [54]. Upper Panel: Entire phase 
diagram; Lower panel: high lead concentration diagram 
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2.1.5 Measured Sorbent Characteristics 

In this study, three kaolinite samples, obtained from Burgess Pigment Inc. of Georgia, were used. 

Each was mined from the same location and represented a different size fraction. These samples 

are Burgess Number 40 (B40), Burgess number 80 (B80) and Burgess 6104b (6104b). The 

samples are ground and segregated by the company with reported average sizes of 0.8, 1.4 and 

lOfim respectively. The 6104b sample represents particles captured in a cyclone downstream of 

the milling process. The other samples are segregated by air sieving. Figure 2.1 is a field 

emission scanning electron microscope picture of a single particle from the B40 sample. Chosen 

as a representative particle, the sample appears to be composed of well defined platelets which 

demonstrate all of the characteristics of a well-ordered kaolinite structure as described 

previously. The composition of all samples is approximately identical and reported to be 54% 

AI2O3, and 45% Si02. This reported analysis was verified by atomic absorption spectroscopy. 

Figure 2.5-Figure 2.7 shows particle size distributions of each sample. The abscissa is given in 

differential form, dmjdiogdp , such that the area under the curve for a given diameters interval 

represents the mass within the size range. As can be seen from the plot, the mean diameter of the 

samples increase as B80<B40<6104B. Most experiments in this study used the B40 and B80 

samples because of the relatively narrow size range. The 6104B sample is used as a reference to 

study the effect of particle size on mass transfer. 
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Figure 2.5: Size distribution for Burgess #40 kaoiinite sample 
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Figure 2.6: Size distributioo for Burgess # 80 kaolinite sample 
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Figure 2.7: Size distribution for Burgess 6104B kaolinite sample 

In addition to particle size distributions, the BET surface areas and pore size distributions were 

detennined by nitrogen adsorption. Figure 2.8 shows the results of the nitrogen adsorption tests. 

Kaolinite usually demonstrates a Type 2 isotherm in the classification system. Additionally, the 

usually observed hysteresis is derived from the effect of capillary condensation between plates. 

In the initial condensation phase, condensation does not occur immediately between plates. 

However after condensation, stresses between plates cause the gap to expand slightly which 

allows liquid nitrogen to penetrate. During the desorption cycle, capillary effects allow the 

nitrogen to remain until lower pressures; thus generating the hysteresis. The samples used in this 

study do not appear to demonstrate the expected hysteresis behavior. The little hysteresis that 
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appears on the plot may be indicative of the large platelet sizes and relative strength of the two 

surfaces as bound together. This further indicates the ordered nature of the sample. The 

measured BET surface areas were approximately 2Im^/g for B80 kaolinite samples. The pore 

distribution of the 880 sample is shown in Figure 2.9. The relatively low surface are of the 

material can be explained by the relative lack of micropores. Most of the surface area is 

attributable the space between the individual plates of kaolinite (see Figure 2.1). 
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2.2 Hydrated Lime 

Calcium based sorbents have been popular for the control of sulfur dioxide and hydrochloric acid 

in combustion systems. Much research has been conducted on the properties and behavior of 

these materials at high temperature conditions. Aside from uses as a sorbent, lime and limestone 

is the most commonly used chemical by industry [55]. Lime and limestone have uses in 

steelmaking, construction and building , and agriculture. 

2.2.1 General information 

Limestone is a naturally occurring mineral that is composed of calcium carbonate. In dolomitic 

limes, a fraction of the calcium carbonate may be substituted by magnesiiun carbonate. 
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Quicklime, calcium oxide, is the product of the calcination of limestone. Hydrated lime or slaked 

lime is a product of the reaction of limestone or quicklime with water. Hydrated lime is a white 

powder that is composed of micro-crystalline agglomerates of calcium hydroxide. The crystal 

structure has hexagonal symmetry. For the purposes of this text, lime and hydrated lime will be 

used interchangeably. 

The production process of hydrated lime is relatively uniform across the industry. At 

temperatures below 500K, quicklime is exposed to water, which results in an exothermic 

reaction to form calcium hydroxide. The product is then sent to a classifier to remove larger 

particles and remove unreacted limestone particles. With the advent of flue gas cleanup, an 

alcohol-water slaking process was developed to increase the surface area. These processes yield 

significantly higher surface area (upwards of 35 m^/g) as compared to typical hydrated limes 

with a surface area of ~15-20 mVg [55]. 

2.2.2 Hydrated lime versus limestone 

The choice of hydrated lime over limestone as a high temperature sorbent is based on past 

research of sulfur dioxide absorption of in flue gases. In general, hydrated lime is found more 

reactive than limestone. The primary reason is associated with the formation of slit-shaped pores 

during calcination. Gullet and Bruce [25] showed that a hydrated lime formed slit shaped pores 

where the direct calcination of limestone generated cylindrical pores. The observed difference in 

reactivity was attributed to these pore differences. Borgwordt attributed the pore shape in 

allowing SO2 to more easily diffuse through the product layer [56]. This was later confirmed by 
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the use of product diffusion model which varied the shape of the calcium oxide grain [57]. In 

addition to these observation, it has been noted that hydrated lime in general are composed of 

smaller particle which can be rapidly calcined to the produce of CaO in the reactor [58]. 

2.2.3 Calcination 

Upon injection into the high temperature environment of the combustor, lime will proceed 

through two important transformations — calcination and sintering. These two processes control 

the formation and destruction of particle surface area. Calcination, the process of activating the 

lime to calcium oxide, increases the surface area by abstracting water from the structure. 

Sintering at high temperature removes the surface area by collapsing the structure of the particle. 

These processes are most important in determining the effectiveness of the sorbent. When 

hydrated lime, Ca(OH)2, is injected into high temperature, it decomposes into calcium oxide and 

water. This reaction creates surface area and as mentioned earlier opens slit-shaped pores on the 

surface of the particle [59]. The rate of this reaction is exceptionally fast. For small particles 

that are not limited by heat and mass transfer issues, calcination of hydrated lime has been 

reported to occur within 100-200ms at high temperatures [60]. Bortz and Flament [61] reported 

that 70% calcination occurred within 25ms of injection. At 1425K, 35% conversions have been 

reported for particle with a mass median diameter of 12.5 ^m [62]. However, the authors note 

that poor gas mixing and slow particle heat-up may have contribute to slow conversion times. In 

other experiments with particles under 10|im, chemical reaction has been suggested as the 

controlling mechanism and has been show that the rate of calcination is directly proportional to 
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the surface area of the particle [56]. Further, the maximum surface area attainable by 

calcination was determined to be -70-80 m^/g for particles 2-lO^un at 973K [59]. 

However at higher temperatures, sintering of the particles is dramatic and rapid. Since the 

sintering rate is proportional to the square of the surface area, surface area quickly disappears 

[58, 62, 63]. Moreover the sintering process has been observed to be accelerated by the 

presence of water and carbon dioxide [62]. 

2.2.4 Interactions with chlorine and sulfur dioxide 

The presence of chlorine has been shown in past research to be important for the capture of 

metals by sorbent. Furthermore since hydrated lime and limestone have been extensively studied 

as a sorbent for HCl and SO2, these reaction may inhibit, or promote metals sorbent reactions. 

The absorption of HCl and SO2 occurs through reactions with the CaO that is formed during the 

calcination process. Furthermore, reactions with S02 and HCl produce products that are larger 

than the CaO and thus generate product layer through which reactant must di£[use. These 

competing reactions are important factors in the ability of lime to successfully absorb toxic 

metals. 

The reaction of lime with HCl proceed according to the reaction; 

CaO+2HCl CaCl, 
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This reaction proceeds rapidly according to a first order reaction at temperatures between 400K 

and 650K [64]. Between temperature of 350K and 1300K, a maximum sorption is found to 

occur in a range of 773K-873K. It is important to note that equilibrium calculations appear to 

impose a high temperature limit on the reaction at temperatures greater than HOOK [37]. 

Activation energies have been measured to vary from 10-21 kJ-mol"' [37]. 

The reaction of sulfur dioxide and lime does not appear to have a similar upper temperature 

limit. The high temperature absorption of sulfur dioxide follows the reaction: 

CqO + SO-^ + "2 ^2 CaSO^ 

At temperatures between 1 lOOK and 1300K, the reaction progresses rapidly with sintering and 

diffusion of the particle the rate controlling process. Measured activation energy of the sulfation 

reaction is approximately 52 kJ-mof' [57, 65] 

2.2.5 Measured Sorbent Characteristics 

Samples of the hydrated lime were obtained from the Global Stone Company of Lufrell, 

Tennessee. Due to difficulty in obtaining multiple size lime particles, a single type with a 

reported average diameter of 6 ^m and a mass median diameter of 2.4^m was used for the 

duration of these experiments. The measured BET surface area is 19.5 m^/g. The average pore 

size is 180 angstroms. 
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2.3 Paper waste derived sorbent 

Every year, paper-recycling processes produce tons of waste sludge. Paper contains mineral 

compounds like calciiun-carbonate and china-clay. Production of paper, de-inking processes and 

recycling of wastepaper produce waste materials containing these materials. CDEM Holland BV 

has developed a proprietary process to recover these materials and convert them into usefitl 

materials. This sludge is composed of small unrecoverable paper fibers and the inorganic 

material used in coatings and as fillers. The current disposal technique is landfilling; however, 

recent regulations in Europe are making alternative disposal techniques attractive. One recent 

technique involves the recovery of the inorganic material. A medium temperature fluidized bed 

process combusts the organic material and producing energy. The remaining material is 

transformed into a mixture of calcium carbonate, and kaolinite [66]. The material that is 

produced is a cement additive which has been show to have extremely good properties. 

Moreover, the material, hereafter referred to as a paper-waste derived sorbent (PWDS), is 

composed of sorbent-like materials and may be effective as a novel and environmentally friendly 

sorbent. For details about the process that produces the PWDS can be found in a paper by 

Biermaim and coworkers [66]. To test the potential of the PWDS as a high temperature sorbent, 

several screening tests are explored within this work and included in this dissertation. 

2.3.1 Description of the product 

The composition of the PWDS used for all experiments is given as kaolinite 45%; CaO 22%; 

CaCOa 33%; Ca(OH)2 1%. Several trace metals are present at concentration lower than 0.1% 
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by weight in the sorbent; Ti02 accounts of the majority of the trace metals. Due to the 

production process, calciiun and kaoiinite are well mixed throughout the samples. As Figure 

2.10 indicates, the PWDS appears to be a mixture of spherical calcium particles and kaoiinite 

platelets. EDX measurements confirm this supposition. 

While PWDS resembles a mixture of time and kaoiinite particles, several differences should be 

emphasized. The raw lime and kaoiinite used in this work are high quality reagent grade 

material. The PWDS is generated from a waste product and as such has been processed several 

times. The calcium content is mixture of carbonate, hydroxide and oxide and may not have the 

same reactivity or purity. The majority of the kaoiinite is found as metakaolinite, thus the 

calcination effect may not be as important. Lastly since calcium oxide is a reported mineralizer 

[52], the intimate mixture of calcium and kaoiinite may be important. 



Figure 2.10: SEM micrograph of raw PWDS 
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Figure 2.11: Particle size distribution of PWDS 

2.3.2 Calcination kinetics of calcium carbonate at high temperature 

As with hydrated lime, calcium carbonate must be calcined before reactions with heavy metals 

can proceed. As noted earlier the calcination of calciiun carbonate (limestone) and lime is rapid. 

Calcination of calcium carbonate proceeds by the reaction 

CqCO^ <-> CoO + CO2 

The reaction behaves as a first order reaction with a rate constant of 1.18x10^ and activation 

energy of ~2000 kJ-mol"'. 
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Chapter 3 

Experimental Section 

3.1 Overview 

Experiments at the University of Arizona (UA) were performed in two versions of a 15cm inner 

diameter, 7m tall, downflow combustor. During the research period, the refractory in the upper 

fumace section failed; consequently, the furnace was redesigned and rebuilt. In addition to the 

downflow combustor, a limited numbered of experiments were conducted on an 82kW 

horizontal tunnel fumace, the "Rainbow" fumace, located at the US EPA labs in North Carolina. 

For the remaining text, the original fumace design at the UA will be referred to as the old 

fumace; and the replacement construction will be referred to as the new fumace. 

Figure 3.1 illustrates the typical experimental configuration of the downflow fumace for all 

experiments. At the top of the combustor, a natural gas swirl flame was maintained. The 

combustors were designed to have residence times and temperatures similar to a full-scale boiler 

or incinerator. Metals, sodium and/or toxic metal acetates, were introduced to the combustor as 

aqueous solutions which were atomized and injected directly into the flame. In the post flame 

region, sorbent particles were pneumatically delivered via water-cooled probe through one of 17 
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access ports on the furnace. Subsequently, a particle sample was extracted from the fiunace 

centeriine by a water-cooled, rapid-quench probe and sent to a particle segregation system. For 

more details concerning the original combustor, the design and construction are well described 

by Scotto and Mwabe [31, 67]. 
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3.2 Combustors 

Experiments were conducted at the University of Arizona and at the US EPA's National Risk 

Management Research Laboratory in Research Triangle Park, North Carolina. Research was 

performed at these locations with the hope of exploring the metal/sorbent interactions at different 

scales. The horizontal tunnel furnace is approximately 4 times larger than the downflow 

combustor at the University of Arizona. Unfortunately, technical difSculties at the EPA 

laboratory have limited the work reported here to only a few tests, which are noted in text. 

As mentioned previously, the Uo£A downflow combustor also encountered some difficulty. 

During the second year of experimentation, a large crack (Im x 3cm) opened in the upper 

refractory section. This crack forced the upper section to be rebuilt. Several improvements 

were designed and implemented on this new version: 

1. New high density re&actory to withstand slag adhesion 
2. Structural support and interface between cast refractory and lightweight vacuum-

formed refractory 
3. Port construction was modified for easier access and durability 

3.2.1 Old furnace 

Experiments at the University of Arizona were performed on a 7m tall, 15 cm, downflow 

combustor designed to have a time and temperature history similar to that of practical scale units. 

This combustor was composed of two sections. The upper section was a cast refiactory that 
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extended approximately 1.2 meters from the reactor top. Original mullite ports were encased in 

a refractory ledge that extended from the side of the primary refractory annulus. This refractory 

ledge was implemented to inhibit port breakage and subsequent leakage. The lower section of 

the reactor was composed of a vacuimi-formed fibrous alumina cylinder. These cylinders are 

lightweight but susceptible to slag reactions. The slag would bond to the cylinders and erode the 

cylinder when the slag fell away under its own weight. Lightweight refractory was a desirable 

choice to minimize the total weight of the furnace and insulation. 

The failure of the upper section occurred along the front and down the port entrances. The crack 

propagated from the cylinder top through the sample ports over a distance of nearly 0.5 meters. 

The thickness of the crack was nearly 3cm in places. When operated in a positive pressure 

mode, intense temperatures caused the supporting structure to melt. Structure near the cap 

section that held the refractory cap and adjoining steel interface plate was nearly completely 

melted. Based on inspection of the failed section, it was determined that thermal cycling was the 

primary cause of the failure. Operating procedures at the time of the failure did little to alleviate 

the thermal cycling issue. Specifics about the construction and design of the old fumace section 

can be found in the dissertations of Scotto and Mwabe [31, 67]. 

3.2.2 New frimace 

After the failure of the old frimace, the entire refractory section was redesigned. The primary 

design goal was for the refractory section to withstand thermal cycling. Additionally ports were 

reconstructed to alleviate the need for the large refractory ledge containing the ports. 
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To properly minimize the thermal cycling, two issues, refractory thickness and operating 

procedures, were addressed in the new design. The thickness of the primary cylinder in the old 

furnace was insufScient for a freestanding refractory. The minimum thickness required by most 

castabie refractories is 10cm. The second design change involved a change in construction 

material. Much of the thermal cycling was derived from the need to clean slag deposits in the 

section. During coal operation, only two days of operation was attainable before plugging 

problems became evident. During coal experimentation, the fiimace was rapidly cycled (every 3 

days) between full temperature and 500K to allow cleaning. A high-density slag resistant 

refractory was installed in the new fumace design to keep slag build up at a minimum and 

minimize the need for cleaning. 

3.2.2.1. New fumace design 

The basic design of the fumace is shown in Figure 3.2. The refractory is a Thermal Ceramic 

product, HPM-85. This is high density refractory designed for use in slugging situations. The 

refractory section is designed to be cast as one section. The top section of the cylinder is cast to 

a thickness of four inches and lower section has thickness of 6 inches. The lower section acts a 

structural foot and allows the placement of the supporting structure sufSciently far away from 

the alumina wall to prevent melting. With a density after casting of 185 Ib/ft^, the weight of the 

top section is ~8001bs. Unfortunately, high-density refractory usually has a high thermal 

conductivity. The HPM-85 refractory has a thermal conductivity 10 times larger than the 

original refractory. 
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To support the significant weight of the top section, a stainless steel structure was added. Two 

stainless steel beams span across the external superstructure. Across these two beams, two 

spanning supports are placed. The square structure made by the four beams directly supports all 

of the weight of the above refi-actory. The external superstructure was reinforced to support this 

weight. 

The structure and insulation at the junction of the lower and upper sections is illustrated in Figure 

3.3. Between the stainless steel posts and the refractory section, four high-density reflectory 

sheets, manufactured by Zircar (Refactory Sheet 100), were installed. The high-density alumina 

sheet has sufGcient mechanical properties to support the excessive weight and sufBcient 

insulating properties to prevent melting. Due to the high conductivity of the new refractory, two 

types of insulation were used externally. A 2in thick 8# Cerachem blanket (Thermal Ceramic) 

was wrapped around the refractory section. Surrounding the Cerachem blanket, 4 inches of an 

8# kaowool blanket was installed. The interface between the refractory and the lower section 

was sealed by a Zircar SALI moldable alumina refractory. Below the refractory section, the 

design remained unchanged from the old frmiace. 

The cap of the combustor was manufactured from a Thermal Ceramics 2800Li, insulating 

refractory. HPM-85 could not be used at the cap due to the high-thermal conductivity, which 

would have allowed excessive heat transfer to the surroundings. In addition, a high temperature 

surface at the top of the reactor would not have been desirable. 
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Figure 3.3: Details of support and insulation on new furnace 

3.2.2.2. Access ports 

Seventeen access ports are located along the axis of the combustor. Ports were spaced 

approximately I foot apart. Initial port construction consisted of mullite tubes, which interface 

between the access valves, and the refractory. However, mullite is fairly brittle and prone to 
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shattering and failure. These tubes were replaced with moldable alumina refractory, purchased 

from Zircar Inc, (AX moldable). The replacement tubes were manufactured to be 2in ID. 

3.3 Baghouse 

Due to the toxic nature of the metals used in the course of the project, a baghouse was installed 

to prevent emissions to the atmosphere. Two different baghouses were designed and 

manufactured. The first design was a stainless steel construction in which Gore-Tex woven 

Teflon cartridges were installed in a horizontal fashion. This design was used for about 2 years 

at which time significant leakage around the filter cartridges was detected. A design flaw led to 

a failure of one sealing surface, baghouse to cartridge. Further, the particle flow through the 

failure enhanced the problem through erosion. A second design was manufactured and placed 

into service. Made of carbon steel, the design overcame many of the design flaws of the first 

generation baghouse. 

Particle laden flue gas is piped into the baghouse near the top. Impinging on a plate, gas is 

forced down near the bottom and around to the main chamber where 2 filter cartridges are 

vertically housed. The filter cartridges are Gore-Tex filter cartridges. The rated efficiency of 

these filters is 99% removal of 0.3 micrometer particles. The temperature rating of the cartridges 

is 250°C in continuous service and 280°C in intermittent service. Current baghouse is designed 

to accept a wide variety of bags and cartridges thus simplifying friture replacement filters. 
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Particles are collected on the surface of the baghouse. An air-pulse system allows the particles to 

be removed from the bags when the pressure drop across the membrane becomes too large. 

Particles are collected at the bottom where an access hatch allows for removal. Clean gas is 

extracted &om the baghouse by a small ring compressor located in the exhaust after a heat 

exchanging section. A full description was made by Amos [68]. 

3.4 Burner 

The natural gas flame was supported by a variable-swirl burner, which is illustrated in Figure 

3.4. This burner was composed of three sections. The atomizer assembly, through which 

aqueous metals were injected, was located at the center of the bumer. The atomizer is fully 

described in the Section 3.7. Surrounding the atomizer was the fuel pipe and nozzle assembly 

through which natural gas was introduced. Air was introduced in a swirling manner into the 

annulus that surrounds the fuel assembly. 

The fuel nozzle was designed to be interchangeable allowing natural gas to be introduced at 

different velocities and angles. During typical operation, the atomizer extends 0.25 inches 

beyond the fuel nozzle. Primary swirl air was introduced through two tubes in a co-flowing 

arrangement as pictured in Figure 3.4. These tubes could be independently adjusted to yield 

various swirls. 

During the experiments performed for this report, the bumer was configured to approximate a 

Type I swirl flame. For a swirl bumer, there are two basic classes of flames, type I and type II 
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[69]. Type H flames are generated by introduction of fuel at 45° angles from the centerline and 

by imparting a high angular momentum on the primary air. The flow pattern generated by this 

configuration results in a small spherical flame zone where primary re-circulation occurs down 

the centerline. A Type I flame is characterized by a longer flame and by a re-circulation flow, 

which is offset from the centerline of the bumer. A Type I flame is generated by injecting fuel 

axially and by imparting less angular momentum to the primary air. The offset re-circulation 

flow does not impinge on the flow from the atomizer which reduces metal loses due to droplet 

interactions with the walls. The installed fuel nozzle was manufactured to introduce natural gas 

axially. Due to problems stabilizing the flame, primary air swirl angle was initially set to 45°, 

then was lowered until a satisfactory flame was maintained. 
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3.5 Sampling systems 

Temperature and gas phase concentrations of CO, C02, and 02 were monitored in the fiimace to 

insure that combustion conditions are steady throughout the duration of the experiments. 

Temperatures were measured at the centeriine of the furnace by a bare-wire, R-type 

thermocouple. 

To monitor gas-phase concentrations of CO, C02, and 02, a water-cooled sampling probe 

extracted a continuous sample from the centeriine of the fiimace. The gas sample is then 

conditioned to remove water and particulate matter before being sent to a panel of continuous 

emission monitors. An exact description of these measurement systems can be found in Johnson 

[70]. 

The primary measurement system used in this work was the rapid-quench, isokinetic particulate 

sampling system. A small fraction of fiimace gas stream was isokinetically withdrawn from the 

fiimace through a water-cooled probe. At the tip of the probe, the sample stream is immediately 

diluted with nitrogen by a >10:1 ratio. The diluted sample is subsequently sent to a measurement 

device, typically a bemer-type low-pressure impactor. An overview of the particulate sampling 

system is shown inFigure 3.5. 
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3.5.1 Particle sampling system 

The water-cooled probe was designed and constructed to extract samples from the centeriine of 

the furnace. A similar probe has been previously well described by Scotto [67] and a schematic 

is shown in Figure 3.5. 

Constructed of stainless steel, the probe is composed of an outer cooling jacket and two 0.25 inch 

OD tubes which connect at the head of the probe. The nitrogen was delivered via the lower tube 

to a point approximately 0.25 inches below the inlet of the sample tube. Nitrogen was supplied 

from a manifold of compressed gas cylinders. The nitrogen flow rate was monitored by mass 

flow meter (Sierra Instruments Top-Trak 820 series mass flow meter) and regulated by 

proportioning solenoid valve. A PID controller within the data acquisition system determined 

the appropriate flow rate and controlled the valve. The nitrogen was filtered by a HEPA filter 

before the inlet of the measurement system. 

The diluted sample was sent from the end of probe to a collection/measurement device. After 

passing through the collection device, the flow travels to a sealed vacuum pump. Upon exit from 

the vacuum pump, coalesing filter and a chemical dryer are used to remove water and oil from 

the gas stream. Subsequently, the flowrate is measured by either mass flow meter (Sierra 

Instruments Top-Trak 820 series)or by a wet test meter. A rotameter is used for gross indication 

and as a secondary measurement device. 
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3.5.1.1. Quality Control 

An important issue in the dilution sampling is the accurate measurement of the flowrates. Since 

the sampling flowrate is determined by the difference in the two large flowrates; any error 

measuring the nitrogen and total flowrate translated to large errors in the sample rate. For 

example, a typical sampling rate is 1.5 sLpm with a total flowrate through the system of 24sLpm. 

The sample rate composes six percent of the total flowrate. Considering that the mass flow 

meter has a rated accuracy of 3% of total flowrate; a perfectly operating meter may cause the 

sample flow to be 50% in error. 

To directly assess the exact dilution that is actually acheived, NOx is measured within the furnace 

and compared to the NOx at the pump outlet. To perform this check, NO is doped at a constant 

rate into the furnace though under certain conditions the dopant may not be necessary. The 

outlet of the sample pump is bypassed around the drying agent and measurement devices. From 

this stream, a fraction is extracted by the gas sampling system that was described earlier. 
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Figure 3.5: Rapid quench sampling system 

During the duration of this work, two different particle collection devices were used, a total 

sample filter collector and a Bemer-type low-pressure impactor. There is a slight variation in the 

system based on the collection devices. When the total sample filter is in place, a valve is 

required to control the flow rate through the system. The Beraer-type low-pressure impactor has 

a sonic orifice, which regulates the flow. 

A significant challenge in measuring particles is gathering a sample that is representative of the 

original population in the furnace. One important technique is isokinetic sampling. Isokinetic 

sampling requires that the velocity at the inlet of the sample probe be exactly matched to the 

velocity of the original particle laden gas. The matched velocities ensures that inertial effects do 

not bias the sampled particle population [71]. The isokinetic-sampling rate is based on the 

product of the flue gas velocity at the sampling point and the cross-sectional area of the sampling 
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probe inlet. However, since measurements are made at standard temperature, the sampling rate 

can be calculated by the product of the input flowrates (including any leakage) at standard 

temperature and the cross-sectional areas of the fiimace. The effect of the fumace temperature at 

the sampling point is removed by the change to standard conditions. Also note that this 

sampling rate is based on a cup averaged velocity. Since the probe inlet is 0.64 cm in diameter, 

there is a small variation in the velocity across the inlet. For this work, this variation is assumed 

negligible. 

For all experiments performed in this work, the isokinetic velocity was estimated from the input 

flows and the system geometry. Any leakage into the reactor, which was maintained under a 

negative draft, was determined by changes in the C02 and 02 concentrations along the flmiace. 

Since the fumace is assumed to have a parabolic velocity profile, the inlet velocity to the 

particulate sampling probe is assumed to be the parabolic maximum. 

The actual sample flow rate was determined by the difference between dilution nitrogen flow and 

the total flow through the sampling system. The total flow is controlled by either the sonic 

orifice on the LPI or, in the total filter case, by a valve. A PID controller, based on the Labtech 

Notebook Pro, was used to control the dilution nitrogen flow rate such that the offset between the 

two flows was the theoretical sampling rate. 
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3.6 Low pressure impact or 

For most experiments in this work, a Bemer-type low pressure impactor (LPI) was used. As 

shown in Figure 3.6, the LPI has a construction that is similar to a classical cascade impactor. 

However unlike a classical cascade impactor which separates particles purely by changing 

particle momentum, the LPI achieves additional particle separation by substantially reducing the 

gas pressure. The pressure reduction results in a change in the interaction between the particles 

and the surrounding fluid. The final pressure in the LPI is 8.9kPa(abs.). A complete discussion 

and analysis of the LPI can be found in a paper by Hilliamo and Kauppinen [72]. 

The LPI is composed of II stages, of which 10 can be analyzed. The aerodynamic 50% cut-ofif 

diameters for the impactor are of 15.7, 7.33, 3.77, 1.98, 0.973, 0.535, 0.337, 0.168, 0.0926, 

0.0636, and 0.0324^m. The aerodynamic diameter is the diameter of a sphere of unit density 

having the same Stokes number of the actual particle. The fiow rate through the impactor was 

controlled by a sonic orifice. The flow rate was maintained at approximately 24 slpm. To insure 

the proper operation of the sonic orifice, the pressure was measured at the outlet of the impactor. 

For the sonic orifice to operate properly, the pressure at the outlet of the impactor must remain 

below 9kPa(abs.). 

Each impactor stage was prepared with a greased polycarbonate substrate. The polycarbonate 

substrate was cut from nucleopore filters purchased from a standard source. High-purity grease, 

Apeizon-L, was dissolved in toluene and applied by airbrush. A few experiments were 

performed with precut substrates from Osmotics Inc. These substrates were made from untreated 
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polycarbonate filter material. The differences in the structure of the membrane (no pores) caused 

the substrate to react more strongly with the toluene. To prevent the shrinkage, hexane was 

substituted for the toluene. The substrates were subsequently vacuiun desiccated for 24 hours to 

remove the solvent. 
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Figure 3.6: Berner low pressure impactor 
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3.7 Aqueous solution injection system 

The metals are injected into the flame by a plain-jet air-blast atomizer, shown in Figure 3.4. A 

simple design to construct and maintain; this atomizer generates a small droplet size distribution. 

Liquid is introduced through the center tube, 1/8 in OD stainless steel tube, assembly into a small 

region before the exit nozzle. The liquid is delivered by a positive-displacement, piston pump 

which is calibrated to deliver desired flows. The pump, QVC-40 manufactured by Fluid 

Metering Inc. of Boston, Massachusetts, has a variable stoke depth and pumping frequency. By 

using a small stroke and a high frequency, flow pulsation is minimized; a steady stream is 

delivered to the atomizer. 

Atomizing air is forced through annulus that is composed of the liquid delivery tube and the 

outer housing of the atomizer, l/4in OD stainless steel tube. At the atomizer tip, the air interacts 

with the liquid to generate the droplet spray. The droplets are forced out through the orifice in 

the nozzle. The resulting spray has a distribution angle of-10°. The droplet size distribution of 

the plain-jet, air-blast atomizer is dependent to first order on the atomizing air velocity and the 

liquid flow rate. To ensure a constant droplet size distribution, the air and liquid flow rates were 

held constant for all experiments. Flow rates for all experiments were 20ml/min of solution and 

O.Sscfin air. 

The droplet size distribution of the atomizer-generated spray was measured at EPA laboratories 

in NC. Droplet size distribution as measured via a Fraunhofer diffraction method using a device, 

manufactured by the Munhul Company (Model PSA-32). The atomizer was configured to 
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deliver distilled water at the 20ml/min with atomizing air at a O.Sscfin. Measurements of the 

droplet size distribution were taken at the centerline of the spray that was approximately conical. 

Measurements were made at two distances, 2in and 6in, from the atomizer nozzle. The resulting 

droplet size distribution is shown in Figure 3.7. 
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Figure 3.7: Droplet size distribution of experimental atomizer 

3.8 Sorbent injection system 

Sorbent particles are introduced into the post flame via a water-cooled probe. The system is 

shown in Figure 3.8. Sorbent is loaded into a powder feeder, K-tron twin-screw volumetric 

feeder (model: KCVT20), to a bed height of approximately 5 inches. Output flow rates were 

a) 2.5 inches from nozzle 

b) Six inches from nozzle 
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calibrated by varying screw rotational speeds. To maintain an approximately constant mass flow, 

bed height is not allowed to vary by more than 1 inch. From the hopper, powder was fed to a 

pneimiatic transfer device. The transfer device was designed to allow particles to be swept from 

the tip of the screws by a constant stream of air. Air flow rate was O.Sscfin. The particle stream 

was then delivered to the sorbent probe via a 3/8in OD polyethylene tube. A significant electrical 

charge was developed on the polyethylene tube in this process. Initially this electrical charge 

was discharged manually. In later experiments, a small bare copper wire was wrapped around 

the delivery tube to drain the charge to the ground. A water-cooled injection probe distributes 

the particle stream at the centerline of the combustor. 
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Figure 3.8: Pneumatic powder transport and sorbent injection system 

To verify the sorbent feedrate, the gas stream was filtered and weighed at the start and end of 

each run. The nozzle of the injection probe was placed near the entrance of large filter housing. 

Gas was allowed to flow around the probe head and into the housing. The particle laden gas 

stream was injected into this flow and drawn into the filter housing. The offset allowed the 

system to operate at approximately atmospheric pressure, which is the operating condition in the 

combustor. Measured variations in sorbent feed rate were caused by a slow accumulation in 

pneumatic delivery system and depth changes in the feeder hopper. 
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Chapter 4 

Preliminary Studies of Furnace and System Dynamics 

In a prelude to the metal /sorbents study, aerosol dynamics in the furnace and sampling system 

were explored through a series of systematic studies. Particle formation and coagulation are 

important aspects of the furnace dynamics, which must be accounted for in any sorbent study. 

Condensation and coagulation can affect the apparent sorption of vapor by reaction. Solubility 

tests such as those used by Mwabe and co-authors [32] may not be able to distinguish between 

the condensation and reaction product for all experimental cases. A series of tests were 

performed to investigate particle formation by semi-volatile metals in the downflow combustor. 

Additionally tests were performed with a mixture of a semi-volatile (cadmium) and a refractory 

(nickel) metal to investigate the condensation within the furnace and the ability of the sampling 

system to distinguish between reaction and condensation products. Since nickel is not exposed 

to temperatures sufficient to cause vaporization, residual particles of nickel are generated from 

the vaporization of water from the injected droplets. These residual nickel particles can be 

considered non-reactive analogues to sorbent particles and as such yield insight into the furnace 

particle dynamics and the behavior of the rapid-quench sampling system. Time resolved 

experiments were conducted for both systems. 



83 

4.1 Sampling system 

As described earlier, the isokinetic sampling system consists of a water-cooled dilution probe 

and several control systems. The probe was originally designed to rapidly slow particle 

interactions that may occur within the probe and sample lines leading to a measurement device 

[67]. Moreover, the dilution probe was designed to prevent the water condensation by reducing 

the partial pressure of water. However while suppressing water condensation, the rapid quench 

rate within the probe should induce homogenous nucleation of metal vapor in the presence of 

pre-existing particles. 

In most combustion systems, the large amount of surface area present as fly ash usually results in 

the heterogeneous process dominating the gas-to-solid conversion of metals. However, 

significant numbers of small particles, which can only be generated by homogeneous nucleation, 

are often found. In systems like combined cycles and boilers, large temperature gradients are 

generated by the removal of energy for electrical power generation. These high quench rates act 

to limit the time which metal atoms have to generate stable particles. Vaporized molecules 

rapidly attain supersaturation assuming that the vapor pressure is sufficiently low at the final 

temperatures. At these conditions, particle formation is highly favored and any molecular 

configuration is relatively stable. Furthermore, the probability that a vapor molecule will 

interact with another vapor molecule is much higher than that of a molecule interacting with a 

pre-existing particle surface. Thus, homogeneous nucleation is favored over heterogeneous 

processes. McNallan and Yurek [73] analyzed this process for condensing silicon oxide and lead 
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oxide. The characteristic quench rate was found to be approximately 600°C/s at which 

homogeneous nucleation would dominate. 

4.2 Characteristic time scales in sampling probe 

When a metal vapor is sampled by the rapid quench sampling system, it is immediately exposed 

to a nitrogen dilution that varies from 10:1 to 20:1 depending on the sampling rate. The dilution 

generates quench rates of approximately 20000K/s as the temperature of the sample is lowered 

from >800K to room temperature in a less than a tenth of a second. The rapid condition change 

forces the inorganic vapor, unlike water, to become supersaturated. Even at the high dilutions 

within the probe, the vapor pressure of the metal is essentially zero at the final sample 

temperature. Under these conditions, two processes (heterogeneous condensation and 

homogenous nucleation) compete to convert the vapor to a solid. 

To determine which is dominant, it is convenient to examine the characteristic times of each 

process. For heterogeneous condensation to a monodisperse particle population (continuum 

regime), the characteristic time can be expressed by [74] 

T ^ ^ 1 
•• condensation 1/ 

f 6N^V.C. y3 
AtiND — L̂±JL 

I  ̂ J 

where Nov is Avogadro's number, N is the particle number density, v/ is the molecular volume of 

the condensing specie, D is the difiusion constant, and C^is the equivalent initial vapor 

1 
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concentration ( = Co + iV ;r D^/( 6 Nov — C, ). Q is the surface concentration of the metal. 

The characteristic time for nucleation can be calculated by [75] 

C* -C r  = 4.1 nucleation '' - ̂  
(dC\  rt/r"! 
\ d T }  o

 M V
.
 y d t )  f=0 

where the superscript asterisk represents the critical concentration of the metal and T represents 

the temperature of the system. The critical concentration represents to the concentration where 

the supersaturation is sufficient to generate stable nuclei as determined by thermodynamics. 

To calculate the two characteristic times, the initial vapor concentration was assumed to be 

lOppmV at room temperature, which corresponds to the vapor concentration in the diluted 

sample. The particle concentration is set to 10^ particles/cm^ with particles having a uniform 

diameter of O.Sfim. The temperature gradient within the probe was determined by the mixing 

distance and temperature change of 1300K to room temperature (300K). The gradient in the 

critical metal concentration was estimated from the equilibrium vapor pressure of metal at the 

probe conditions. Based on these conditions, the characteristic nucleation and condensation 

times were estimated to be 0.001 and 0.01 seconds, respectively. Homogeneous nucleation 

should dominate within the probe. Figure 4.1 is a micrograph of particles generated in an 

experiment at the above conditions. Lead and kaolinite particles were sampled at a temperature 

well above the dew point of lead. The observed particles were collected by BLPI plate 2, which 
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has an aerodynamic cutoff diameter of 0.06 ^m. These particles, which have diameters of 

~30nm, could only be generated by processes within the probe. 

Figure 4.1: Micrograph of lead particles generated in the rapid quench probe 

4.3 Aerosol dynamics within furnace and sampling system 

Several studies were performed to examine the particle formation in the furnace. These tests also 

explored the ability of the sampling system to discriminate between vapor phase and solid phase 

metals in the furnace. For these studies, two combinations of toxic metals were considered-

lead/cadmium and cadmium/nickel. Lead and cadmium are semi-volatile with dew points of 
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1200K and 122SK, respectively, at experimental conditions. Nickel is considered refractory with 

a 2200K dew point in the absence of chlorine. 

One aspect of the environmental problem is to predict how these metals are partitioned during 

combustion, among different sized particles. Within the literature, studies there on mechanisms 

involving individual metals [II, 76], on interactions between individiud metals and sorbent 

substrates [26, 34], and on partitioning of multiple metals on fly ash aerosol sampled from 

pulverized coal combustion exhaust [15, 16, 77]. However, in a few investigations, multiple 

metals were systematically added to a combustion system, individually and in pairs, to determine 

the temporally evolving aerosol composition and infer mechanisms of interaction. Pertinent, 

however, is recent work on lead/silicon interaction, where these elements were introduced into a 

flame as vapor tetraethyl lead and hexamethyl disiloxane, respectively, and then shown to react 

to form lead silicate particles [26]. 

During combustion, lead and cadmium typically vaporize in the hot regions of the flame, while 

nickel will do so only in the presence of chlorine [11]. Metal vapors from the semi-volatile 

species will subsequently either condense upon existing particles, which may have been formed 

upstream, or undergo homogeneous nucleation to form ultra-fine particles. The behavior of 

metal mixtures will depend on how widely the dew points of the individual metals within the 

mixture are separated. When the dew points are close, as in the lead/cadmium system, one might 

expect the two metals to nucleate almost simultaneously, in which case the subsequent size 

fractionated composition of the sampled aerosol is determined by coagulation. When the dew 
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points are widely separated, as in the nickel/cadmium system, the more volatile component 

(cadmium) should condense on the more re&actoiy component (nickel), and this process will 

control the subsequent size fractionated aerosol composition. In addition to dew points, the 

relative rates of film condensation and homogeneous nucleation will also depend on the 

time/temperature gradient experienced by the metal containing flue gas. McNallan and co

authors conducted a theoretical study that explored the kinetic limitations of the condensation of 

inorganic species to particles. Their conclusion was that, if an inorganic vapor were exposed to a 

quench rate of greater than 600K/s, homogeneous nucleation would occur even in the presence 

of existing particles [73]. 

4.3.1 Experimental details 

Figure 4.2 shows two temperature/time profiles for the conditions explored here. Also shown are 

the locations of Ports 3, 7, and 12, from which particulate samples were withdrawn. The shaded 

zone denotes the domain over which condensed cadmium was predicted to be in equilibrium 

with vapor. These predictions were made using Chemical Equilibrium Applications (CEA) [78] 

with available thermochemical data augmented by those from Barin [79]. The dew and bubble 

points for lead (not shown, for clarity) were ~25K lower than those for cadmium. The dew point 

for nickel exceeds any temperature shown on Figure 4.2. Lead oxide, cadmium oxide, and 

nickel oxide were predicted as the prevalent species and dominated the condensation behavior of 

the system. For the purposes of this chapter, metals within the combustor are assumed to be 

present as oxides. Note that samples withdrawn from Port 3 lie above condensation regimes for 
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both cadmium and lead. At I2kW, samples from Ports 7 and 12 are withdrawn after 

condensation is complete. At 16kW, cadmium is only partially condensed at Port 7, while at Port 

12 condensation is complete. Table 4.1 describes the exact experimental conditions used in this 

study. 

12 kW load 16 kW load 

Natural gas l.4m'/h(STP) 1.8m^/h(STP) 
Air ( primary and 

atomizing) 
16.5m%(STP) 19.9 m^/h(STP) 

Water 

Nickel only 
Lead / Cadmium 

mixture 
Cadmium / Nickel 

mixture 

10.5 mL/min 10.5 miymin 

14.4 g/h Pb Lead only 

7.8 g/h Cd 9.6 g/h Cd Cadmium only 

4.8 g/h Ni 

14.4 g/h Pb/7.8 g/h Cd 

9.6 gAiCd 7 4.8 g/h Ni 

Table 4.1: Experimental conditions 
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Figure 4.2: Time/temperature profiles for multiple metal experiments 

4.3.2 Predictions from Aerosol Dynamics Modeling 

To explore the various aerosol processes occurring within the fiimace and sampling system, 

several calculations were made using an aerosol modeling code. These calculations were design 

to explore two questions. First, based on the sampling system, is it possible to distinguish 

between condensation and coagulation within the fiimace? Second, are particle interactions 

within the probe significant? To this end, four different cases were modeled. These cases, 

summarized in Table 4.2, examined particle interactions within the probe, coagulation in the 

fiimace and condensation in the furnace. 

CdO Dewpoint 

CdO Bubblepoint 

12kWioad 
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Run 
Initial 

Cadmium 
PSD 

Condensation 
model 

Coagulation Time [s| 

Fumace Probe 

Coagulation in 
Probe Only 

2.1-4.1 nm 0 0.25 

Coagulation in 
Fumace and Probe 2.1-4.1 nm 1.25 0.25 

Model A Non-constant # 1.25 0.25 

Model B Constant# 1.25 0.25 

Table 4.2: Summary of initial conditioos for aerosol dynamic modeling 

Theories of nucleation, film condensation, and coagulation have been described elsewhere [2] 

and are not repeated here. It is not the purpose of this research to develop new theories or 

theoretical tools, but rather to apply existing ones to a practical problem. Gelbard and co-workers 

[80, 81] have developed a multi-component aerosol simulation code (MAEROS) to describe 

particle dynamics of an aerosol evolving with time. This model can be applied to various 

environments including particles produced within combustion systems. The MAEROS code 

simulates the dynamics of a spatially homogeneous, multi-component aerosol by accounting for 

the mass and resulting number concentrations of each component distributed among a number of 

discrete sections related to particle diameter. The MAEROS algorithm includes terms to 

describe (1) coagulation due to Brownian motion, gravity, and turbulence, (2) particle deposition 

due to gravitational settling, diffusion, and thermophoresis, (3) particle growth due to 

condensation of water, and (4) time dependent sources of particles of different sizes and 

compositions. MAEROS is intended as a general tool to supply necessary algorithms to solve 

the discrete form of the General Dynamic equation [80, 81] for numerous diverse particulate 
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systems. It is up to the user to configure the algorithms as necessary for application to a 

particular environment. MAEROS also has important limitations. MAEROS assumes formation 

of spherical particles and complete coalescence of coagulated agglomerates (fractal dimension of 

3). Other limitations exist regarding the number and size of the sections. The version used for 

this research was effective in simulating particle coagulation but was unable to adequately 

simulate condensation of the cadmium vi^r. The effects of condensation were approximated as 

described below. 

Figure 4.3 presents three panels that summarize the modeling efforts. The initial conditions for 

the four test cases are summarized in Table 4.2. Note that the initiai nickel PSD is the same for 

ail runs and is given in the test below. The 0.001 to 20.0^m diameter particle size domain was 

divided into 13 geometrically equal sections to approximate the same resolution as the impactor 

measurements. Nickel and cadmium mass concentrations for the model (2.4x10*^ and 4.6x10"* 

kg/m^, respectively) were equivalent to the calculated experimental concentrations. Initially, 

only coagulation was considered. Terms to describe condensation, deposition and additional 

aerosol sources were disabled. Figure 4.3a shows predictions (coagulation only) for a 

cadmium/nickel mixture withdrawn from Port 3 (above the semi-volatile cadmium dew point), 

instantaneously diluted (20:1) and quenched (T=300K) and allowed to coagulate for 0.25s to 

simulate the sampling system residence time. Initial cadmium nuclei (resulting from nucleation 

in the probe) were assumed to reside in Section 2 (0.002l-0.0046^m), while the initial nickel 

PSD was experimentally estimated (and density corrected) from measured nickel PSD without 
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cadmium. Nickel mass fraction in Sections 6-9 was 20, 30, 40, and 10%, respectively. For a 

given mass, coagulation predictions are independent of any reasonable initial nuclei size chosen. 

Figure 4.3a shows distinct bimodal behavior indicating that cadmium and nickel did not interact 

extensively in the probe by coagulation. 

Figure 4.3b shows predictions for cadmiimi/nickel samples withdrawn from fiimace Port 12, 

under the assumption that only coagulation in the fiimace controls the resulting PSDs. For this 

calculation, nickel and cadmiimi mass was distributed into sections as described above, but the 

system was allowed to coagulate undiluted using a linear time/temperature profile from the 

cadmium dew point (1225K) to Port 12 (107SK), 1.25s later. Again, a bimodal component 

distribution is predicted, indicating only modest interaction of the two components. However, if 

coagulation were a controlling mechanism, the impactor measurements should be able to 

distinguish significant separation between cadmium and nickel modes. 

Finally, film condensation alone was roughly simulated by distributing the cadmium mass on the 

existing nickel particles according to available surface area multiplied by the film mass transfer 

coefGcient (i.e., according to dp^ for the free molecular regime and dp for the continuum regime). 

The original nickel PSD nimiber concentration is 6.9xl0'^/m^. The free molecular regime (or 

possibly the transition regime) is most appropriate here (mean free path=0.4^m). Once 

distributed, the cadmium/nickel particles were allowed to coagulate as before (see description for 

Figure 4.3b). Model A on Figure 4.3c shows results for unchanging particle diameters (non-

conserving number concentrations, 3.4x1 o'Vm^), while Model B shows cadmium and nickel 
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PSDs for a model in which particles in the two smallest sections (6 and 7) were moved one bin 

higher (based on an adjusted sectional mean diameter) to account for particle growth due to 

condensation. Model B more closely conserves number concentrations (3.7xl0'^/m^). However, 

both models (A and B) predict that cadmium and nickel PSDs form a nearly uni-modal 

distribution, compared to the pure coagulation case (Figure 4.3b). Experimental measurements 

should not be able to distinguish separate cadmium or nickel modes. Calculations using 

cadmium mass distributed according to dp (continuum regime) yielded similar results showing 

insignificant separation between cadmium and nickel masses. 
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Figure 4.3: Predicted PSDs for the cadmium/nickel system. 
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4.3.3 Results and Discussion 

Samples Withdrawn from Port 3. The behavior of vapor cadmium/lead mixtures, at 12kW load, 

is shown on Figure 4.4a. Note that the abscissa represents the aerodynamic diameter (i.e., it has 

not been corrected for material density differences). Three different experimental cases are 

shown in Figure 4.4a: (1) cadmium only, (2) lead only, and (3) a mixture of cadmium and lead. 

When only cadmium is present, it is predominantly found on the lowest plate (dpsQ=0.03^), 

while lead is found on the next to the lowest plate (dpso=0.06^m). The aerodynamic separation 

is due to density differences between cadmium oxide (6.95 g^cm^) and lead oxide (9.8 g/cm^). 

Mixtures of lead and cadmium (see 'Cadmium in presence of lead' and 'Lead in presence of 

cadmium') appear to track the 'lead only' PSD. Model predictions suggest that this is consistent 

with coagulation between cadmium and lead particles, increasing the resultant particle bulk 

density compared to cadmium alone. 

The data for the cadmium/nickel system, at 16kW load, are shown on Figure 4.4b. Important in 

the interpretation of the nickel/cadmium data is that nickel oxide (6.5 g/cm^) and cadmium oxide 

have similar densities thus avoiding the confounding effect of density-based segregation within 

the LPI. When present together, the cadmium PSD is significantly separated from the nickel 

PSD. The presence of cadmium did not influence the nickel PSD, which suggests a lack of 

interaction between the two components. These data agree well with the theoretical predictions 

of Figure 4.3a. The slight displacement of the cadmium in Figure 4.4b, compared to cadmium 

alone in Figure 4.4a, may be due to small uncontrollable experimental variations. 
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Figure 4.4: Experimental PSDs of lead/cadmium and cadmium/nickel system at Port 3. Top 
panel: results from lead/cadmium system at 12kW. Bottom panel: results from 

cadmium/nickel system at 16kW. 



98 

Samples Withdrawn from Port 7. For the cadmium/lead system at 12kW, Port 7 lies well below 

both dew points (Figure 4.2). Therefore, Figure 4.5a shows PSDs after significant coagulation in 

the fumace. For the individual metals, lead appears to coagulate to form noticeably smaller 

particles than does cadmium, especially when additional segregation caused by density 

differences is considered. Either lead had less time for coagulation in the fiimace than cadmium 

(due to dew point differences) or its rate of coagulation is less. Note that the coagulation kemel 

in the free molecular regime, P, is proportional to the inverse square root of the density [71]. 

Therefore, lead particles smaller than 0.1 ̂ m have potentially smaller coagulation rates than 

cadmium due to their higher densities. When the two metals are injected simultaneously the 

cadmium PSD does not appear to change significantly. However, the lead mode appears to 

broaden to coincide with the cadmium mode. Multi-component coagulation seems to be the 

likely cause of the shift in the lead PSD. 

The cadmium/nickel system at I6kW produced samples suggesting partial cadmium 

condensation (Figure 4.5b). The cadmium PSD has two distinct modes. The first appears in a 

size range that would indicate the formation of cadmium nuclei. The second cadmium mode 

tracks the single nickel mode. The cadmium nuclei are likely formed from vapor entering the 

probe and homogeneously nucleating during the rapid quench, while the second mode appears to 

be the result of prior film condensation onto nickel particles in the fumace. Note that 

equilibrium predictions indicate that the sample is taken from within the cadmium condensation 
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regime; these results appear to support McNallan's [73] conclusion regarding the importance of 

quench rate on particle formation mechanisms. 

Samples Withdrawn from Port 12. At Port 12, the temperature within the combustor has 

decreased well below the bubble point predictions for ail three metals and provided significant 

time for additional coagulation. For the lead/cadmium system, the sample at Port 12 has evolved 

another 2s from Port 7, and the individual lead and cadmiimi PSDs now coincide (Fig 5a). The 

cadmium mode does not appear to have evolved significantly from that seen at Port 7, and 

appears to have formed an accumulation mode with a mean particle diameter of 0.2mm 

(aerodynamic). In contrast, the added 2s has produced additional lead PSD growth. However, if 

density effects are taken into account, these lead particles are actually smaller than the 

corresponding cadmium particles. This finding is consistent with slower coagulation rates for 

lead particles due to their large densities. The simultaneous injection of lead and cadmium 

yielded PSDs with similar shapes, but shifted to larger diameters compared to the PSDs of both 

metals introduced individually. A likely explanation for this is the strong dependence of number 

concentration (proportional to the square of the nimiber concentration) on the coagulation rate 

and the increased number concentrations that result from introducing the metals together. 

The cadmium/nickel PSDs on Figure 4.6b show that the cadmium almost completely tracks the 

nickel PSD. Based on the modeling, coagulation generated aerosols would produce cadmium 

and nickel PSDs with significant separation (see Figure 4.3b). Condensation of cadmium onto 

nickel particles would generate PSDs similar to either Model A or B of Fig 2c with notable 
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overlap of the PSDs. The results illustrated in Figure 4.6b suggest that film condensation, not 

coagulation, is the primary process determining the formation of the cadmium and nickel PSDs 

at Port 12. 

4.3.4 Summary of multiple metal dynamics experiments 

The nucleation, film condensation, and coagulation processes that govern the PSDs of multiple 

toxic metals in practical combustion environments were experimentally and theoretically 

explored. Agreement between size fi^ctionated data, obtained firom LPI analyses of extracted 

samples, and aerosol dynamics theory was very good. Both theory and experiment agreed that 

nucleation/coagulation processes dominated in the probe (under rapid quench/dilution 

conditions) for both semi-volatile metals with similar dew points (cadmium/lead) and metals 

with dissimilar dew points (cadmium/nickel). Both theory and experiment agreed that fiirther 

down the furnace, lead and cadmium interacted primarily through coagulation. Experiment 

suggested that nickel and cadmium, on the other hand, interacted in the fiimace through film 

condensation and not by coagulation, and these hypotheses were strongly supported by 

theoretical modeling of both of these processes. This finding agrees with both the experimental 

observations of Scotto et al. [34], on the effect of combustor cooling on the PSD of sodium firom 

pulverized coal combustion, and the theory of McNallan et al. [73], who predicted that at 

temperature quench rates less than 600K/s (as in the fumace between Ports 3 and 12) film 

condensation dominates, while at larger quench rates (as in the dilution sampling probe), 

nucleation dominates. 
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4.4 Summary and conclusions of furnace validation studies 

A significant challenge in characterizing the reactions of heavy metals and sorbents is to 

discriminate between condensation and reaction products. Since direct measurements at high 

temperatures caimot be made easily, samples must be cooled to room temperature. Alternatively, 

if the metals and sorbents are allowed to cool naturally within the furnace, condensation may 

obscure measurements of the reaction product; and, inhibit determination of the pertinent vapor-

solid reactions. Experimental studies concluded that heterogeneous condensation processes 

would dominate vapor-to-solid conversions within the furnace. 

To overcome these limitations, the method of aerosol size fractionation was introduced and 

studied. By forcing homogenous nucleation through a rapid dilution of the sample, metal vapor 

can be distinguished from metal reacted to large sorbent particles. Theoretical calculations 

indicate that the characteristic time for homogeneous processes is an order of magnitude faster 

than the characteristic time of the heterogeneous processes. Experimental evidence 

demonstrated that a metal vapor could be distinguished from the pre-existing particle population 

and any metal, which had condensed within the combustor. 

This method can now be used with confidence to study metal/sorbent reactions. By sampling 

well above the dew point of the toxic metals, it is possible to determine the extent of metal 

capture by the sorbent from the multi-component particle size distributions. For example, when 
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lead is partially captured by kaolinite, the distribution of lead in the impactor will exhibit two 

distinct modes. The lead that is associated with the sorbent, as represented by the aluminum in 

PSD, can only be generated by reactions within the furnace. The metal mode in the smaller size 

range represents unreacted metal vapor in the fiimace. This situation is demonstrated in Figure 

4.7 where kaolinite only partially captures lead. In Figure 4.7, the mode to the right of line 

corresponds to the fraction of metal captured by the sorbent. The mode to the left of the line 

represents the unreacted metal. This is the basis for subsequent work in which extent of reaction 

between metal and sorbent is quantified. These conclusions depend greatly on the concentrations 

of metal and sorbent since coagulation and condensation rates are dependent on the square and to 

the first order of these quantities, respectively. Interactions between large and small particles in 

the sampling system have been shown to be negligible. 

The assumptions which form the basis of the aerosol size-firactionation technique are: 

• The sample withdrawn from the furnace is representative of actual conditions. 

• During the rapid quench, metal condensation to particles and surfaces in the probe is 

negligible. 

• The transfer efficiency (ratio of sampled mass to measured mass) of the sampling system is 

not significantly dependent on particle diameter. This implies that no significant preferential 

deposition occurs in the sampling system. 
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Figure 4.7: Multi-component distribution of lead and aluminum where lead is partially 
captured by kaolinite. 
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Chapter 5 

Interactions between Lead and Sorbents 

The control of lead emission from combustion sources has been examined by many researchers 

[11, 21, 23, 24, 26, 35, 38, 76, 82]. These studies have merely demonstrated that a sorbent is 

capable of absorbing the lead vapor from a variety of sources by a variety of sorbents. Little 

work has been done to quantify the reaction rate between sorbents and lead vapor. In this 

chapter, three sorbents- PWDS, hydrated lime and kaolinite, will be examined. Screening tests 

with each of these sorbent indicated that PWDS and kaolinite would be most effective at 

capturing lead vapor. Hydrated lime appeared to slowly react with lead and appears to be a poor 

lead sorbent. To verify the dynamics of the lead/lime and lead/kaolinite systems, systematic 

studies were performed with these systems. In the both systems, experiments were performed to 

examine the effect of stoichiometric ratio and injection temperature. For lead/kaolinite systems, 

a model describing the interactions, and the effect of injection temperature therein was developed 

and kinetic parameters determined. The global model allows kaolinite injection for lead capture 

to be optimized and the amount of lead captured to be predicted as a function of sorbent injection 

temperature, sorbent flowrate, and metal concentration. 
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5.1 Thermodynamic predictions 

Before experimental work was initiated, the equilibrium behavior of the lead vapor with and 

without chlorine was examined. Overall, there are 66 lead species in the thermodynamic 

database of which only 28 are pertinent to this work. Table 5.1 lists the pertinent species from 

the database. The table is divided into two sections: vapor and condensed species. Note the 

fourth column in Table 5.1 contains species of lead with calcium and silicon. Equilibrium 

predictions were attempted for four systems- Pb, Pb/Cl, Pb/Ca, and Pb/Al/Si in a natural gas 

flame operated at a SR =1.2. Results for the lead and lead/chlorine systems are presented in the 

next sections. 

For systems containing calcium or aluminosilicates, the equilibrium predictions were not useful 

at temperatures of interest. For the aluminosilicate system, the thermodynamic code failed to 

converge at temperatures above I200K. Thermodynamic information for Pb4Si06(l) and 

PbSiOsCl) was available for temperatures up to 1800K. Below 1200K, the majority of the lead 

was present as PbSi03. For the CaPb systems, the two species in the database have an upper 

temperature limit of lOOOK but was not predicted at any temperature. It is important to note that 

the equilibrium code that was used was not specifically designed to handle complex non-ideal 

mixtures; CEA assiunes thermodynamics of ideal gas mixtures and only pure condensed phases. 

Furthermore although improvements have been made recently, CEA is sensitive to the presence 

of condensed phases and will often not converge without special manipulations. A recent study 
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which compared CEA to other equilibrium codes found that there were no significant differences 

between the predictions in a coal system [83]. 

Vapor Condensed 

Pb Pb(l) Pb02(s) Ca2Pb(s) 
PbCl Pb(cr) PbC03(s) CaPb(s) 

PbCl+ PbO(l) PbO-PbC03(s) PbSiOaO) 
PbClz PbO(rd) PbCl2(s) PbSiOsCs) 

PbCl2+ PbO(yw) PbCl2(l) Pb4Si06(l) 
PbCU Pb304(s) Pb4Si06(s) 
Pba 
PbH 

Table 5.1: Lead species in thermodynamic database 

5.1.1 Equilibrium predictions for lead 

Several equilibrium predictions were made for lead in the system. To understand the behavior of 

the dew point with variations in the lead concentration, equilibrium predictions were made with 

lead concentrations varying from 1 to 250ppm. Figure 5.1 plots the results of these tests as the 

fraction of the metal that is condensed. Each curve represents the equilibrium between gas and 

condensed phases with the dew point reported as the temperature where the first condensed lead 

appears. As expected at higher concentrations of lead, the condensed metal appears at higher 

temperatures. Moreover, as lead concentration decreases, the curves shift to lower temperatures. 

Note that the dew point for lOOppm of lead is ~1225K and is roughly analogous to the cadmium 

dew point reported earlier. At IppmV of lead in the system, the dew point is ~1050K with 

essentially all metal condensed at 900K i.e. well above the final sampling system temperature. 
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Previous authors have suggested that the metal dew point at the original concentration 

represented the end of the metal/sorbent reaction [31]. This assumption may not be valid in 

reactive systems where metal vapor is removed by the reaction. The reactions will lower the 

dew point, which allows more time for the reaction to occur. This is a feedback process where 

more reaction allows longer times for reaction. As can be seen in Figure 5.1, a 50% reduction in 

the vapor concentration (lOOppm to 50ppm) yields at least a 25°C change in the dew point. This 

temperature difference translates to ~0.1 seconds in the experimental combustor. 
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Figure S.l: Predicted dew points for lead at several concentrations. 

Since the proposed reaction between lead and sorbent involves lead oxide, it is insightful to 

examine the equilibrium-predicted speciation of lead at high temperatures. At temperatures 
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greater than the dew point, equilibrium predicts that lead oxide dominants. As can be seen in 

Figure 5.2, only a small amount of lead is present at high temperature. Note that as temperature 

approaches 1500K, some of the lead oxide vapor shifts to lead vapor. Equilibrium predicts that 

lead begins to condense as liquid lead oxide and then solidifies into lead oxide solid. 
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Figure 5.2: Equilibrium predicted speciation of lead compounds 

5.1.2 Equilibrium predictions for lead with chlorine 

Since the chlorine has been shown to be important to the metal/sorbent reaction, several 

equilibrium predictions were made with chlorine. At every chlorine concentration, the chlorine 

is predominantly present as hydrochloric acid. However, chlorine is predicted to have some 

effect on the lead partitioning. At lOOOppm CI, equilibrium predicts that lead will not condense 

at temperature greater than 800K. Over the temperature of concern, lead partitions itself between 
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lead chlorine and lead oxide. Figure 5.3 shows the overall partitioning between the lead and 

chlorinated lead vapors. At temperatures above 1250K, these vapors are in equilibrium with lead 

dominating at >1450K. Note that at a temperature of ~1530K, lead vapor is present in quantities 

~3 times greater than the chlorinated vapor. For smaller amounts of chlorine, the same behavior 

is predicted except that the oxide dominates at lower temperatures. This effect is proportional to 

the decreases in chlorine concentration. 
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Figure 5.3: Partitioning behavior of lead in the presence of lOOOppm CI. 

The predicted behavior partitioning between lead and chlorinated lead compounds is interesting. 

The presence of chlorine has been reported to significantly reduce the sorbent effectiveness [11, 

34]. The presence of lead vapor at high temperatures may indicate that the sorbents should work 

better at high temperatures in the presence of chlorine. 

Lead vapor 
Chlorinated lead vapor 

—  ̂ - Condensed lead 
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The predicted distribution of lead compounds is plotted in Figure 5.4. The top panel of Figure 

5.4 show the distributions of the lead compound while the lower panel shows the chlorinated 

lead compounds. The partitioning of the lead compoimds resembles the partitioning in the lead 

only system. Lead oxide is predicted to dominate. The chlorinated lead compounds are 

predicted to distribute among three species- PbCl, PbCh, and PbCU. Whether the formation of 

these chlorinated compounds is kinetically favorable is a significant question. There has, so far, 

been no experimental evidence of vapor phase PbCU at room temperature. 
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Figure 5.4: Equilibrium predicted lead speciation in presence of lOOOppm CI 

5.2 High temperature gas phase reactions of lead compounds 

Recent work [84] has examined reactions of lead vapors with several gas species. The kinetics 

of lead reactions with N2O, CI2, HCl and O2 were measured at various temperatures. Two 
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significant observations were made about the reactions with oxygen and chlorine. The reactions 

of lead with HCl appear to be limited to a temperature range of 1090K-1320K above which PbCl 

decomposition became significant. The measured rate coefficient was found to be 

A:(1090A:-1320a:) =8.22x10"'° exp(-17233^) molecule'̂  s~^ 

The second interesting observation was on the formation of lead oxide at high temperatures. 

For temperatures of 1040-1340K, a rate coefficient of 

^(1010 - 1340/O = 3.4 X10"'' exp(~ crn^ molecule'̂  j"' 

was measured. However, the authors note that the measured parameters seem to indicate a 

catalyzed process. The reaction, Pb + O2 -• PbO + O, is endothermic with an enthalpy of 127±7 

kJ-mol"'. The measured activation energy is only 40 kJ-mol*', which is impossible for a gas 

phase reaction. The evidence suggests that a heterogeneous, not homogenous, process dominates 

lead oxide formation at high temperatures. There may, however, be other routes to form PbO in 

the presence of free radicals, such as oxygen and hydroxyl radicals. 

5.3 Lead and PWDS (Screening Tests) 

As mentioned previously, a novel sorbent, derived firom the waste of the paper recycling process 

is under evaluation. This paper waste derived sorbent (PWDS), manufactured by CDEM B.V., is 

composed of a mixture of lime and kaolinite. Screening tests with lead were performed to 
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evaluate the ability of PWDS to capture lead vapor at high temperatures. After the screening 

tests, a 2-level factorial test was conducted for the lead/PWDS system. 

5.3.1 Screening tests for lead PWDS interactions 

Two different screening tests were performed with lead/PWDS systems. The first screening test 

demonstrated that the PWDS was as effective as a mechanical mixture of lime and kaolinite in 

capturing lead at high temperature. This test was among the first work performed at the 

laboratory and used an Anderson Mark II cascade impactor for measurements. The second 

screening test examined the effect of chlorine on the ability of PWDS to capture lead. 

5.3.1.1. Screening test without chlorine 

The initial screening test was performed on the combustor operating at 12kW. Predating the 

work on the aerosol size fractionation technique, the approach was similar to that of Scotto [67] 

and Mwabe [31]. Table I summarizes all input flows and concentrations for these experiments. 
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CH4 flow rate 1.35 m3/h (0.8 scfin) 

Air flow rate 12.9 m3/h (7.6 scfin) 

Aqueous solution flow rate 15 ml/min 

Lead acetate concentration in 
solution 

28.0 g/Uter 

Sorbent flow rate 1.25 - 2.5 g/min 

Pneumatic conveying fluid for 
sorbent 0.84m3/hN2 (0.5 scfin) 

CDEM sorbent composition kaolinite 45%; CaO 22%; 
CaC03 33%; Ca(OH)2 1% 

Mixed sorbent composition kaolinite 44%; Ca(OH)2 56% 

Table 5.2: Input flow rates and compositions 

Figure 5.5 shows the sampled size distribution of the exhaust lead aerosol without sorbent 

present, for two different temperature profiles. The diameter at which 50% of the mass passed to 

the stage below (cut-off dso) is denoted at the value at left hand side of each bar in the bar graph, 

the abscissa of which is given in a log scale. Panel (a) shows results fi'om the lower temperature 

run, while Panel (b) is for the higher temperature run. Both (uncorrected for radiation heat loss 

from thermocouples) temperature profiles are shown in the insert in Figure 5.5. Clearly, 

operation at the higher temperature leads to a finer "fimie", with smaller particles than those 

collected at the lower temperature. Under those lower temperature conditions, the particles have 

more time to coagulate before they are sampled. As can be seen from the insert, the sampled 

fume has an additional second in which to coagulate. The coagulated particles from the lower 

temperature run predominate on Stage 8, while the uncoagulated fume occurring at higher 

temperatures predominates on the after-filter. In subsequent experiments, the higher temperature 
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profile was employed. The important conclusion to be drawn from these data is that lead aerosols 

produced in a combustion process consist of particles less than 0.5mm, with the larger particles 

being formed under lower temperature, and longer coagulation time conditions. 
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Effect of CDEM sorbent and mixed sorbents. Figure 5.6 contains five panels which depict the 

effects of CDEM sorbent on the left and the mixed sorbent on the right. In each case the fraction 

of the lead captured is plotted against density corrected stage cut-off diameter. The lower dSO 

diameter is represented at the left border of the bar for a particular plate. The density correction 

was necessary to account for variations in particle density caused by changes in composition. 

The top panel (a) is the baseline case without sorbent. All four lower panels show that both 

sorbents scavenge lead effectively. The CDEM sorbent was effective in both runs (Panels b and 

c), effectively redistributing the lead to follow the sorbent particle size distribution itself. The 

mixed sorbent results might appear to be more pronounced, but that is merely because the mixed 

sorbent particles were somewhat larger than the CDEM sorbent. It is significant that the CDEM 

sorbent, derived from a waste material, can thus effectively manage another waste, namely lead 

emissions. 

Figure 5.7 shows how the lead concentration tracked the calcium concentration. Aluminum and 

silicon measurements were not available for these plots, due to difficulties with the AA 

spectrometer employed. 

5.3.1.2. Screening tests with chlorine 

In addition to the screening test performed above, the effect of chlorine was explored in the 

PWDS sorbent by itself In each case, the sorbent injection temperature was ~1500K, and the 

flow rate of the sorbent was 2.5g/min. Samples were extracted at a residence time of 1.0 
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seconds, as calculated from the input flows. Each sample is extracted above the dew point of the 

lead vapor. The lead concentration within the fiimace was lOOppm in the flame. 

The multi-component particle size distributions from these tests are shown in Figure 5.8. For the 

condition of no chlorine, the PWDS sorbent appears to absorb most of the lead vapor. However, 

a small lead mode is detectable at the very smallest diameters detectable by the BLPI. When 

lOOOppmv CI is added to the system, the amount of lead captured decreases significantly. 

However, a small amount of lead is captured as noted in Figure S.8. 

5.3.1.3. Parametric study of Lead/PWDS system 

With the success of the PWDS in capturing lead, a systematic study was performed. A 2-level 

factorial design was constructed with injection temperatures of 1350K and 1530K and 

(|)(equivalent) = 3, 1. The stoichiometric ratio, ((>, was calculated on an equivalent basis with the 

kaolinite component as a basis. (Results to be shown later seem to indicate that the calcium in 

PWDS will not significantly contribute to the capture of lead.) The lead concentration of the 

reactor was held at lOOppm. All samples were extracted at ~1300K. 
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Figure 5.9: Comparison of parametric test results for lead/kaolinite and lead/PWDS 
systems 

The results of these tests are shown in Figure 5.9. For comparison, the results of similar tests 

with kaolinite, which are discussed in Chapter 6, are also plotted on the same graph. The PWDS 

appears to be less effective at capturing lead at high temperatures. When compared to the similar 

experiments for pure kaolinite, the captiu% appears to be systematically smaller. Two hypotheses 

may account for apparent differences in the reactivity between the B80 kaolinite and PWDS. 

The PWDS sorbent is much larger than the kaolinite (B80) used in these experiments, thus mass 
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transfer limitation may account reduced reaction rates. The average diameter is greater than 

lOfim where the B80 kaolinite has an average size of O.S^m. For comparison, a test was 

executed with the 6104B kaolinite sample injected at 14S0K and ({> ~ 2.4. This kaolinite sample 

has a much larger range of diameters and more closely resembles of the PWDS sizes. This 

single test is shown in Figure 5.9. The 6I04B sample also captured significantly lower amoimts 

of lead relative to the smaller particles. The difference in size seems to account for at least some 

of the differences in Figure 5.9. The second hypothesis is that inhibition by calcium oxide may 

reduce the reactivity of the kaolinite. In the PWDS, kaolinite is closely associated with the 

calcium component. The PWDS micrograph, shown earlier in Figure 2.10, seems to indicate that 

calcium and kaolinite are in direct contact. The direct contact may lead to reactions between 

calcium oxide and kaolinite at high temperature. These reactions may inhibit the reaction with 

lead oxide by reducing the active sites. 

5.3.2 Conclusions of lead/PWDS study 

The paper-waste derived sorbent shows potential as a high temperature sorbent. For the capture 

of lead and cadmium, PWDS appears to be as effective as hydrated lime, kaolinite and mixtures 

of lime and kaolinite under certain conditions. However, a parametric study seems to indicate 

that mass transfer limitations and possible inhibition reactions with calcium may limit the PWDS 

effectiveness. 
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5.4 Lead and lime 

Lime has been shown to be an effective sorbent of sulfur dioxide, hydrochloric acid, and toxic 

metals, such as cadmiimi [11], selenium [29], and arsenic [27]. Any multi-functional sorbent 

which is designed to control acid gases and metal emissions, will contain lime to some extent. 

To properly apply sorbent technology, it is important to characterize the interaction between lime 

and lead. 

The interaction of lead and lime was initially studied at medium temperatures by Uberoi and 

Shadman [21]. They concluded that ail of the lead which was adsorbed by lime was present in a 

water-soluble form. Subsequent to this work, multifunctional sorbent containing kaolinite and 

lime were evaluated at medium temperature [33]. The multifunctional sorbent was effective at 

capturing lead, sodium and acid gases. However, the lead partitioning between lime and kaolinite 

was not measured [33]. 

To address the lack of information about the lead/lime interaction, a systematic study was 

performed. Screening tests were performed in the presence of excess lime and chlorine. A small 

amount of lead was captured by the lime. Parametric tests were executed to ascertain the limits 

of this reaction. 

5.4.1.1. Screening tests 

Screening tests were performed on the Uo£\ downflow combustor configured at 18kW. I^ad 

was injected at such a rate that the concentration was lOOppm in the flame. Sorbent was injected 
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at a temperature of 1450K, and samples were extracted above the dew point of the lead. The 

lime feedrate was approximately 3g/min. This feedrate corresponds to a stoichoimetric ratio of 

~25 (Ca/Pb) based on input rates, hi the second condition, chlorine was added to lOOOppm. 

Each condition was repeated with excellent reproducibility. Since the hydrated lime particles are 

large, the calcium PSD showed the greatest variation due to sampling problems. 

The multi-component PSDs for these tests are shown in Figure 5.10. These curves are from a 

single test but are representative of the replicate. The reaction of lead with lime appears to be 

slow. There appears to be a small amount of lead capture based on the small peak, which 

correlates to the calcium mode. In the presence of chlorine, the effect does not appear to be 

diminished. 

Since chlorine/lime interactions at these temperatures are negligible [37], this result is surprising. 

Results seem to indicate that the reaction mechanism does not occur through lead oxide. Since 

chlorine reduces the lead oxide concentration, its presence would act to reduce lead oxide 

concentration and yield lower capture. Since chlorine does not seem to effect the capture of lead, 

lead oxide is probably not involved in the capture mechanism. This result may indicate that 

another reaction mechanism is occurring. In the case of calcium/lead reaction, possible product 

species may be CaPb or CaiPb which do not contain oxygen. 
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5.4.1.2. Parametric study of lead/lime interactions 

To further explore the interaction between lead and lime, parametric tests were performed by 

varying the injection temperature and sorbent to metal molar ratio, (|>. The injection point was 

varied over three ports corresponding to temperatures of 1380K, 1450K, 1530K. The values of 

(() were chosen to be 16, 32, and 64 based on the inlet feed rates. Due to inability to feed the 

desired amount of lime, changes in (ji were accomplished by holding the lime feed rate constant 

and changing the metal concentration. Stoichiometric ratios of 16, 32, and 32 correspond to lead 

concentrations of 200ppm, lOOppm, and SOppm. In each case, the sampling point was held at a 

temperature of 1290K, which is sufficiently above the condensation point. 

Figure 5. II shows the results for the parametric tests. The abscissa plots the fraction of metal 

capture by the sorbent as determined by the aerosol size-fractionation technique. The ordinate 

shows the sorbent residence and the corresponding temperature. Since the sampling point is held 

fixed, time and temperature are correlated quantities. Sorbent injected at high temperature pass 

through all lower injection temperatures before being sampled. The error bars denote a 95% 

confidence level for each point. 

As can be seen in Figure 5.11, the metal capture for ((f=16, 32 are identical. Furthermore, this 

effect seems to be temperature and time independent. When (|> is increased to 64, a drastic 

change in the capture occurs. At lower temperatures, the amount of lead captured by lime 
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increases to nearly 85%. Additionally there appears to be a significant temperature effect. 

Higher temperatures seem to inhibit the capture of lead by lime at large (j). 
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Figure S.ll: Results of parametric tests in the iead/lime system 

It seems improbable that the reaction of lead with lime would suddenly activate at large ((». 

Particularly when no change in the response was detected for the previous increase in ((>. The 

curious temperature effect may be an indication of the effect of surface area. Higher 

temperatures and longer times serve to decrease the lime surface area by allowing more sintering 

4 
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to occiir. The sharp change in the response is most likely an artifact of the system where one of 

the assumptions imderlying the sampling system is violated. 
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Figure 5.12: Comparison of lead capture by lime with and without the presence of CI 

To explore the chlorine effect on the lead, a subset of tests were repeated with lOOOppmV CI 

present. The (|> chosen for these tests was 32, which corresponds to a lOOppm lead concentration. 

Thus, the chlorine to metal molar ratio was 10:1. The tests were conducted at each previous 

injection point and were repeated a minimum of two times. As can be seen in Figure 5.12, the 

effect of chlorine is statistically insignificant. The error bars represent a 95% confidence 
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interval. At all temperatures, lead capture appears to be identical. As in the screening tests, this 

is surprising, since at high temperatures, lime should not react with chlorine [37]. As discussed 

earlier, this suggests that lead/calcium reaction do not occur through lead oxide. For example, 

the reaction may occur through lead to produce a product like CaPb and CazPb. This 

mechanism may also explain the low reaction rates since the equilibrium concentration of lead 

vapor is predicted to be small. 

The possibility that the lead-calcium product is limited by equilibrium may also explain the 

results of these tests. At equilibriimi, variations in injection temperature are expected cause 

changes in the equilibrium concentration of the product. If the lead/lime reaction is 

thermodynamically limited, a temperature effect was not detected in these experiments. Thus, it 

seems likely that the limitation is kinetic. Note that these results cannot exclude the possibility 

of equilibrium limitations since the equilibrium concentration may be relatively insensitive to 

temperature changes at these conditions. 

5.4.2 Conclusion of lead/lime study 

The ability of lime to absorb lead appears limited. The reaction appears to occur slowly and 

through a mechanism with atomic lead vapor, that does not involve lead oxide. This mechanism 

is supported by the lack of chlorine effect. Furthermore, the lead mechanism can also account 

for the observed slow reaction rates since little lead vapor expected to exist at high temperature. 

Possible reaction products may be CaPb and CaaPb. 
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5.5 Lead and Kaolinite 

The final sorbent under consideration in this work is kaolinite. Kaolinite has been previously 

shown effective at the absorption of lead at both high and medium temperatures. Uberoi and 

Shadman [21] determined that kaolinite (and bauxite) was an excellent lead sorbent among the 

other sorbents tested. The product of this reaction was determined by XRD to be 

Pb0 Al203-2Si02.. However as reported in the introduction, the reaction was slow with time 

scales on the order of hours. Note that in these benchtop experiments, lead vapor was generated 

by vaporizing lead chloride. This work was later extended to high temperature by Scotto [34] 

where two differences were observed. Fust, the reaction rate without chlorine present occurred 

in seconds. The influence of chlorine in the system was attributed to the slow reaction rates seen 

by Uberoi [34]. The second difference is that significant melting of the particle were observed at 

high temperature. It was postulated that a eutectic melt formed by the substitution of lead oxide 

into the crystal matrix. Because of this melting, the reaction product could not be determined by 

XRD. 

5.5.1 Screening tests 

To properly define an experimental region for future parametric studies, two sources of data 

were used. The results of experiments performed by Scotto were used to frame the appropriate 

space. Then a few screening tests were added to explore the results of the samples were taken at 

conditions above the dew point. It is important to note that Scotto sampled below the dew point 

for all of his tests. When sampling below the dew point, reaction was verified through a series of 
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tests with chlorine where the condensation product is water-soluble [67]. Leachability of the 

condensed lead was then used to determine the reacted product. In this work, screening tests 

were performed without the presence of chlorine. 

As series of screening tests were performed without chlorine. Before the fiimace reconstruction, 

a series of test were performed with <^ = 4 at two injection temperatures, ~15{)0K and ~1400K. 

These test were performed at 16kW such that the sorbent residence time was approximately 

1.1 seconds. The temperature profile for this condition can be found in Chapter 4. For each test, 

lead was completely captured by kaolinite. Panel (a) of Figure 5.13 shows a characteristic multi-

component PSD for these tests. 

A second screening test performed after the fiimace reconstruction tested a single point. With 

the fiimace configured at 18kW, sorbent was injected at Tinj = 1450K at a rate of ~1 gram min"' 

which was equivalent ({>=2 (with lOOppmV Pb). Fractional capture was observed at this 

condition. 

The results of these screening test are applied in the chapter 6 where the lead/kaolinite kinetic are 

determined. Based on the screening tests presented in the previous chapter, factor values were 

assigned for the parametric tests. The injection temperatures would be 1530K, 1450K, and 

1380K at 18kW. This corresponds to sorbent residence time of 1.0s, 0.7s, and 0.4 s, respectively. 

The temperature profile for these experiments is shown in Figure 6.1. The values of were 
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chosen to be 4, 2, and 1. Chlorine to metal ratios of 0,1,10 were chosen without any 

consideration from these tests. 
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5.13: Results of screening test for lead/kaolinite interactions 
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5.6 Conclusions 

The paper-waste derived sorbent (PWDS) is novel material, which is composed of calcium 

carbonate and kaolinite. Screening tests and a limited systematic study demonstrated that PWDS 

is an effective sorbent of lead. Since the powder provided was relatively large, mass transfer 

limitations prevented the maximum performance of the sorbent. 

Hydrated lime was found ineffective as a high temperature sorbent for lead. Relatively little lead 

capture occurred; however, a spurious effect was observed at large stoichiometric ratios. 
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However, reactions with hydrated lime were unaffected in the presence of chlorine. These 

results seem to indicate that lime reacts with atomic lead vapor. 

Lastly, kaolinite appears to be effective at capturing lead at high temperature. Screening tests 

were used to determine the approximate region for a parametric study of lead/kaolinite reactions. 

The injection temperatures would be I530K, 1450K, and I380K at l8kW. This corresponds to 

sorbent residence time of 1.0s, 0.7s, and 0.4 s, respectively. The temperature profile for these 

experiments is shown in Figure 6.1. The values of were chosen to be 4, 2, and 1. Chlorine to 

metal ratios of 0,1,10 were chosen without any consideration from these tests. 
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Chapter 6 

Lead / Kaolinite Kinetics 

The objective of this work was to optimize the injection of kaolinite to control lead vapor at high 

temperature. To accomplish this task, global kinetic information was required for the reaction. 

A systematic study of kaolinite reaction with lead was conducted. The parameters under 

investigation were the chlorine concentration, the sorbent to metal molar ratio ((|>), and the 

sorbent injection temperature. As in earlier studies, the sampling point was held at fixed 

temperature. To determine the proper experimental region, limited screening tests were 

conducted. An experimental test matrix was developed based on a central composite design 

where the experimental factor of 1:1 Cl:Pb, 14S0K injection temperature, and inlet ()> of 2, 

defined the center of the design. The results were then applied to a reaction model to determine 

the pertinent kinetic parameters. 
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Figure 6.1: Time temperature profiles for downflow combustor at 18kW. 

6.1.1 Parametric study 

Based on the screening tests presented in the previous chapter, factor values were assigned for 

the parametric tests. The injection temperatures would be 1530K, 1450K, and 1380K at 18kW. 

This corresponds to sorbent residence time of 1.0s, 0.7s, and 0.4 s, respectively. The 

temperature profile for these experiments is shown in Figure 6.1. The values of ^ were chosen to 

be 4, 2, and 1. Chlorine to metal ratios of 0,1,10 were chosen without any consideration from 

these tests. A central-composite experimental design was constructed. The central-composite 

design is a fractional design, which minimizes the number of experiments. A full description of 

the design and the statistics involved can be found in the text by Box and Draper [85]. The test 
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plan is summarized in Figure 6.2. Experiments were performed randomly to minimize any 

systematic bias. 
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Figure 6.2: Test matrix for parametric study of lead/kaolinite. 

Even with careful metering of sorbent and metal feedrates, losses in the experimental furnace 

were significant. To account for these losses, data was evaluated based on the measured 

stoichiometric ratio, ({). The measured stoichiometric ratio is calculated as total moles of lead 

divided by the total moles of sorbent in the impactor. In the case of the sorbent, the average of 

the aluminum and silicon gathered in an impactor was used to determine the number of moles of 

the sorbent. The summary results for these tests are shown in Figure 6.3 with the average of the 

measured stoichiometric ratios indicated. Notice that the greatest difference between input and 

measured (j) is at the higher values. 

The results from the parametric tests are interesting. Figure 6.3 shows the results of these 

experiments. Across the figure, each panel represents the response surface under different 

(a) Oppm CI (b) lOOppm CI (c) lOOOppm CI 



139 

chlorine concentrations. The runs with the same average measured stoichiometric ratio are 

indicated by identical symbols in each panel. These nms are connected with solid lines for 

clarity. The abscissa is the fraction of metal captured by sorbent and the ordinate shows the 

sorbent residence time and corresponding injection temperature. The error bars represent a 95% 

confidence in the amount of metal captures. This is based from a minimum of two runs per 

point. Several runs were repeated to improve precision and attain the desired measured 

stoichiometric ratio. For experiments in Figure 6.3, 38 individual tests were performed with 11 

individual plates analyzed for each test. Each plate was analyzed for a minimum of three 

elements. 

In Figure 6.3a, the results with no chlorine are presented. Two expected features are apparent in 

Figure 6.3. As expected, increases in the stoichiometric ratio yield increased lead capture. 

Furthermore, the as the concentration of chlorine increases the amount of lead capture decreases. 

However, one feature of the summary is quite surprising. The dependence of the reaction with 

time and injection temperature is negative. At longer times and temperatures, the amount of lead 

captured decreases. This behavior is noticeable at all three levels of ()», although the confidence 

intervals around each point are relatively large. One would expect that at longer times and 

higher temperature that the conversion of lead vapor would be greater. This trend is further 

observed in Panel (b) where lOOppm CI is added to the system. Because of the design of the 

experiments only one complete range of temperature were explored at a measured <j>. At <t>=l.l, 

the negative temperature dependence is observed. This negative temperature dependence 
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appears even at high chlorine concentrations. In the presence of lOOOppmV CI, long and short 

sorbent residence times capture the same amount of lead. Lead capture for a 1.0s sorbent 

residence time is equivalent to lead capture at 0.4s residence time. This behavior suggests that 

the global process has a negative activation energy. 

The data &om all lead/kaolinite tests performed at 18kW and at the injection temperature used in 

the parametric tests can be plotted together. Figure 6.4 plots the fraction of lead capture versus 

Tinj and ((>, for all individual tests. As can be seen in the figure, the expected plateau-like 

response can be seen in the three resultant curves. Data at large <t> is truncated for clarity. For 

each temperatwe, the data is fit as an exponential rise to a maximum. These regression lines are 

placed as a visual aid and are not used in subsequent calculations. Nonetheless, regression 

coefScients for 1370K, 1450, and 1530K injection temperatures are 0.97, 0.95, and 0.94, 

respectively. This plot can be duplicated for the data gathered with lOOOppmV CI, Figure 6.5 

shows that all data extracted with lOOOppm CI collapses into a single fit. The regression 

coefficient for this fit is 0.95. Figure 6.5 clearly illustrates the smaller lead capture obtained by 

kaolinite in the presence of lOOOppmV chlorine. 
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Figure 6.4: Response of lead capture versus measured ((> and sorbent injection temperature. 

The coupling of the time and temperature in these measurements may confuse the interpretation 

of this data. A small set of tests was performed at constant residence time and two injection 

temperatures. The temperature effect is separated from the time effect. Figure 6.6 clearly 

illustrates that at higher temperature capture is reduced. Tests were run at same ()> with all level 

of chlorine concentration. The injection point was varied between the high temperature 1530K 

and the low temperature of 1380K. At Oppm CI, the difference in the capture is approximately 
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50%. However, at high concentratioas of chlorine, the capture in the same time is approximately 

equivalent. 
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Figure 6.5: Results oflead capture in presence of lOOOppm CI 
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As mentioned previously, the reaction of lead with these particles has been observed to produce 

melting [34]. The melting effect was observed for these reactions. This melting would be 

consistent with work on effect of mineralizers on the transformation of kaolinite. The 

mineralizers often accelerate transformation by promoting the formation of a liquid phase. Note 

that the phase diagram for Pb0/Al203/2SiC)2, shown in Chapter 2, has eutectic point much lower 

than the temperature in this study. Thus, one would expect significant melting to occur. Figure 

6.7-Figure 6.9 are micrographs obtain from samples extracted from the downflow combustor. In 

Figure 6.7, a single kaolinite particle, which has been injected at 1530K and extracted at the 



145 

standard sampling point, is shown. This particle appears to be a classical kaolinite particle with 

little evidence of melting or phase transformation. Based on the flash calcination of kaolinite, 

one would expect that the particle show little physical change under SEM examination. When 

lead is injected into the systems with the kaolinite, drastic structural changes occur. Figure 6.8 is 

a micrograph of several article as extracted by the impactor from the lead/kaolinite system; all 

particles show significant melting. Two types of particles are present- spherical and necklace. 

The necklace type particles appear to be string of misshapen smooth bodies. Figure 6.9 is a close 

up view of a single spherical particle found in Figure 6.8. Notice that lack of any surface feature. 

Surface features have effectively been removed by sintering/melting process. Estimations of the 

change in surface area from a platelet to a spherical particle indicate that -64% is removed. This 

estimation was made based on a transformation from smooth platelet to smooth sphere. The 

actual surface loss would be greater considering the edge features of the kaolinite platelet. Effort 

was made to capture and characterize samples from the different injection points with the 

combustor with FESEM. The hope was that differing injection temperatures and /or amount of 

lead captured would result in detectable differences in the particle morphology. Unfortunately, 

this analysis was not successful since morphological changes appeared to have no consistent 

trend. 

Transmission electron microscopy (TEM) was also used to investigate the reaction. Figure 6.10 

is a micrograph of a particle extracted from the same conditions as the particle in Figure 6.9. 

TEM picture is obtained by passing electron beams through the sample. Thus, pictures are 
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generated as projection of the entire three-dimensional structure. For example, if a uniform 

material were pictured, thicker areas would appear darker in the picture. Compositional changes 

may also appear as darker areas. Figure 6.10 is a picture of a relatively spherical particle. A 

slightly darker band can be seen around the edge of the particle. This may indicate 

compositional variation across the particle, since it expected that a spherical particle should 

appear darker in the center. The dark band on the edge of the particle seems to show the 

presence of product layer, and indicates that diffusion processes within the particle are important. 

Figure 6.7:SEM picture of kaolinite injected into reactor without lead. 



Figure 6.8: SEM micrograpii of kaoUnite reacted witii lead 

Figure 6.9 SEM micrograph spherical lead/sorbent particles 
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Figure 6.10: TEM picture of lead/kaolinite particle 

While X-ray dififraction measurements were unsuccessful due to the melting, the TEM was able 

to generate an electron dif&action pattern. Diffraction patterns were created several particles; 

however, most patterns were faint. From the dif&action pattern, several interatomic distances 

were measured. The most commonly occurring distances were 3.6 and 2.6 angstroms. Titania 
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dioxide, a common impurity, has an interatomic distance ranging from 2.96 to 3.57 for Ti-Ti 

bonds in rutile [86] and accounted for most of the observed patterns. 

For gas-solid reactions, the effect of interphase mass transfer can be significant. To account for 

mass transfer in the parametric tests, the kaolinite sample with the smallest average diameter 

(B80, ~0.8^m) was used for most experiemtns. An indication of the mass transfer effects would 

be found a log-log plot of the measured lead composition versus the particle size. If the lead 

composition correlates to particle diameter, the particle size effects would be important. Since 

the goal of the parametric test are to determined reaction rates, all runs within the parametric 

study were examined for the effect of particle size. No diameter dependence was detected in the 

parametric tests. Figure 6.11 plots the weight percent of the measure oxide versus the 

aerodynamic diameter as measured in an impactor. The upper plot is characteristic of all 

parametric tests but is specifically from a condition where sorbent was injected at 1450K and 

(j)=I.l. The lack of a diameter dependency is clear for these conditions. However to explore the 

mass transfer effects, tests were conducted with a kaolinite sample with a larger range of 

diameters. The same conditions were executed as in the upper panel except 6104B kaolinite 

sample was injected instead of the B80 sample. The 6I04B sample has much larger diameter 

range with an average diameter of -lO^m. Samples were gathered with an Anderson Mark H 

Cascade Impactor, which better measures large particles. The lead composition plot for the tests 

is shown in Figure 6.1 lb. The error bars represent a 95% confidence in the average of two runs. 

The results of these tests demonstrate classical behavior. Three regions can be seen in the 
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composition plot. For the small diameter range (<1.0^m), the particles show no correlation with 

particle diameter; thus, reactions occurred throughout the particle. The large particles (>3^m) 

correlate to a Dp'^ that implies that interphase mass transfer process dominated the capture of 

lead by these particles. For particles in an intermediate size range, the relationship between 

composition and particle size appears proportional to the inverse of the diameter. Thus, mass 

transfer within the particle controls the capture of lead for intermediate sized particles and the 

entire particle was not available for the reaction. Since 90% of the particles in the B80 sample 

are less than 2^ with an average diameter of O.Sfim, reaction limitations control the 

iead/kaolinite process. 

Based on the previous argiunent, the reaction between lead and kaolinite appears to occur 

throughout the particle. This conclusion is supported by SEM micrographs (Figure 6.8 and 

Figure 6.10). The observed shape transformations could only occur if the majority of a particle 

melts under reaction. This would allow the observed change in the particle shape from platelet 

to sphere. Therefore, the question of lead penetration into the particle remains. 

The relatively low surface area and small micropore volume seems to suggest that reactions will 

be controlled by mass transfer in the particle. The B80 sorbent has a surface of 2lm^/g and an 

average pore diameter of lOOmn. These features indicate that most of the kaolinite mass is not at 

the surface therefore lead would have to dtfiuse through the kaolinite or the melted product layer 

to access the entire particle. Three diffusion mechanisms may control the intraparticle transport 

in kaolinite particle. These mechanisms are micropore difiusion, macropore diffiision, and 
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diffusion through the liquid product film. As can be seen in Figure 2.9, micropores comprise 

little of the pore volume in the kaolinite samples. Therefore, micropore difiusion cannot account 

for the observed behavior since there are no micropores. The second mechanism, difilusion 

through a liquid product layer, would occur as reaction caused the particle to melt. A 

characteristic time for lead to penetrate a molten aluminosilicate particle can be used to infer the 

ability of this mechanism to deliver lead to the particle center. Estimates of the diffusion 

constant in a PbO-AliOs-SiCh system were made by Geller and co-authors [53]. The estimated 

diffusion constant varies from 10* -10 cm /s over the experimental temperature range. If we 

assume a spherical particle with a diameter of l^m, the characteristic time for the diffusion 

process would be given by the ratio of the square of the characteristic length and the diffusion 

constant. Based on the given values, the characteristic time for diffusion into the particle is 

approximately 10-100 seconds. This time is obviously to long to account for the observed 

behavior since the reaction occurs in the span of Isec. An alternative mechanism, macropore 

diffusion may account for transport into the particle. The kaolinite particle is composed of large 

pores, which are formed by the spaces between individual plates. A Knudsen diffusion constant 

was estimated for the lead oxide diffusing along the macropores [87]. Since the pores are large, 

the Knudsen diffusion constant is ~10'^cm^/s. The characteristic time for diffusion in the 

a 
macropores for a Ifim particle is ~10" s. Therefore, the macropore diffusion can account for the 

transport of lead oxide into the particle. This implies that reactions are occurring along the 

boundaries of the platelets that comprise the particle. 
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Given that macropore difiusion occurs rapidly, another mechanism is still necessary for near 

complete reactions. The low surface area of the particle implies that a large fraction of the mass 

is not at the surface. Thus for the sorbent to completely react, some diffusion through a liquid 

product layer must occur. The characteristic time for this process is much shorter since 

macropore diffusion has transported the lead into the particle and shortened the length scales. 

The characteristic length in this scenario is now the thickness of an individual kaolinite plate. 

The plates are approximately 300nm; therefore, characteristic time is ~0.01 seconds. It appears 

that the combination of diffusion through macropores and liquid product layer can account for 

lead penetration into a kaolinite particle. 

This mechanism may account for the non-spherical morphology that is observed for some 

particles. In Figure 6.8, there are several necklace-like chains in the picture. These chains 

appear to be constructed of the particles, which have not completely sintered into a sphere. 

While the exact mechanism of formation is unknown, one could imagine that these particles are 

formed by the melting at the plate boundaries. As lead reacts along the boundaries of the plates, 

the plate melts and may contract such that it separates from the other plates. Neighboring plates 

remain coimected by a bridge internal to the particle. Thus the process could generate a series of 

melted and coimected plates like those seen in Figure 6.8. This further supports the combination 

of Knudsen diffusion and liquid diffusion mechanism in the particle. 
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6.1.2 Reaction model for lead/kaoiinite interactions 

Based on the results of the parametric study, a simple reaction mechanism may not provide an 

accurate description of the system dynamics. The negative temperature dependence would 

suggest a negative activation energy, which does not exist for an elementary reaction. A more 

complex reaction mechanism is required to predict the observed temperature behavior. In this 

section, a self-inhibiting reaction mechanism is proposed for the lead/kaolinite system, lii this 

mechanism, the product of the reaction acts to reduce the active component of the sorbent. Since 

the nature of this work is to determine global system dynamics, simple global reactions are used 

to model this mechanism. Kinetic parameters are determined from the actual data. These 

parameters are then applied to the system in the presence of lOOOppm chlorine where the effect 

of chlorine is modeled by a temperature-dependent partition function. Initial partition fimction 

based on the equilibrium distribution of lead species is evaluated. However, the thermodynamic-

based function fails to predict the observed behavior. A partition function is estimated from the 

collected data. 
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6.1.2.1. Reaction mechanism without Chlorine 

Based on the work of Scotto [67] and Uberoi [21], the reaction of lead with a kaolinite sorbent 

followed a simple mechanism. Kaolinite injected into the reactor is rapidly calcined to 

metakaolinite. Lead oxide reacts with the metakaolinite and forms a lead aluminosilicate. At low 

temperatures, Uberoi was able to detect the presence of lead aluminosilicate in samples. At high 
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temperatures, the melting effect creates samples that are amorphous to the XRD. If we assume 

that lead aluminosilicate is the reaction product at high temperature, a simple mechanism for the 

lead and kaolinite reaction would be: 

PbO+Al^O^ • ISiO^ PbO • Al^Oy - ISiO^^ 6.1 

However as noted, this reaction alone will not capture the quantitative observations described in 

the previous section. The negative temperature behavior indicates the presence of an inhibition 

mechanism with relatively strong temperature dependence. Several possible mechanisms can be 

postulated to account for this behavior. The two most likely mechanisms are a self-inhibition 

model and a model that accounts for surface area changes. 

In the inhibition model, the reaction product acts to remove available active sites. While it is 

difficult to determine the exact mechanism based on this experimental work, one possible 

process can be proposed based on the effect of mineralizers on kaolinite. By direct analogy to the 

research on mineralizers, phase transformations in the crystal are accelerated by the presence of a 

mineralizer, lead oxide. The mineralizer acts to change the coordination of the aluminum atom 

firom tetrahedral to octahedral [88]. This process opposes the process of calcination where 

removal of the hydroxyl group transforms the aluminum atom from octahedral to tetrahedral 

coordination. If we assume that metakaolinite is the active species, the conversion of tetrahedral 

aluminum may represent the removal of active kaolinite. 
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An alternative mechanism may be based on the observed melting effect. The melting process 

may remove active sites by changing the specific surface area of the sorbent. Active sites that 

were available at the beginning of the reaction may be removed by the phase transformation and 

sintering process. These processes may consume or obscure the reaction sites physically. It is 

obvious from micrographs that the process of melting is occurring and changing surface area of a 

particle. 

It is important to note that these mechanisms are related and indistinguishable in the 

experimental work performed. Since each process is driven by the phase transformation, the two 

processes are similar. Whether the inhibition mechanism is chemically or physically related, the 

global results will be identical. Therefore, a simple global model is proposed to predict the 

observed behavior. 

The simple global model states that the lead/kaolinite reaction occurs between lead oxide and an 

active kaolinite site to produce lead aluminosilicate. (If we assume that the previously determine 

reaction product, lead alimiinosilicate, is correct at high temperatures.) The product of this 

reaction then causes remaining active sites to be deactivated. This model can be succinctly 

described by the following scheme; 

PbO+Active site -> PbO • Al^O^ • ISiO^ 6.2 

PbO • Al^O^ • 25/(9, + Active site PbO • AUO-^ • ISiO-, + Inactive site 6.3 
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This model assumes that the lead aluminosilicate molecule, itself, is not consumed in the 

deactivation reaction. An alternative model may assume that lead aluminosilicate is consimied; 

however, this process should only differ by the magnitude of the reaction parameters. The 

reactions in the mechanism are assumed irreversible. This simple global model, while not 

assigning a specific molecular mechanism, should predict the observed temperature behavior. 

It is important to note that the study performed was not designed to address the specific 

molecular mechanisms. The objective was to determine an accurate global model to describe the 

interactions between lead and kaolinite. The model can then be applied to the design of practical 

applications. 

6.1.2.2. Reaction model for lead/kaolinite interactions without chlorine 

If the furnace is assumed to be a plug flow reactor, the reactions, 6.2 and 6.3, can be modeled in 

a straightforward manner. For an arbitrary reaction, a differential shell balance of the cylindrical 

combustor yields: 

where /?/ is the rate of formation of species I, Fi is the flux of species and z is the axial 

dimension in the reactor. If the axial diffusion of species I is assumed to be insignificant relative 

to convective transport, the flux of species 1 is given by 

F, = vC, 6.5 
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C/ is the gas phase concentration of species 1 and v is the average local velocity of the flue gas. 

The gradient of the flux in the axial direction can be expressed as 

 ̂= 6.6 
dz dz dz 

Assuming that the local velocity flue gas does not vary significantly, the first term on the right 

hand side is approximately zero. Since the cross sectional area of the reactor and flue gas molar 

flowrate are constant, the following transformation can be applied: 

= 67 
dz dt dt 

Substituting 6.6 and 6.7 into 6.4, the expression 

^=/J, 6.8 
dt ' 

is obtained for an arbitrary reaction. Based on the proposed simple global reaction scheme, the 

following expressions can be written for the formation of lead aluminosilicate and production of 

inactive kaolinite; 

^^prodtict ^ 
. ~ ^PbO^acnvt 
dt 

"^maatvc - k JC C 6 10 —tie  ^  product^  aaiv*  O. iU 
at 
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Since time and temperature are coupled in the reactor, we must include this behavior in the 

model. Based on the time/temperature profile of the reactor, shown in Figure 6.1, the relationship 

between time and temperature can be approximated by a linear function. This is particularly 

valid in the region of interest where the parameter fit yields a regression coefficient of 0.96. 

Given that T = at + b, substitution generates:-

If conservation of sites is assimied, the overall site balance yields the equation 6.13, which 

describes the disappearance of active kaolinite. The capture of lead related to the production of 

the lead aluminosilicate (Equation 6.11) by reaction stoichiometry. These equations are 

6.11 

product active 6.12 

6.13 

6.14 

where pre-exponential factors have units of m^ (mol s)"'. 
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6.1.2.3. Model results without chlorine 

To determine the kinetic parameters, a numerical solution to the model was coupled to a 

parameter estimation program. The numerical algorithm used to solve the set of ODEs was the 

Livermore Solver for Ordinary Differential Equations (LSODE). LSODE is commonly used and 

robust numerical algorithm designed to handle non-stiff and stiff ODEs. The non-linear 

parameter estimation program, XTRACTR, is based on the Marquardt algorithm and is 

specifically designed to fit reaction data through the reparameterization of reaction rate constant 

parameters [89]. 

There are four adjustable parameters within the model, Ki, Ei, K2, and E2. Two different 

approaches were used to estimate parameters values. In the first situation, all four parameters 

were determined by XTRACTR. A simplifying assumption is proposed to reduce the number of 

parameter from four to three. If the activation energy of the lead/kaolinite reaction is small, the 

activation energy, Ei, is assimied to be zero and the other parameters are determined accordingly. 

This assumption is probably valid over the narrow temperature range of the experiments. 

Furthermore, the reaction between metal and kaolinite is likely exothermic and with a small 

activation energy. Both of these scenarios were fit by XTRACTR with the three-parameter 

model having a slightly better correlation coefficient. 

Initial conditions were determined from experimental data and input flowrates. The initial 

concentration of active kaolinite was estimated by and the initial concentration of metal. Two 

critical simplifying assumptions are made. All kaolinite injected into the reactor is instantly 
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transformed to metakaolinite. This approximation is relatively correct for the high temperature 

injection. Flash calcination studies of similar kaolinite particles and temperatures indicate that 

calcination is complete within 0.5 seconds [43]. The second assumption is that all active sites 

are available for reaction without the influence of intraparticle transport. Thus, the active site 

concentration is given by the product of (|> and lead concentration. The site concentration has 

units of mol kaolinite m'^ of flue gas. The initial lead concentrations are assimied to be 60ppm in 

the reactor. This estimate is based on the average metal recoveries in the furnace validation 

studies. 

An important aspect of the model is the time/temperature behavior. Care must be exercised to 

account for the two times used in this work. The sorbent residence time is the elapsed time 

between sorbent injection and sampling. The furnace residence time is given as time for a flue 

gas element to flow through the reactor. This is important to note in the derivation of the time 

temperature relationship. 

To determine the parameters, the actual data from the experiments was input to the XTRACTR 

program. This data consisted of 31 individual points, shown in Figure 6.4. Initial guesses for all 

parameters were set at 1.0x10^. Example input files are included in Appendix 2. For the four-

parameter model, the parameters were determined to be 
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^1=1.0x10^/n^-(/wo/-j) '  

£,=1.0x10' Jmol '^  

=8.9x10"* {mol .y)"' 

£2=4.5x10^ y-mo/-' 

The four-parameter model yields a correlation coefiBcient of 0.84. Several different initial 

guesses were investigated to insure that the results of the parameter estimation were not 

dependent on the initial guess. 

Regression of the three-parameter model was accomplished by fixing the activation energy of the 

iead^aolinite reaction to zero. A simple modification of the input file quickly allowed the 

generation of the parameters. The correlation coefficient for this model was 0.86. The 

parameters were 

A:,= 7.7x10^ (mol sy^ 

£, =0.0 J-mor^ 

ki =6.1x10^ (jnol .y)"' 

£2=1.1x10^ Jmor^ 

The result is rather surprising, the three parameter model appears to fit the data better than the 

four-parameter model. However, the four-parameter model predicts a very small lead/kaolinite 

activation energy, which implies that the three-parameter model with a zero activation energy for 

the primary reaction is a good approximation. Figure 6.12 plots the predicted versus measured 

values based on the results of the three parameter model. 
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Figure 6.12: Correlation between predicted and experimental capture for lead/kaolinite 
systems. 

Whether the four-parameter or three-parameter model is used, the inhibition mechanism appears 

to predict the experimentally observed behavior. The apparent activation energy of the inhibition 

reaction is smaller than expected. Based on the large activation energies, ~200,000 J mol"', 

reported for the phase transformations in kaolinite, the measured activation energy seems to 

indicate that the process is well catalyzed by the presence of the toxic metals. 

The three-parameter model was used to explore the interactions of lead and kaolinite. The model 

results are overlaid onto a plot of the experimental data. As can be seen in Figure 6.13, the 

model appears to fit the measured data well. However at lower stoichiometric ratios, the model 
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appears to predict an optimum. This curvature is not apparent in the experimental data; however, 

an argument may be made concerning data at (|>=1.1 in Figure 6.3a. This result is not surprising 

since relative rates of the two reactions are important. The balance between the rate of lead 

capture and the rate of inhibition should generate a maximum. 
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Figure 6.13: Predicted behavior of lead/kaolinite reactions as calculated from the three-
parameter model. 



165 

6.1.2.4. Reaction model for lead/kaolinite interactions with chlorine 

The hypothesis concerning the effect of chlorine postulates that chlorine reduces reaction rates 

by lowering the lead oxide concentration. Chlorine reduces lead oxide by partitioning the lead 

between lead oxide and lead chlorine. As discussed earlier, equilibrium calculations predict that 

at high temperature lead oxide dominates. As the temperature decreases, lead chlorine begins to 

dominate. 

The effect of chlorine is added to the reaction model by adding a temperature dependent partition 

fimction. The partition function is defined as the molar ratio of chlorinated lead to lead oxide 

vapor. Since the chlorine effect was only statistically significant in the lOOOppmCI case, 

modeling efforts will focus on a single concentration of chlorine. At lOOOppm, the partition 

function can be estimated from the equilibrium-predicted distribution of lead. The partition 

function is assumed linear over the temperature range. Figure 5.3 shows the predicted 

partitioning of this vapor. At the injection temperature 1530K, the partition function has a value 

of 0.25. At the sampling point, the partition function has a value of 1.0. With the partition 

function defined, the model is solved with the three-parameter model developed previously. 

Results of the model were poor. The model showed less than 50% correlation and did not 

describe the measured behavior. Equilibrium approximations for gas phase species do not 

appear to be valid. 
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To determine the proper partition function, the coefficients are estimated from the collected data. 

Based on the individual runs that were performed with lOOOppmCl, the partition function is 

estimated to be K= 0.028T + 4.18. According to this estimation, the temperature dependence of 

the partition function is weak. The correlation coefficient for this estimate is 0.97. Figure 6.14 

plots the predicted values versus measured values from this model. 

0.5 

I 0.4 
v»— o 
0 
3 0.3 
Q. 
(0 
O 

TO 
<D 
Z3 <n 
(Q 
0 

0.2 

0.1 

0.0 
0.3 0.5 0.1 0.2 0.4 0.0 

Predicted capture of lead 

Figure 6.14: Correlation between predicted and measured capture for lead/kaolinite in the 
presence of lOOOppm CI. 

This result is surprising because the estimated function behaves entirely opposite to equilibrium. 

The partition function is predicted to be nearly constant with little temperature dependence 
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where equilibrium predicts strong temperature dependence. Moreover, super-equilibrium 

amounts of chlorinated vapor are required by the determined model. The equilibriimi 

predictions are supported by recent work performed by Cosic and Fontijn [84]. Based on their 

kinetic measurements which were described earlier, one would expect that little chlorinated lead 

vapor should exist at high temperature. The authors report that at high temperature a fast 

decomposition reaction is important. However, these experiments were conducted in a reactor 

without a flame. Kinetic calculations indicate that super-equilibrium amounts of chlorine atoms 

are generated in flames[90]. These atoms seem to persist for long times and may account for 

measured distributions of mercury chloride. A similar mechanism for lead may account for the 

observed behavior. 

6.2 Conclusions 

The interactions between kaolinite and lead were studied in detail. Results from a parametric 

study indicated that lead capture was lower at high temperature and long times in the reactor. To 

account for this negative temperature effect, an mechanism was proposed wherein the product of 

the kaolinite reaction was self-inhibiting. The proposed reaction mechanism was 

PbO-\-Active site-* PbO • Al^O^ • ISiOi 

PbO • • ISiO-, + Active site -> PbO • AUO^ • ISiO^ + Inactive site 
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Because of the practical nature of the work, a specific mechanism could not be elucidated. A 

global reaction scheme was able to predict the observed behavior. The kinetic parameters were 

determined to be 

yti= 1.0x10^ (mo/ j)"' 

Ey =1.0x10' J mor^ 

^2 =8.9x10"* '{mol sy^ 

£2 =4.5x10^ J mor^ 

The efTect of chlorine was found be significant. In the presence of significant amounts of 

chlorine, the overall capture was reduced. The reaction model was modified to include a 

temperature dependent partition fimction. The partition function was defined as the molar ration 

of chlorinated lead vapor to lead oxide vapor. The chlorinated model was solved using the 

previously estimated parameters. Initial estimates for the partition function were derived from 

equilibrium predictions. Equilibrium failed to predict the observed behavior. An estimate of the 

partition function was determined to be ~4 between temperatures of 1300K-1530K. This 

parameter suggests that super-equilibrium amount of chlorinated lead vapor influence the 

reaction. 
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Chapter 7 

Cadmium Interactions witii Sorbents 

Another semi-volatile metal of interest is cadmium. As mentioned previously, several studies 

[II, 22, 34] have demonstrated that cadmiimi vapor can be reactively captured by sorbents at 

high temperature. The original objective of this work was to systematically examine the 

reactions of cadmium and sorbents, hydrated lime, kaolinite and paper-waste derived sorbent 

(PWDS). However, technical difiBculties prevented this objective from being attained 

completely. Subsequent to the downflow furnace reconstruction, cadmium recoveries fell to 

values of less than 10%. Unfortunately, when the study was transferred to USEPA, the 

horizontal tuimel fumace could attain only slightly better recoveries. The recovery problems 

experience by both EPA and UA seem to be attributed 

In this chapter, the results of theoretical and experimental work will be presented concerning the 

behavior of cadmium and sorbents. Results of screening tests will be presented from 

experiments conducted on the downflow combustor before the reconstruction. In these studies, 

the aerosol size-fractionation technique will be applied to determine first-order kinetics of 

cadmium and kaolinite reactions. The results of a systematic study performed at the US EPA 

laboratory will be presented for archival purposes due to the relative low recoveries. 
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7.1 Thermodynamic predictions 

In a prelude to the cadmium/sorbents study, the equilibrium predictions of the behavior of 

cadmium was examined. Calculations were made based on a natural gas flame configured to 

have oxidant to &ei stoichiometric ratio of 1.2, with and without the presence of chlorine. 

7.1.1 Thermodynamic predictions without chlorine 

Thermodynamic calculations where performed with NASA's CEA program as previously 

described. As is well known the performance of thermodynamic calculations of this nature are 

entirely dependent on the thermodynamic information that is available. Cadmium species found 

within the thermodynamic database are CdO (g, s), CdC03(s), CdOH (g) and Cd(OH)2(s). 

Figure 7.1 plots the predicted partitioning for lOOppmV of cadmium at various temperatures. 

The abscissa represents the amount of the total vapor found as the indicated specie. At high 

temperatures, cadmium appears to be primarily cadmium vapor with a small percentage present 

as a cadmium oxide vapor. Cadmium vapor appears to begin condensing at ~1250K with the 

appearance of solid cadmium oxide. 
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Figure 7.1: Equilibrium predictions of cadmium partitioning at various temperatures 

7.1.2 Prediction of dew point in presence of chlorine 

Since chlorine is an important modifier of dew point behavior, equilibrium calculation in the 

presence of chlorine would be valuable. However, there is relatively little thermodynamic 

information in the literature on possible cadmium/chlorine species. The only available species 

which is included in the database is CdCbCg, U s). This is probably insufScient for an accurate 

estimate of the behavior of cadmium in the presence of chlorine. This is illustrated by Figure 

7.2 in which results of equilibrium calculation with lOOOppm CI and lOOppm Cd are shown. 

Notice that the high temperature behavior of cadmium is changed with the addition of chlorine. 

The cadmium chlorine vapor is predicted to not be present at temperature greater than 12S0K. 

Moreover, the dew point appears to be unchanged. The behavior of the solid cadmium oxide is 

again identical until lower temperature where the cadmium chlorine briefly forms as a liquid and 
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then immediately retums to a solid specie. The lack of any high temperature interactions 

between cadmium and chlorine is suspicious. 
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Figure 7.2: Equilibrium partitioning of cadmium in presence of chlorine 
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7.2 Screening tests 

Screening tests were performed with each combination of cadmium and sorbent. The tests were 

designed to explore various parameters and to ascertain the proper experimental region in a 

prelude to future studies. In the case of cadmium and kaolinite, the screening tests were used to 

illustrate aerosol size-fractionation technique. Based on the results from this technique, an 

estimate was made of the reaction rate for the cadmium/kaolinite interactions. This rate was 

compared to the rate of sodium/kaolinite reactions as determined by Mwabe [32]. A simple 

competitive model was constructed to explore the simultaneous reaction of cadmium and sodium 

on kaolinite. Earlier tests have shown that capture of cadmium by kaolinite is prevented by the 

presence of sodium. From the screening test, a systematic study of cadmium and kaolinite was 

performed. 

In addition to test with kaolinite, screening work was done with lime and the paper-waste derived 

sorbent (PWDS). In each case, cadmium reactions were examined with and without chlorine in 

the system. 

7.2.1 Cadmium and kaolinite interactions 

As previously reported Linak and co-authors [11], cadmium appears to be rapidly captured by 

kaolinite at high temperature. An important conclusion was that kaolinte significantly reduced 

the submicron mode (-65% as determine by DMPS) when either OppmV chlorine or lOOOppmV 

chlorine were present in the systems. Microscopic analysis of the captured sorbent particle 

showed that the particle melted at the high temperatures. Subsequent XRD analysis indicated 
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that the structure was amorphous. These findings were contrary to the work of Uberoi [22], who 

determined that only a small firaction (10%) of the cadmium would be removed by kaolinite at a 

medium temperature (1073K). However the relatively low temperature did allow the authors to 

determine the product of the cadmium kaolinite reaction, cadmium aluminosilicate. Uberoi and 

Shadman proposed the following reaction to explain their results: 

Al^O^. ISiO^ + + H^O ̂  CdO • ISiO^ + 2HCI 

Uberoi and Shadman assimied that the reaction occurred with metakaolinite, since significant 

time was available for the calcination of kaolinite. Note that Uberoi's experiments were 

performed with a heated cadmium chloride source in an isothermal benchtop reactor. For all 

work involving kaolinite, the product of the cadmium-kaolinite reaction will be assumed 

cadmium aluminosilicate. 

7.2.1.1. Screening tests 

A series of tests were performed to examine the ability of kaolinite to capture cadmium. To 

replicate the test of Linak and coworkers, cadmium was introduced by atomizer to the flame such 

that the concentration in the flame was lOOppm. This corresponds to a metal feedrate of 

0.19g-min'' of cadmium. The furnace was configured at a heat load of 18kW. Sorbent injection 

occurred at a temperature of ~1540 and a feedrate of ~2g-min''. This corresponds to a molar 

ratio of sorbent to cadmium, (j)=4 which is roughly twice that of Linak and co-workers( <|>=2.3). 

For half of the tests, chlorine was added to a concentration of lOOOppmV. Samples were 
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extracted at temperature of 1300K, which is greater than the predicted dew point of lOOppmV 

cadmium vapor under these conditions. 

Multi-component particle size distributions (PSD) were determined from the tests and shown in 

Figure 7.3. Replicate tests, not shown, were performed with no difference between the tests 

being larger than 28%. The results indicate that the reaction between kaolinite and cadmium is 

quite fast. When no chlorine is present in the system, most of the detectable cadmium is 

associated with the aluminum mode. The residence time between the sorbent injection and 

sampling points was approximately Isec. When chlorine is added to the system, a slight 

reduction in the ability of the sorbent to capture cadmium is observed. The reduction with 

chlorine is contrary to the work of Linak et al [11]. Overall capture in this case is much larger 

than the -65% reported; this is probably due to increased ({> in the current study. 
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7.2.1.2. Simple cadmium/kaolinite kinetics 

To further explore the ability of the kaolinite to capture cadmium, the screening tests were 

extended by varying the injection temperature of the sorbent. To determine the extent of the 

reaction, the aerosol size-firactionation technique will be employed. 

Two different sorbent injection conditions were examined for the cadmium/kaolinite system. For 

all of the experiments, powdered kaolinite was introduced at a rate of ~2g-min''. Powdered 

sorbent was pneumatically transported by 12 slpm of air from a twin screw feeder manufactured 

by K-Tron Inc. to a water-cooled insertion probe which injected the sorbent along the centerline 

of the furnace. The kaolinite (Burgess #40) used for these tests has a mean size of approximately 

1.4|im as reported by the vendor. The reported purity was approximately 98% with the 

remaining fraction composed of titanium oxide and trace quantities of iron oxide. Twenty-

percent excess oxygen was maintained for all experiments. For each experiment, samples were 

extracted above the dew point of cadmium vapor. The dew point and injection positions for the 

experimental conditions are shown on Figure 7.4. 
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Figure 7.4: Time/temperature profile of downllow combustor 

Figure 7.5b shows the results of the experiments. Case B, where the sorbent had residence time 

of 0.43 seconds and the average temperature was 1345K. In Figure 7.5, the fraction of metal 

captured in the impactor is plotted versus the 50% aerodynamic cut-ofif diameter. For Case B, 

the reaction is apparently incomplete. The cadmium particle size distribution is composed of 

two distinct large modes. The large size range mode, which is centered at about 1.2^m, is closely 

associated with the aluminum analysis, which is used to indicate the location of the kaolinite 

sorbent. Because of the close correlation to the sorbent tracer, the peak is the result of the 

heterogeneous reaction between cadmium and kaolinite before the extraction point. The second 
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distinct mode, centered at approximately 0.2 |im, is the result of cadmium vapor that nucleates in 

the probe and can be associated with the vapor in the furnace. Since each experiment was 

repeated three times, the data reported are the average of the three resulting distributions. The 

error bars on the figure represent a 90% confidence. 

Figure 7.5a shows the results for the Case A experiments where sorbent was reacted for 0.S4 

seconds at an average temperature of 1425K. The cadmium and aluminum distributions are 

composed of a single mode, centered at 1.2^m. The reaction appears to have had sufficient time 

to approach completion. It should be noted that the detection limit of this methodology is limited 

by the amount of cadmium vapor. Insufficient cadmium vapor would result in a limited 

population of small diameter particles, which would be underrepresented by this technique. It is 

assumed for the distribution in Figure 7.5a that all of the material is found in the large mode. 

This assiunption is fluther supported by the fact that recoveries of cadmium did not appear to be 

systematically biased against the long residence time experiments. For all experiments, 

recoveries varied from 40%-60%. These imperfect recoveries are likely caused by transport 

losses in the sampling system and interaction of the material with the walls of the reactor. 

With each mode identified as reacted or unreacted, it is possible to determine extent of reaction 

by integrating the area under each of the modes. For Case A (Figure 7.5a), the extent of reaction 

is defined as 100% at the exact residence time (0.84 sec.) of sampling. While it is possible that 

the reaction was actually completed at some time prior to extraction, this worst case scenario is 

assumed for the purposes of this paper. 
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For the Case B experiments (Figure 7.5b), the two modes are integrated separately to determine 

the extent of reaction. Since there is a small overlap of the two modes, an arbitrary separation 

point at approximately 0.45^m is chosen between the two modes. Therefore, any cadmiimi 

found in a size range less than 0.45 is considered to be uiureacted. An alternative method could 

be constructed where each mode was fit to a log normal distribution and then integrated. 

However, because of the quality of this data and the relatively small amount of interaction 

between the two modes, the simpler method seems to be a reasonable approximation. Integration 

is accomplished numerically by interpolating between the measured data with a natural cubic 

spline and integrating via the Romberg algorithm from a commercial software package. For 

Case B experiments, the cadmium/sorbent reaction consumed 61% of the measured metal. With 

two times and conversions, it is possible to find a crude estimate of the kinetic parameters for 

this reaction. 
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Figure 7.5: Screening test results for simplified kinetics 
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If the expected reaction between cadmium and kaolinite is 

CdO (g) + AI2O3 -28102 (s) —> CdO -AhOs •2Si02 (s) 7.1 

then a simple kinetic expression, 

dC 
-r = 7-2 
at 

is proposed for the reaction of cadmiimi vapor with kaolinite where Ccd is the gas phase mass 

concentration of cadmium, g/cm^ and (p is the molar concentration of unreacted kaolinite, 

mol/cm^. The reaction rate constant, kcd, is given in units of cm^ gas/g sorbent-s. Due to the 

limited amount of data in the example, three approximations are made to yield a pertinent fit. 

First, the sorbent is assumed to be in excess and have a constant concentration. This assumption 

is approximately valid since the amount of sorbent is present at five times the amount needed to 

capture ail of the metal. Therefore, there is no shortage of active sites, and as such, an inhibition 

reaction, similar to the lead/kaolinite reaction model, is not required. Secondly, since there is a 

relatively small change in the temperature of the experimental system, the temperature 

dependence of the reaction rate constant is assumed to be negligible. The average temperature 

for each experiment is assumed for purposes of the model. Hence, this simplified kinetic scheme 

is not expected to capture the appropriate temperature dependence. However the model should 

approximate the reaction provided that the temperature dependence is weak and the sorbent is 

present in excess. Lastly, it is assumed that mass transfer effects within the reactor are 
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negligible. Based on this model, the cadmium/kaolinite rate constant is 0.8x10^ cm^ gas/g 

kaolin s which is roughly 1/4 of the rate constant for sodium/kaolinite reactions (3.0xl0' cm^ 

gas/g kaolin s) [32] 

With these reaction rate constants, a simple competitive reaction can be described and solved to 

explore the simultaneous reaction of cadmium and sodium with kaolinite. Assuming that the 

sodium reaction is 

INaOH (g) + AI2O3 -28102 (s) —^ Na20 -AljOs '23102 (s) 7.3 

and the earlier cadmium/kaolinite reaction are appropriate, the simple competition model can be 

expressed by the following equations; 

dt " " 

- m - C  ' - S  

^ = + •<p CJ 7-6 

These equations were solved simultaneously with the initial conditions (lOOppmV Na, 50 ppmV 

Cd, and 1.2x10*' mol kaolinite /cc) of the multiple metal experiment shown in Figure 7.7. The 

solution technique was a Levenberg-Marquardt method taken from the MINPACK algorithms. 

Figure 7.7 plots the results from the solution of these equations for a 1.0 second sorbent 



184 

residence time. The sorbent residence time for the system shown in Figure 7.6b was 

approximately 1.2 seconds. The simple competitive reaction model predicts that approximately 

25% of the cadmiimi and nearly 90% of the sodium would be captured. However integration of 

experimental data on Figure 7.7 yields a conversion of only approximately 10% which is less 

than one-half of that predicted from simple competition for substrate. Therefore, the simple 

competitive model cannot account for the multiple metal interaction with kaolinite. Rather it 

appears that sodium influences the substrate so as to diminish its ability to capture cadmium 

7.2.1.3. Conclusion of simplified kinetics section 

The size fractionation of sampled aerosols can be used to quantify the extent of reaction between 

metal vapor and sorbent. This aerosol size fractionation system was used to quantify the 

reaction rate constant of cadmium vapor reacting with kaolinite. The analysis determined that 

the reaction rate for the capture of cadmium by kaolinite was at most four times smaller than the 

capture of cadmium. However, a kinetic model describing simple competition for reactive sites 

cannot account for the experimental observations in a multi-metal system involving sodium, 

cadmium, and kaolinite. Sodiimi inhibition of cadmium capture by kaolinite appears to be 

important. 
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7.3 Parametric Study of Cadmium/Kaolinite Interactions 

Based on the screening tests performed at the University of Arizona, a systematic study was 

performed to examine the effects of injection temperature and sorbent/metal molar ratio. Due to 

issues with cadmium recoveries in the new version of the downflow combustor, this work was 

performed in the horizontal tunnel furnace at the US EPA laboratory in Research Triangle Park, 

NC. A three level full factorial test was designed with a single replicate at each point. The test 

plan is shown in Figure 7.8. Experiments were performed with combinations of (j>= 1,2 and 4 

and injection temperature of 1475, 1400, and 1350K. 
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Figure 7.8: Experimental plan for EPA study of cadmium/kaolinite interactions 

The U.S. EPA's 82kW re&actory-lined furnace is a horizontal tunnel furnace that has an inner 

diameter of ~0.5m at the combustion zone which decreases to 0.3m ED after about Im. 

Experiments that were performed for this research on the U.S. EPA furnace were conducted 

entirely within the 0.3m ID section. Other than the combustor, the experimental apparatus at EA 

differs little from that at the University of Arizona. One significant difference is the powder 

feeder that is the loss-in weight version of the feeder described previously. The temperature/time 

profiles for the horizontal fiimace is shown in Figure 7.9. The time/temperature profile of UofA 

downflow combustor is shown for comparison. The evolution of the temperature from the peak 

temperature is similar for each combustor. The peak temperature in the horizontal furnace 

corresponds to the point where the fiimace diameter begins to narrow. 

• U.S. EPA 

• • • 

• • • 

• • • 

i ' t I 
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Figure 7.9: Time and temperature profile of US EPA horizontal tunnel furnace operated at 
56kW. 

As mentioned earlier, the recovery of cadmium during these tests was poor. Recoveries 

averaged -10% with a low recovery of 5% and high recovery of 32%. To illustrate the quality of 

the data. Figure 7.10 shows the results from three points in the experimental matrix. These 

points are highlighted in Figure 7.8. As can be seen, the variation is quite large. Error bars 

denote a 90% confidence based on a minimum of 2 runs per plot. Due to the experimental 

problem, several test points were repeated. 
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The results from all the parametric runs can be summarized as in Figure 7.11, where the fraction 

cadmium captured, as determined from aerosol size fractionation is plotted against sorbent to 

metal stoichiometric ratio. Rough trendlines are drawn to indicate possible trends within the data. 

The scatter in the data is large, especially for the points with sorbent injection at 1375K. A line 

is not drawn through those points. For sorbent injection temperature of 1450K (diamond 

symbols), the fraction of cadmiimi captured increases linearly with sorbent stoichiometric ratio. 

However for sorbent injection temperatures of 1500K, the fraction of cadmium reacted appears 

to be independent of sorbent flow rate. This suggests a sorbent deactivation mechanism at high 

temperatures. The data also show that at (|> = 1, increased temperature increases metal capture, 

while at (j) = 4 the converse is true. Less of the sorbent appears to be available for cadmium 

capture as the temperature increases. 
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7.3.1 Cadmium and lime interactions 

The ability of lime to capture cadmium was first reported by Linak and co-workers. Linak and 

co-authors concluded that lime was an effective sorbent at high temperatures. As with kaolinite, 

this conclusion was contrary to the work of Uberoi and Shadman who measured little capture of 

cadmium by hydrated lime. Moreover, Linak and co-authors concluded that cadmium capture 

by lime appeared be enhanced in the presence of chlorine. Two screening tests on the 

cadmiimi/lime system were completed before the furnace reconstruction. The primary objective 
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of these tests was to examine the issue of chlorine enhancement of cadmium capture. In both 

cases, ~2g min'' of hydrated lime were injected at ~1530K. The concentration of cadmium 

within the furnace was lOOppmV. When chlorine was required, chlorine gas was doped into the 

primary air to a concentration of SOOppm. As before, the sampling point was 131 OK and should 

be above the dew point of the metal. 

Figure 7.12 plots the results from tests with and without chlorine. Each curve represents a 

characteristic result. Excellent replication was obtained in repeat tests. Mass recoveries for each 

test were greater than 30% of metal and sorbent. Panel (a) of Figure 7.12 relates the results of the 

no chlorine condition. The cadmium appears to be entirely removed by the sorbent. The 

submicron mode, obvious in the cadmiimi baseline PSD, is not detectable in when lime is 

injected. When chlorine is added, the sorbent no longer captures significant amounts of 

cadmium. This result is contrary to the results of Linak et al. Note that the molar ratio of 

calcium to metal in this case is approximately twice that used by Linak et al. 

Another interesting result is apparent in the PSD from the cadmium/chlorine system. In Figure 

7.12b, the cadmiimi PSD in the presence of chlorine is dramatically different from the PSD for 

cadmium without chlorine and sorbent. The baseline cadmium PSD shown in Figure 7.12a has a 

distinct cadmium mode with an average aerodynamic diameter of 0.4^m. When chlorine is 

injected, the mode shifts to much smaller particle that mostly escape through the back of the 

impactor. This difference may be attributable to changes in the speciation of the cadmium 

sample. Density differences could account for differences in the PSD. This evidence, while not 
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strong, seems to support earlier conclusions that the thermodynamic predictions for 

cadmium/chlorine systems may be incorrect. 

(a) without CI Cd w/ sorbent 
Ca (sorbent) 
Cd baseline 

is 0.00 
(b) with lOOOppm CI 

B 0-50 

Li_ 0.25 

Aerodynamic diameter [yum] 

Figure 7.12: Results for cadmium/lime screening tests. Panel(a): No chlorine; Panel (b): 
lOOOppmV CI 
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7.3.2 Cadmium and paper-waste derived sorbent interactions 

A series of tests were preformed to evaluate the ability of the PWDS to capture cadmium. For the 

sake of comparison, tests with pure sorbents, kaolinite and lime, were performed under identical 

conditions. In each case, the sorbent injection temperature was ~1S00K, and the flow rate of the 

sorbent was 2.5g/min. Samples were extracted at a residence time of 1.0 seconds, as calculated 

firom the input flows. Each sample was extracted above the dew point of the cadmium vapor. 

The cadmium concentration within the fiimace was lOOppm in the flame. 

In Figure 7.13, the ordinate is the reported aerodynamic 50% cut-off diameter of the impactor. 

The abscissa is the fi-action of total metal captured which represents the amount metal on a plate 

divided by the total amount of that metal sampled. Each measurement was repeated to prevent 

spurious measiirements; the reported data is the average of these two runs. 

As can be seen in Figure 7.13, a baseline test was performed to ascertain the particle size 

distribution (PSD) generated by cadmium vapor without the presence of the sorbent. Cadmium 

was found predominately in the smallest plates of the impactor. The average aerodynamic 

diameter of these particles is about 0.2^m. 

In Figure 7.13a and Figure 7.13b, the pure sorbent cases are reported. The cadmium PSD shifts 

to overlap the distribution of the sorbent tracer. Since there is insufScient time within the probe 

for coagulation to shift the cadmium PSD to the large particles, the interaction between the two 
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peaks must be due to reactive capture. The cadmium appears to be captured nearly entirely by 

the lime and the kaolinite under these conditions. Figure 7.13c reports the results of tests with 

PWDS sorbent. At the same conditions as the pure sorbent cases, PWDS appears to adsorb all of 

the cadmiiun. Therefore, PWDS performs at least as well as either kaolinite or lime at capturing 

cadmium. 

7.4 Cadmium / Chlorine / PWDS interactions 

As discussed previously, the presence of chlorine is an important consideration. A series of tests 

were performed to determine the effect of chlorine on the cadmium capture. With the fiimace 

operating under the same conditions as the previous experiment on cadmium/PWDS sorbent, 

chlorine gas was added to the flame such that the concentration was 1000 ppmV CI. 

Subsequently, either PWDS or a mechanical mixture of lime and kaolinite was injected 

downstream at ~1500K. The mechanical mixture has calcium, alumina, and silica concentrations 

that are approximately equal to that foimd in the PWDS. Figure 4 reports the results from the 

test where sorbent was injected at approximately 5g/min. The residence time of the sorbent at 

the sampling point was 1.5 seconds. 

Figure 7.14a shows the PSD for the average of two runs where PWDS sorbent was exposed to 

cadmium vapor and chlorine gas. The PWDS particles are represented by the calcium and 

aluminum PSDs. Notice that the calcium and aluminum PSD have similar shapes. These 

overlapping PSDs seem to indicate the calcium and the kaolinite in the PWDS are intimately 
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mixed. The cadmium appears to have a bimodal distributioii. The first peak tails off at the 

smallest diameters. The second peak correlates with the sorbent particle. Apparently, partial 

capture is occurring in the presence of chlorine. The reaction rate appears to be significantly 

reduced as compared to the rate when no chlorine was present. It is important to note that when 

chlorine was not present, >95% capture was achieved at a similar residence time by half of the 

sorbent. As can be seen in Figure 7.14b, the mechanical mixture of sorbents appears to behave 

similarly to the PWDS sorbent. The cadmium is only partially captured by the mechanical 

mixture. 

In addition to the tests shown in Figure 7.14, two other conditions were examined. In one 

condition, the sorbent feed rate was lowered to approximately 2.5 grams/min while sampling at a 

residence time of 1.5 seconds. As expected, the lower sorbent feed rate yielded a smaller amount 

of cadmium adsorption. For both the PWDS sorbent and the mechanical mixture the amount 

captured was ~12%. 

During the second condition, the sorbent feed rate was maintained at 2.5 grams/min and the 

residence time was shortened to 1.0 second. For these conditions, neither the PWDS sorbent nor 

the mixture was able to capture significant amounts of cadmium. In conclusion, the PWDS 

sorbent appears to perform at least as well as a mixture of pure kaolinite and lime. 
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Figure 7.13: Results for cadmium/PWDS screening tests 
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7.5 Conclusions 

A significant problem in evaluating high temperature sorbents is the contribution of 

condensation. Since samples must be analyzed at room temperature, a technique is required to 

discriminate between metal as vapor or reaction product in the combustor. Aerosol size 

fractionation was shown to be an effective method. 

Using the aerosol size-fractionation techniques, the interaction between sorbents and cadmium 

were investigated. Other researchers have shown that cadmium can be effectively captured by 

the hydrated lime and kaolinite. In particular hydrated lime was shown effective in the presence 

of chlorine. A series of screening tests explored these effects. Cadmium rapidly reacted to both 

hydrated lime and kaolinite. However, the addition chlorine slowed the reaction with the sorbent 

in both cases. In the presence of chlorine, cadmium capture by lime was completely suppressed 

at the condition. Additionally, the paper-waste derived sorbent was shown to be as effective as 

lime, kaolinite, and lime/kaolinite mixtures. 

Based on the screening tests on the cadmium/kaolinite system, a crude estimate of the reaction 

rate was measured. This reaction rate was then used to explore the simultaneous capture of 

sodium, cadmium and kaolinite. A simple competitive model based on the measured cadmium 

reaction rate and the literature sodium rate could not explain the observed behavior. 
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Chapter 8 

Multiple metal interactions with Sorbents 

Practical systems, like coal fired boilers and waste incinerators, rarely contain only one toxic 

metal. Moreover, sodium is often present in concentrations that far exceed that of toxic metals. 

These complex mixtures of metals may affect the ability of sorbents to capture the metals of 

concern. To investigate any possible interactions, a series of screening tests were conducted to 

examine the simultaneous interactions of multiple metals with a single sorbent. 

Three elements- lead, cadmium, and sodium, and two sorbents- kaolinite and hydrated lime, 

were considered in these screening tests. A series of experiments were conducted in which the 

binary mixtures and the ternary metal mixture were injected into the reactor. A single sorbent 

was then injected into the post flame. The position of this injection was held constant. Samples 

were extracted at a single position and analyzed. Qualitative changes in the multi-component 

size distributions were evaluated. Results of the screening tests indicate the presence of lead 

and/or sodium inhibits the capture of cadmium by kaolinite. 

8.1 Screening tests 

A metal to sorbent equivalence ratio, <|>= 0.7 was maintained for the entire experimental matrix. 

The equivalence ratio, (j), was based on expected products of Pb0 Al203-2Si02 and 
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Na20 Al203-2Si02, respectively, for reaction of lead and sodium with kaolinite [23]. Since only 

40% of the sorbent fed is likely to be available for utilization, as was the case for the 

Na/kaoiinite system [32], a ((>= 0.7 was still expected to result in competition for reaction sites. 

Hence, the available sorbent in the fiimace was approximately the amount needed (enough but 

no excess) for complete capture of all metal in the fomace, based on stoichiometry. For 

equivalence ratio purposes, cadmium/kaolinite products were assumed to be analogous with the 

iead/kaolinite product above. Metal/lime products are unknown, so lime was fed at the same 

mass rate as kaolinite, and the metal feeds were the same as for the kaolinite runs. Thus the gas 

phase concentration of metals was maintained at SOppmV for lead and cadmium, and lOOppmV 

for sodiimi. 

Sorbent powders, hydrated lime and kaolinite, were injected at a rate of 0.5 g/min axially into the 

combustion gas stream along the centerline of the furnace, approximately a meter below the 

burner (~1510K gas temperature), using a pneumatic transport system combined with a K-Tron 

KCVKT20 screw feeder. Both hydrated lime and kaolinite (Burgess B80) had a mean particle 

diameter of ~1.4 |am, as reported by the vendors (Global Stone-Tennessee Lutrel, Inc. and 

Burgess Pigment, Inc, respectively). 

Axial measurements of fumace temperature were made by an uncorrected bare-wire, ceramic 

shielded, R-type thermocouple. Continuous emission monitors measured CO, C02> and O2 

concentrations in the fumace. 



202 

Figure 1 shows two measurements of the furnace temperature/time profile, obtained on separate 

days, during the period in which all experiments were performed for this work. Also shown are 

the locations of sorbent injection and isokinetic particle sampling. The dew points (determined 

using CEA, a multi-component chemical equilibrium code [78] for lead and cadmium at the 

experimental conditions, are approximately 1223K and 1248K. The thermodynamic information 

database was augmented by the addition of the thermochemical information found in 

"Thermochemical Data of Pure Substances" [79]. Thus, metal was injected at temperatures well 

above the dew point, but was sampled at temperatures Just below the dew point. 

8.2 Results and Discussion 

Figure 8.1-Figure 8.5 contain particle size distributions (PSD) of metals and sorbent constituents. 

Each figure shows the firaction of metal on each plate normalized by the total amount of metal 

captured in the LPI versus the aerodynamic 50% cut-off diameter of the respective plates. Data 

on each figure are connected by a weighted cubic spline interpolation to provide a visual 

representation of the location of the respective PSDs. Each experimental run was performed 

twice with good repeatability, i.e., within 5% difference for the majority data and never more 

than 30% difference. The data points are each an average of two data points. The curves 

containing shaded symbols represent a sorbent tracer and the PSD of the sorbent. 

In each figure, a PSD of metal injected without injecting any sorbent is compared to a metal PSD 

obtained from injecting metal and sorbent simultaneously. For the case where no sorbent is 
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present in the combustor, metal vapor nucleates to form a sub-micron aerosol. Growth by 

coagulation causes the aerosol to grow to form the measured PSDs centered around -0.2 ̂ m. 

When a sorbent is injected into the furnace, the metal vapor can be captured in two ways, 

reaction or condensation. If the sorbent captures the metals, then the metal PSD will correlate to 

the sorbent PSD, thus discriminating between the captured and firee metal in the combustor. 

Previous experimental work and modeling has shown that, there is insufficient time in the 

combustor and sampling system for coagulation to shift the PSD of metal to that of the sorbent. 

Figure 8.1-Figure 8.3 shows the capture of various lead, sodium and cadmium combinations by 

kaolinite. At conditions similar to those of this work, Linak et al [11], and Mwabe et al [31] 

showed that kaolinite can completely capture lead, sodium, or cadmium vapor when each metal 

is present individually. These results were duplicated in these experiments and yielded total 

capture under these conditions [91]. Figure 8.1a shows that under the experimental conditions of 

this work, lead, in the presence of cadmium, was captured by kaolinite, as evidenced by the shift 

in the lead PSD when kaolinite was injected. However, as shown in Figure 8.1b, cadmium in the 

presence of lead was not captured by kaolinite, even though cadmiimi was captured by kaolinite 

in the single metal/sorbent system. Hence when compared to the capture of the metals 

individually, there appears to be a competition or inhibition for simultaneous capture of lead and 

cadmium by kaolinite. Figure 8.3 shows that lead in the presence of sodium appears to be 

completely captured by kaolinite, while sodium in the presence of lead appears to be captured 

with only a small residual uncaptured fraction remaining. However, Figure 8.3 shows results of 
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the Cd/Pb/Na tri-raetal system. In this case, lead and sodium seem to be entirely captured by 

kaolinite, while the capture of cadmium appears to be entirely inhibited. 

Figure 8.4 shows the single metal/sorbent capture of lead, cadmium, and sodium by lime. As 

shown (see Figiure 8.4), cadmium was completely captured and sodium was mostly captured, 

while lead was only partially captured, probably due to a slow lead/lime reaction rate (the dew 

points of lead and cadmium in the furnace were about the same). Figure 8.5 shows capture of 

metal by lime from the Cd/Pb/Na tri-metal system, and shows similar results to that of the single 

metal/lime systems, except that the fraction of sodium not captured increased. In addition. Fig. 6 

shows that sodium does not inhibit the capture of cadmium by lime. 

8.3 Conclusions 

While high temperature sorbents have been demonstrated as a possible technology to prevent and 

control the formation and emission of small toxic metal particles, there is much research 

remaining before the technology is ready for implementation. Complex systems containing 

several metals must be explored to accurately design practical sorbent systems. Screening tests 

were performed to evaluate the interactions of multiple metals with two popular sorbent 

materials, kaolinite and lime. Kaolinite and lime have been shown to reactively capture 

cadmium, lead, and sodium vapor from hot combustion gases when each is present individually. 



205 

However, reactive capture of lead by kaolinite and cadmium by lime appeared to be most 

kinetically favorable. 

Competition for metal capture by sorbents was significant. The presence of either lead or 

sodium inhibited the capture of cadmium by kaolinite. The capture of cadmium by lime was 

favored over the capture of both lead and sodium. Sodiimi did not inhibit either the capture of 

lead by kaolinite or the capture of cadmium by lime. Consequently, sorbent mixtures of lime and 

kaolinite may be effective sorbents for the capture of lead and cadmium from multi-metal 

systems. 
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Figure 8.1 Metal capture by kaolinite from a Pb/Cd multi-metal system; a. Lead capture, b. 
Cadmium capture. 



207 

0.6 
Pb w/ Na 
Pb w/ Na and kaolinite 
kaolinite tracer Al 

0.5 

0.4 

0.3 

0.2 
•o 0) w 
t 0.1 
(0 
O 

0-0 

0.6 
—O— Na w/ Pb 
9 Na w/ Pb and kaolinite 
• kaolinite tracer Al c 0.5 

g 
t3 
^ 0.4 

0.3 

0.2 

0.1 

0.0 
0.1 1 10 

Aerodynamic 50% Cut-Off Diameter (fim) 

Figure 8.2 Metal capture by kaolinite from a Pb/Na multi-metal system; a. Lead capture, b. 
Sodium capture. 



208 

0.7 
—O— Na wA Pb and Cd 
—Na w/ Pb, Cd. and kaolinite 
• {(aolinite tracer Al 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

2 0.7 

•§. 0.6 
(0 
O 0.5 

Pb w/ Na and Cd 
Pb w/ Na. Cd. and î iinite 
Itaolinite tracer AI 

i 0.4 

^ 0.3 
o 
c 0.2 o 
t) 0.1 
(0 
it 0.0 

0.7 1 

0.6 

0.5 • 

0.4 • 

0.3 -

0.2 -

0.1 -

0.0 -

Cd w/ Pb and Na 
Cd w/ Pb, Na, and kaolinite 
kaolinite tracer A! 

0.1 1 

Aerodynamic 50% Cut-OfF Diameter (^m) 

Figure 8.3 Metal capture by kaolinite from a Na/Pb/Cd multi-metal system; a. Sodium 
capture, b. Lead capture, c. Cadmium capture 



209 

Na Only 
Na w/ lime 
lime Tracer Ca 

Pb Only 
Pb w/ lime 
lime Tracer Ca 

Cd Only 
Cd w/ lime 
lime Tracer Ca 

0.1 1 

Aerodynamic 50% Cut-Off Diameter (^m) 

Figure 8.4. Metal capture by lime from single metal sorbent systems; a. Sodium capture, b. 
Lead capture, c. Cadmium capture. 



210 

"O 9) 

0.6 -

0.5 

0.4 • 

0.3 -

0.2 

0.1 

0.0 

0.7 

0.6 

O 0.5 

Na w/ Pb and Cd 
Na w/ Pb, Cd and lime 
lime tracer Ca 

(a) 

Pb w/ Na and Cd 
Pb w/ Na, Cd and lime 
lime tracer Ca 

(b) 

^ O-i -I (0 

Cd w/ Na and Pb 
Cd w/ Na, Pb and lime 
lime tracer Ca 

0.1 1 
Aerodynamic 50% Cut-Off Diameter ( îm) 
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Chapter 9 

Conclusions 

The significant conclusions of this work are; 

• A aerosol size fractionation techniques to discriminate between metal as vapor or as solid in 

the combustor was developed and tested. The rapid quench was capable of forcing 

homogenous nucleation early in the sampling. The resultant multi-component aerosol size 

distribution can then be used to infer aerosol dynamics in the furnace. 

• Condensation and coagulation appear to dominate aerosol processes within the flimace. 

When two semi-volatile metals, lead and cadmium, were injected into the furnace, 

coagulation appeared to control the final distribution. When a semi-metal interacted with a 

pre-existing particle population condensation was the dominant gas-to-solid conversion 

process. From this study, any metal/sorbent reaction study should be examined above the 

dew point. 

• Kaolinite appears to be an excellent high temperature sorbent for lead. Optimum condition 

for the kaolinite injection appears to be around I450K in this reactor. This optimum is 

derived from a inhibition mechanism which is influential at higher temperatures. A simple 
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global mechanism was shown efifective at predicting the system behavior. This global 

mechanism is 

PbO+Active site-> PbO • ISiO^ 

PbO • Al-,Oy - 2810^ + Active site —> PbO • AUOy - 25/0, + Inactive site 

A simple first-order reaction scheme based on the mechanism was fit to the experimental 

data to obtain the kinetic parameters. The activation energy of the primary reaction seems to 

be small and could be approximated as zero. The effect of chlorine was also examined. 

Chlorine significantly slows the reaction between lead and kaolinite. The model was 

modified by a temperature dependent partition function to describe the distribution of lead 

oxide and lead chloride in the reactor. An equilibrium approximation could not approximate 

the observed behavior. A partition function was estimated from the data and seems to 

indicate that super-equilibrium amounts of lead chloride are present in the system. 

• The reaction of lead and lime was relatively slow. However, the presence of chlorine did not 

appear to affect to the reaction. 

• PWDS sorbent shows promise as an effective sorbent for lead. In screening tests, the 

performance of PWDS appears to be as good as kaolinite and mixture of kaolinite and lime. 

However, the large average diameter may cause mass transfer limitations to slower 

performance. 
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• The interactions between cadmium and sorbent were also investigated. Due to problems with 

the equipment, these studies were limited. The reported reaction of cadmium with lime was 

verified to occur at high temperatures, however differences between the report and observed 

behavior in the presence of chlorine was measured. Contrary to report, the cadmium/lime 

reaction appears to be limited when chlorine is present. Cadmium/lcaolinite reactions were 

examined. A crude kinetic estimate was used to explore the simultaneous capture of sodium 

and cadmiiun. A simple competitive model could not explain the measured behavior of 

kaolinite in the presence of both cadmium and sodium. PWDS was shown to behave 

similarly as both kaolinite and lime in the absorption of cadmium vapor. 

• The simultaneous capture of toxic metals was briefly explored. Sodium and lead appear to 

inhibit the reaction of cadmium with kaolinite. 
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Appendix 1 

Experimental data 

Run summary for parametric tests with B80 sorbent 

Run 
Number 

1 

Metal Cone, 
[ppml 

Chlorine 
Cone, 
[ppm] 

Sorbent 
Ftowrate 
[g/min] 

Injeetion 
port Sample Port 

LK-1 100 2.5 3 8 
LK-2 100 2.5 1 3 8 
LK-3 100 1.75 1 8 
LK-4 100 1.75 1 8 
LK-5 100 1.75 5 8 
LK-6 100 1.75 5 8 
LK-8 100 1 3 8 
LK-9 100 1 3 8 
LK-10 100 2.5 5 8 
LK-11 100 2.5 5 8 
LK-12 100 1 1 8 
LK-13 100 1 1 8 
LK-14 100 1 5 8 
LK-15 100 1 5 8 
LK-16 100 1.75 3 8 
LK-17 100 1.75 3 8 
LK-18 100 2.5 1 8 
LK-19 100 2.5 1 8 
LK-20 100 1.75 1 5 
LK-21 100 1.75 1 5 
LK-22 100 1 3 8 
LK-23 100 1 3 8 
LK-24 100 1 3 9 
LK-25 100 1 3 9 
LK-26 100 0.8 5 9 
LK-27 100 0.8 5 9 
LK-28 100 1 2 9 
LK-29 100 1 2 9 
LK-30 100 1 5 8 
LK-31 100 1 5 8 
LK-32 100 1 1 8 
LK-33 100 1 1 8 
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LK-34 100 0.5 

C
O
 in 

LK-35 100 0.5 5 8 
LK-36 100 0.5 1 8 
LK-37 100 0.5 1 8 
LK-38 100 1 1 4 
LK-39 100 1 1 4 
LK-40 100 2 1 8 
LK-41 100 1 2 1 8 
LK-42 100 2 5 8 
LK-43 100 2 5 8 

1 LK-44 30 1 1 8 
! LK-45 30 1 1 8 
i LK-46 30 1 5 8 

LK-47 30 1 5 8 
LK-48 30 1 1 4 
LK-49 30 1 4 
LK-50 100 100 1 5 8 
LK-51 100 100 1 5 8 
LK-52 100 100 1 1 8 
LK-53 100 100 1 1 8 
LK-54 100 100 1 3 8 1 
LK-55 i 100 100 1 3 8 

LK-56 1 100 ! 100 0.5 

CO C
O
 

LK-57 100 ! 100 0.5 3 18 
LK-58 100 100 2 3 8 
LK-59 100 100 2 3 8 
LK-60 100 100 1 1 4 
LK-61 100 100 1 1 1 4 
LK-62 100 1000 1113 8 
LK-63 100 1000 i 1 1 3 8 i 
LK-64 100 1000 2 1 1 8 
LK-65 100 1000 2 1 8 
LK-66 100 1000 0.5 5 8 
LK-67 100 1000 0.5 5 8 
LK-68 100 1000 2 5 8 
LK-69 100 1000 2 5 8 
LK-70 100 1000 0.5 1 8 i 
LK-71 100 1000 0.5 i 1 8 
LK-72 100 1000 1 1 1 4 
LK-73 100 1000 1 1 1 4 
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Run: LK-1 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 121.5 2.34 9.3 7.32 
2 0.0636 132 1.38 7.8 9.12 
3 0.0926 91.8 1.53 9.3 12.24 
4 0.168 42.9 0.84 7.8 7.23 
5 0.337 36 0.45 13.8 2.82 
6 0.535 71.1 1.26 38.1 10.86 
7 0.973 636.9 1.74 244.5 12-75 
8 1.98 1781.1 2.07 618 21.99 
9 3.77 369 1.44 207.6 13.23 
10 7.33 91.8 1.59 110.4 10.05 

Run: LK-3 

Plate LMd Aluminum 
[ug] [ug] 

1 0.0324 200.1 1.8 5.1 6.3 
2 0.0636 1154.1 9.99 2.1 8.25 
3 0.0926 1464.9 28.86 0 9.93 
4 0.168 585.3 6.45 3.6 10.05 
5 0.337 93.3 1.83 4.2 6.03 
6 0.535 80.1 1.14 9.6 9.42 
7 0.973 389.4 6.06 84.9 4.95 
8 1.98 1059.6 6.39 232.2 7.92 
9 3.77 275.1 9.51 102.6 8.25 
10 7.33 68.7 1.68 90 9.81 

Run: LK-2 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 164.1 0.81 6.3 10.29 
2 0.0636 136.8 1.53 1.2 6.99 
3 0.0926 59.4 0.9 9 8.16 
4 0.168 33.3 1.2 11.1 6.93 
5 0.337 29.7 1.62 7.5 7.74 
6 0.535 63.6 1.08 30.9 8.46 
7 0.973 469.8 3.357 179.7 7.65 
8 1.98 1250.7 1.26 353.1 11.64 
9 3.77 219 5.94 120.6 8.97 
10 7.33 55.5 0.9 63.3 10.14 

Run: LK-4 

Plate Lead Aluminum 
[u9l [ug] 

1 0.0324 376.5 1.8 0 6.3 
2 0.0636 1139.1 9.99 1.8 8.25 
3 0.0926 473.1 28.86 1.8 9.93 
4 0.168 164.7 6.45 7.2 10.05 
5 0.337 56.7 1.83 4.2 6.03 
6 0.535 53.4 1.14 6.3 9.42 
7 0.973 190.2 6.06 51.3 4.95 
8 1.98 431.7 6.39 118.8 7.92 
9 3.77 85.2 9.51 43.8 8.25 
10 7.33 32.4 1.68 37.8 9.81 
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Run: LK-5 Run: LK-8 

Plate Lead 
[ug] 

Aluminum 
[ug] 

Plate 
[ug] 

Aluminum 
[ug] 

1 0.0324 158.4 2.1 0 11.4 1 0.0324 310.2 1.89 0 10.77 
2 0.0638 158.4 1.59 1.2 8.52 2 0.0636 310.2 4.47 1.2 8.13 
3 0.0926 200.4 1.35 0 20.1 3 0.0926 959.1 5.07 0 6.51 
4 0.168 91.2 1.2 2.1 4.44 4 0.168 408 1.68 2.1 6.15 
5 0.337 17.1 0.87 0.45 9.12 5 0.337 139.8 1.23 0.45 8.37 
6 0.535 17.4 1.47 10.5 8.31 6 0.535 68.1 1.17 10.5 7.77 
7 0.973 27 1.35 45.9 8.61 7 0.973 63 1.92 45.9 9.03 
8 1.98 156.6 2.73 66.6 7.47 8 1.98 154.5 2.1 66.6 9.69 
9 3.77 311.4 1.17 25.2 7.08 9 3.77 336 2.46 25.2 11.31 
10 7.33 60 1.26 30 7.8 10 7.33 219.6 1.71 30 9.36 

Run: LK-6 Run: LK-9 

Plate Lead 
[ug] 

Aluminum 
[ug] 

Plate Lead 
[ug] 

Aluminum 
[ug] 

1 0.0324 191.4 2.34 5.4 4.53 1 0.0324 273.3 2.34 3.6 0.57 
2 0.0636 147.9 1.38 6 7.17 2 0.0636 1123.2 1.38 5.4 7.56 
3 0.0926 53.4 1.53 3.6 5.58 3 0.0926 457.2 1.53 3.9 6.9 
4 0.168 28.8 0.84 4.8 7.59 4 0.168 136.5 0.84 4.5 8.1 
5 0.337 18.9 0.45 1.8 9.63 5 0.337 65.1 0.45 1.2 6.18 
6 0.535 38.7 1.26 3 9 6 0.535 53.55 1.26 3.3 7.41 
7 0.973 240.3 1.74 70.5 7.11 7 0.973 146.4 1.74 17.7 8.58 
8 1.98 441.3 2.07 90.3 11.58 8 1.98 312.9 2.07 42.6 5.97 
9 3.77 83.1 1.44 22.2 6.3 9 3.77 61.5 1.44 18.9 8.1 
10 7.33 31.5 1.59 12.6 8.43 10 7.33 51.9 1.59 24 
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Run: LK-10 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 123.6 1.2 3 10.77 
2 0.0636 142.8 1.02 3.3 8.13 
3 0.0926 92.4 1.17 0.9 6.51 
4 0.168 45 1.23 3.3 6.15 
5 0.337 24.3 1.2 4.8 8.37 
6 0.535 59.4 0.78 39.6 7.77 
7 0.973 493.5 4.17 190.2 9.03 
8 1.98 1241.1 10.98 285.6 9.69 
9 3.77 156.3 1.2 60 11.31 
10 7.33 66.6 1.32 29.7 

Run: LK-12 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 221.7 1.2 1.8 10.77 
2 0.0636 1551.6 1.02 13.5 8.13 
3 0.0926 1861-8 1.17 9 6.51 
4 0.168 1234.5 1.23 9.6 6.15 
5 0.337 226.2 1.2 8.4 8.37 
6 0.535 128.7 0.78 0 7.77 
7 0.973 170.4 4.17 21.3 9.03 
8 1.98 271.8 10.98 40.2 9.69 
9 3.77 89.1 1.2 17.1 11.31 
10 7.33 66 1.32 21 

Run: LK-11 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 114.9 2.34 0 0.57 
2 0.0636 74.7 1.38 0 7.56 
3 0.0926 29.1 1.53 0.6 6.9 
4 0.168 19.5 0.84 0.3 8.1 
5 0.337 19.5 0.45 1.5 6.18 
6 0.535 45.6 1.26 25.2 7.41 
7 0.973 340.2 1.74 121.8 8.58 
8 1.98 602.7 2.07 140.1 5.97 
9 3.77 89.4 1.44 30.9 8.1 
10 7.33 45.3 1.59 25.2 

Run: LK-13 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 327.6 2.34 0 0.57 
2 0.0636 1162.5 1.38 0 7-56 
3 0.0926 1407.6 1.53 0.6 6.9 
4 0.168 404.7 0.84 0.3 8.1 
5 0.337 172-5 0.45 1.5 6.18 
6 0.535 101.4 1.26 25.2 7.41 
7 0.973 143.7 1.74 121.8 8.58 
8 1.98 196.8 2.07 140.1 5.97 
9 3.77 136.2 1.44 30.9 8.1 
10 7.33 165 1.59 25-2 
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Run: LK-14 Run: LK-16 

Plate Lead Aluminum Plate Le ad Aluminum 
[ug] [ug] [ug] [ug] 

1 0.0324 193.2 1.2 0 10.77 1 0.0324 157.2 1.2 0.6 10.77 
2 0.0636 947.7 1.02 0 8.13 2 0.0636 619.8 1-02 1.8 8.13 
3 0.0926 1030.2 1.17 0 6.51 3 0.0926 420.6 1.17 3.9 6.51 
4 0.168 398.7 1.23 1.5 6.15 4 0.168 162 1.23 0 6.15 
5 0.337 78.3 1.2 4.2 8.37 5 0.337 38.4 1.2 0 8.37 
6 0.535 63.6 0.78 6.6 7.77 6 0.535 47.7 0.78 3.9 7.77 
7 0.973 173.4 4.17 23.4 9.03 7 0.973 224.1 4-17 28.5 9.03 
8 1.98 431.4 10.98 60.9 9.69 8 1.98 645.3 10.98 80.4 9.69 
9 3.77 171 1.2 45.9 11.31 9 3.77 206.4 1.2 51.3 11.31 
10 7.33 149.1 1.32 59.1 10 7.33 212.7 1.32 59.7 

Run: LK-15 Run: LK-17 

Plate Lead Aluminum 
[ugj [ug] 

1 0.0324 355.8 2.34 0 0.57 
2 0.0636 857.4 1.38 0 7.56 
3 0.0926 392.1 1.53 2.7 6.9 
4 0.168 143.1 0.84 13.2 8.1 
5 0.337 60 0.45 14.1 6.18 
6 0.535 55.5 1.26 8.7 7.41 
7 0.973 141 1.74 23.7 8.58 
8 1.98 289.5 2.07 35.4 5.97 
9 3.77 90.6 1.44 21.3 8.1 
10 7.33 116.4 1.59 54.9 

Plats Lead 
[ug] 

Aluminum 
[ug] 

1 0.0324 312 2.34 2.7 0.57 
2 0.0636 374.1 1.38 0 756 
3 0.0926 157.8 1.53 1.5 6.9 
4 0.168 80.4 0.84 5.1 8.1 
5 0.337 37.2 0.45 3.9 6.18 
6 0.535 50.7 1.26 8.7 7.41 
7 0.973 190.8 1.74 38.1 8.58 
8 1.98 430.8 2.07 78.9 5.97 
9 3.77 61.5 1.44 6.3 8.1 
10 7.33 89.1 1.59 35.1 
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Run: LK-18 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 167.4 1.2 4.5 10.77 
2 0.0636 864.9 1.02 8.1 8.13 
3 0.0926 829.2 1.17 6.3 6.51 
4 0.168 319.2 1.23 2.1 6.15 
5 0.337 69.9 1.2 0 8.37 
6 0.535 64.2 0.78 7.5 7.77 
7 0.973 312 4.17 63 9.03 
8 1.98 894 10.98 161.4 9.69 
9 3.77 210.6 1.2 53.1 11.31 
10 7.33 205.5 1.32 61.8 9.36 
AF 75.6 

Run: LK-20 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 193.2 1.2 8.1 10.77 
2 0.0636 1414.8 1.02 10.5 8.13 
3 0.0926 1473 1.17 14.1 6.51 
4 0.168 393.3 1.23 5.7 6.15 
5 0.337 102.6 1.2 5.1 8.37 
6 0.535 105.6 0.78 2.7 7.77 
7 0.973 178-5 4.17 39.6 9.03 
8 1.98 353.7 10.98 82.8 9.69 
9 3.77 121.2 1.2 32.7 11.31 
10 7.33 149.7 1.32 41.1 9.36 
AF 191.4 0 0 

Run: LK-19 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 388.5 2.34 2.7 0.57 
2 0.0636 858.6 1.38 0 7.56 
3 0.0926 332.1 1.53 1.5 6.9 
4 0.168 124.5 0.84 5.1 8.1 
5 0.337 61.8 0.45 3.9 6.18 
6 0.535 56.1 1.26 8.7 7.41 
7 0.973 211.2 1.74 38.1 8.58 
8 1.98 411.3 2.07 78.9 5.97 
9 3.77 71.1 1.44 6.3 8.1 
10 7.33 63 1.59 35.1 7.38 
AF 101.1 0 0 

Run: LK-21 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 410.1 2.34 4.2 0.57 
2 0.0636 1589.7 1.38 0 7.56 
3 0.0926 1005.3 1.53 0 6.9 
4 0.168 164.7 0.84 0 8.1 
5 0.337 84.6 0.45 0 6.18 
6 0.535 73.2 1.26 5.7 7.41 
7 0.973 173.1 1.74 39 8.58 
8 1.98 201.6 2.07 51.9 5.97 
9 3.77 60.3 1.44 37.8 8.1 
10 7.33 90.3 1.59 55.2 7.38 
AF 135.9 0 0 
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Run: LK-22 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 48 1.2 0 10.77 
2 0.0636 69 1.02 3 8.13 
3 0.0926 54 1-17 3 6.51 
4 0.168 18 1.23 3 6.15 
5 0.337 15 1.2 6 8.37 
6 0.535 42 0.78 30 7.77 
7 0.973 216 4.17 141 9.03 
8 1.98 357 10.98 165 9.69 
9 3.77 105 1.2 42 11.31 
10 7.33 45 1.32 24 9.36 
AF 33 0 0 

Run: LK-24 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 48 1.2 0 10.77 
2 0.0636 54 1.02 0 8.13 
3 0.0926 36 1.17 0 6.51 
4 0.168 21 1.23 0 6.15 
5 0.337 18 1.2 3 8.37 
6 0.535 33 0.78 3 7.77 
7 0.973 147 4.17 21 9.03 
8 1.98 285 10.98 93 9.69 
9 3.77 75 1.2 141 11.31 
10 7.33 21 1.32 36 9.36 
AF 33 0 0 

Run: LK-23 

Plate Lead Muminuir 
[ug] [ug] 

1 0.0324 24 2.34 0 0.57 
2 0.0636 15 1.38 12 7.56 
3 0.0926 3 1.53 3 6.9 
4 0.168 3 0.84 0 8.1 
5 0.337 3 0.45 6 6.18 
6 0.535 6 1.26 12 7.41 
7 0.973 15 1.74 24 8.58 
8 1.98 30 2.07 18 5.97 
9 3.77 33 1.44 9 8.1 
10 7.33 15 1.59 3 7.38 
AF 6 0 0 

Run: LK-25 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 57 2.34 3 0.57 
2 0.0636 93 1.38 6 7.56 
3 0.0926 21 1.53 3 6.9 
4 0.168 12 0.84 3 8.1 
5 0.337 12 0.45 9 6.18 
6 0.535 48 1.26 57 7.41 
7 0.973 399 1.74 246 8.58 
8 1.98 831 2.07 330 5.97 
9 3.77 183 1.44 81 8.1 
10 7.33 75 1.59 45 7.38 
AF 15 0 0 
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Run: LK-26 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 87 1.2 6 10.77 
2 0.0636 102 1.02 3 8.13 
3 0.0926 57 1.17 3 6.51 
4 0.168 33 1.23 6 6.15 
5 0.337 24 1.2 12 8.37 
6 0.535 48 0-78 30 7.77 
7 0.973 255 4.17 126 9.03 
8 1.98 426 10.98 138 9.69 
9 3.77 144 1.2 63 11.31 
10 7.33 111 1.32 48 9.36 
AF 54 0 

Run: LK-28 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 93 1.2 0 10.77 
2 0.0636 126 1.02 0 8.13 
3 0.0926 96 1.17 6 6.51 
4 0.168 39 1.23 0 6.15 
5 0.337 21 1.2 15 8.37 
6 0.535 42 0.78 21 7.77 
7 0.973 288 4.17 126 9.03 
8 1.98 624 10.98 207 9.69 
9 3.77 171 1.2 75 11.31 
10 7.33 60 1.32 48 9.36 
AF 30 0 

Run: LK-27 Run: LK-29 

Plate Lead Aluminum Plate Lead Aluminum 
[ug] [ug] [ug] [ug] 

1 0.0324 108 2.34 3 0.57 1 0.0324 117 2.34 3 0.57 
2 0.0636 111 1.38 6 7.56 2 0.0636 126 1.38 3 7.56 
3 0.0926 45 1.53 9 6.9 3 0.0926 57 1.53 3 6.9 
4 0.168 24 0.84 0 8.1 4 0.168 24 0.84 3 8.1 
5 0.337 18 0.45 9 6.18 5 0.337 21 0.45 3 6.18 
6 0.535 36 1.26 33 7.41 6 0.535 54 1.26 24 7.41 
7 0.973 291 1.74 132 8.58 7 0.973 372 1.74 147 8.58 
8 1.98 372 2.07 138 5.97 8 1.98 813 2.07 276 5.97 
9 3.77 66 1.44 36 8.1 9 3.77 189 1.44 90 8.1 
10 7.33 30 1.59 24 7.38 10 7.33 57 1.59 42 7.38 
AF 21 0 AF 18 0 
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Run: LK-30 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 261 2.4 8.1 6.9 
2 0.0636 357 2.1 4.8 7.92 
3 0.0926 219 2.7 9.6 7.68 
4 0.168 96 1.2 10.5 9.69 
5 0.337 39 0.9 10.5 5.16 
6 0.535 75 0.6 51.3 9.78 
7 0.973 348 1.2 166.5 7.17 
8 1.98 1188 5.7 323.1 11.91 
9 3.77 390 3.3 143.4 10.23 
10 7.33 312 2.7 229.2 10.5 
AF 75 0.9 

Run: LK-32 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 204 2.4 0 10.5 
2 0.0636 894 10.2 2.7 5.64 
3 0.0926 729 5.4 4.2 7.98 
4 0.168 249 3 1.2 8.85 
5 0.337 108 2.1 4.5 7.2 
6 0.535 90 0.9 24 7.74 
7 0.973 432 3.3 179.7 10.05 
8 1.98 999 7.5 376.5 5.13 
9 3.77 291 2.1 123.3 5.46 
10 7.33 174 1.2 171.9 8.43 
AF 108 1.2 

Run; LK-31 

Plate Lead 
[ug] 

Aluminum 
[ug] 

1 0.0324 150 1.2 4.8 9.6 
2 0.0636 426 2.4 0.6 4.95 
3 0.0926 408 3.3 0.6 9.54 
4 0.168 186 1.2 9.6 9.45 
5 0.337 51 1.2 15.9 6.48 
6 0.535 72 1.8 69.3 5.16 
7 0.973 327 1.2 206.4 10.62 
8 1.98 1245 2.4 436.8 9.99 
9 3.77 252 9.3 100.2 6.99 
10 7.33 105 1.5 94.2 11.13 
AF 57 1.2 

Run: LK-3 3 

Plate Lead 
[ug] 

Aluminum 
[ug] 

AF 

1 0.0324 270 2.4 0.3 9 
2 0.0636 822 7.5 3 7.62 
3 0.0926 801 9.9 2.4 6.99 
4 0.168 342 2.7 3.3 9.87 
5 0.337 90 1.8 12.9 9.48 
6 0.535 84 0.9 50.1 9.69 
7 0.973 348 2.7 234 8.43 
8 1.98 1059 7.5 541.8 7.2 
9 3.77 432 3.6 240.3 8.07 
10 7.33 456 3.6 635.1 2.85 

114 1.5 



224 

Run: LK-34 Rvin: LK-36 

Plate Lead Aluminum Plate Lead Aluminum 
[ug] [ug] [ug] [ug] 

1 0.0324 153 1.2 4.2 6.18 1 0.0324 144 2.4 13.5 6.9 
2 0.0636 423 1.02 1.2 8.16 2 0.0636 678 2-1 1.5 7.92 
3 0.0926 312 1.17 3.9 8.55 3 0.0926 1263 2.7 3 7.68 
4 0.168 126 1.23 2-1 8.19 4 0.168 603 1.2 7.8 9.69 
5 0.337 48 1.2 12-6 5.16 5 0.337 129 0.9 1.2 5.16 
6 0.535 90 0.78 51.3 5.67 6 0.535 96 0.6 10.2 9.78 
7 0.973 438 4.17 160.5 9.99 7 0.973 276 1.2 66 7.17 
8 1.98 1164 10.98 291.6 7.59 8 1.98 693 5.7 190.2 11.91 
9 3.77 150 1.2 55.8 5.94 9 3.77 246 3.3 97.2 10.23 
10 7.33 78 1.32 63 5.97 10 7.33 246 2.7 173.4 10.5 

AF 66 0 AF 126 0.9 

Run: LK-35 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 228 2.34 0.6 4.86 
2 0.0636 318 1.38 0.6 6.99 
3 0.0926 60 1.53 0.9 6.09 
4 0.168 75 0.84 1.2 9.27 
5 0.337 39 0.45 9.9 6 
6 0.535 63 1.26 38.4 6.57 
7 0.973 330 1.74 141.3 9.33 
8 1.98 543 2.07 144 7.65 
9 3.77 78 1.44 31.5 6.99 
10 7.33 57 1.59 48.6 5.97 

AF 177 0 

Run: LK-37 

Plate Lead 
[ug] 

1 0.0324 153 3 
2 0.0636 618 6.9 
3 0.0926 699 6.9 
4 0.168 252 2.1 

Aluminum 
[ug] 

4.8 9.6 
0.6 4.95 
0.6 9.54 
9.6 9.45 

5 0.337 69 0.9 15.9 6.48 
6 0.535 72 1.2 69.3 5.16 
7 0.973 384 3.6 206.4 10.62 
8 1.98 804 8.4 436.8 9.99 
9 3.77 318 1.8 100.2 6.99 
10 7.33 345 3.3 94.2 11.13 

AF 69 1.2 
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Run: LK-38 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 162 3.3 1.2 9.93 
2 0.0636 792 15 3.9 4.8 
3 0.0926 1266 14.4 0.6 8.88 
4 0.168 540 4.5 0.6 4.17 
5 0.337 0 2.1 0 0 
6 0.535 141 1.5 5.61 7.35 
7 0.973 501 4-5 2 .̂5 11.91 
8 1.98 999 5-7 514.2 5.85 
9 3.77 255 2-4 153 7.11 
10 7.33 108 1.8 108.9 7.32 

AF 96 1-5 

Run: LK-40 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 105 1.2 3.69 6.18 
2 0.0636 117 1.02 33.9 8.16 
3 0-0926 54 1.17 23.4 8.55 
4 0-168 30 1.23 18 8.19 
5 0.337 33 1.2 15.6 5.16 
6 0.535 78 0.78 32-4 5.67 
7 0.973 489 4.17 234-6 9.99 
8 1-98 711 10.98 277.2 7.59 
9 3.77 183 1.2 105 5.94 
10 7.33 138 1.32 112.5 5.97 

AF 39 0 

Run: LK-39 

Plate Lead 
[ug] 

Aluminum 
[ug] Run: LK-41 

1 0.0324 186 1.8 2-4 9.24 
2 0.0636 849 5.4 0-9 5.52 Plate Lead Aluminum 
3 0.0926 573 4.5 8.1 7.44 Tual [ug] 
4 0.168 213 2.7 2.4 9.9 1 0.0324 96 2.34 0.6 4.86 
5 0.337 96 3 1.5 4.86 2 0.0636 132 1.38 0.9 6.99 
6 0.535 111 2.1 49.5 747 3 0.0926 105 1.53 16.5 6.09 
7 0.973 378 4.5 189 11.46 4 0.168 66 0.84 11.1 9.27 
8 1.98 819 4.5 456 10.59 5 0.337 36 0.45 10.8 6 
9 3.77 213 2.7 130.5 8.91 6 0.535 96 1.26 42 6.57 
10 7.33 156 1.5 163.5 8.94 7 0.973 480 1.74 252.3 9.33 

F 75 0.9 8 1.98 1170 2.07 657.9 7.65 
9 3.77 303 1.44 197.1 6.99 

10 7.33 252 1.59 237.3 5.97 
AF 66 0 
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Run: LK-42 

Lead 
[ug] 

6 0.9 
9 0.9 
9 0.9 
9 0.9 

Plate 

1 0.0324 
2 0.0636 
3 0.0926 
4 0.168 
5 
6 
7 0.973 474 3.9 344.4 7.17 
8 1.98 432 3 296.1 11.91 
9 3.77 45 3 60.3 10.23 
10 7.33 45 0.9 56.1 10.5 

AF 15 0.6 

Aluminum 
[ug] 

1.2 6.9 
1.5 7.92 
2.1 7.68 
0.3 9.69 

0.337 12 1.2 11.1 5.16 
0.535 72 0.6 93.9 9.78 

Run: LK-44 

Plate Lead 
[ug] 

1 0.0324 21 3.3 
2 0.0636 9 15 
3 0.0926 9 14.4 
4 0.168 12 4.5 
5 0.337 21 2.1 
6 0.535 57 1.5 

Aluminum 
[ug] 

0 16.83 
0 21.84 

6.9 13.86 
0.9 13.62 
10.2 16.47 
74.7 15.66 

7 0-973 294 4.5 307.5 15.54 
8 1.98 402 5.7 445.8 13.74 
9 3.77 132 2.4 150.9 15.75 
10 7.33 78 1.8 99.6 20.94 

AF 21 1.5 

Run: LK-43 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 36 3 8.1 16.23 
2 0.0636 15 6.9 1.2 17.73 
3 0.0926 12 6.9 0.6 15.06 
4 0.168 15 2.1 7.8 21.78 
5 0.337 24 0.9 23.7 21 
6 0.535 114 1.2 133.5 19.14 
7 0.973 645 3.6 498 15.27 
8 1.98 897 8.4 606.9 15.09 
9 3.77 120 1.8 103.5 24.27 
10 7.33 81 3.3 73.8 20.22 

18 1.2 



Run: LK-45 Run: LK-47 

Plate Lead Aluminum Plat0 Lead Aluminum 
[ugl [ug] [ug] [ug] 

1 0.0324 0 1.5 6.6 9.24 1 0.0324 0 2.34 1.8 6.03 
2 0.0636 0 1.2 0.6 5.52 2 0.0636 0 1.38 0.3 7.08 
3 0.0926 0 1.2 0-3 7.44 3 0.0926 0 1.53 0.9 8.16 
4 0.168 0 1.2 0.3 9.9 4 0.168 0 0.84 3 6.45 
5 0.337 30 0.6 23.4 4.86 5 0.337 0 0.45 44-1 8.46 
6 0.535 75 1.8 97.5 7.47 6 0.535 90 1.26 146.4 8.64 
7 0.973 375 2.7 450.3 11.46 7 0.973 456 1.74 550.5 9.51 
8 1.98 642 3.9 817.8 10.59 8 1.98 333 2.07 492 9.12 
9 3.77 225 2.1 286.2 8.91 9 3.77 81 1.44 138 7.65 
10 7.33 159 1.8 239.1 8.94 10 7.33 42 1.59 51.3 5.43 

AF 24 0.9 AF 15 0 

Run: LK-46 Run: LK-48 

Plate Lead Aluminum Plate Lead Aluminum 
[ugj [ug] [ug] [ug] 

1 0.0324 0 1.2 4.5 11.4 1 0.0324 21 0.9 4.8 7.05 
2 0.0636 0 1.02 3.3 17.46 2 0.0636 0 1.2 3.3 9.15 
3 0.0926 0 1.17 3.6 20.73 3 0.0926 0 1.2 0.6 9.72 
4 0.168 0 1.23 7.2 13.56 4 0.168 0 1.5 6.9 11.19 
5 0.337 0 1.2 26.7 20.07 5 0.337 21 1.2 24 7.53 
6 0.535 69 0.78 113.4 1 18.66 6 0.535 60 1.5 81.6 6.93 
7 0.973 360 4.17 463.2 : 16.74 7 0.973 297 2.7 339.3 10.71 
8 1.98 138 10.98 t 288 16.62 8 1.98 369 3 525.3 9.6 
9 3.77 45 1.2 52.5 20.79 9 3.77 93 1.8 151.8 9.9 
10 7.33 33 1.32 36.3 14.13 10 7.33 39 1.2 66.6 7.62 

AF 12 0 AF 27 1.2 
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Run: LK-49 Riin:LK-51 

Plate Lead Aluminum Plate Le ad Aluminum 
[ug] [ug] [ug] [ug] 

1 0.0324 39 1.8 1.2 9.84 1 0.0324 24 2.4 2.7 7.23 
2 0.0636 39 1.5 1.5 9.6 2 0.0636 108 1.2 7.8 8.73 
3 0.0926 24 2.1 1.8 8.43 3 0.0926 507 2.4 2.7 7.38 
4 0.168 18 1.2 5.7 7.53 4 0.168 159 2.4 0.9 5.61 
5 0.337 30 1.8 32-4 8.07 5 0.337 33 2.7 12-9 5.97 
6 0.535 90 1.8 105.3 6.93 6 0.535 57 2.4 4.83 8.61 
7 0.973 366 3 401.1 10.71 7 0.973 270 2-1 152.1 5.82 
8 1.98 543 4.5 714.3 9.6 8 1.98 507 3.6 218.4 9.9 
9 3.77 162 1.2 253.8 9.9 9 3-77 270 2.7 136.5 7.23 
10 7.33 69 1.8 130.8 7.62 10 7.33 291 2.1 143.7 7.44 

AF 39 1.2 AF 18 2.4 

Run: LK-50 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 36 3.3 2.1 16.83 
2 0.0636 126 15 6.9 21.84 
3 0.0926 81 14.4 4.2 13.86 
4 0.168 33 4.5 9.3 13.62 
5 0.337 30 2.1 9.3 16.47 
6 0.535 51 1.5 19.8 15.66 
7 0.973 219 4.5 60.9 15.54 
8 1.98 315 5.7 96 13.74 
9 3.77 189 2.4 93 15.75 
10 7.33 189 1.8 68.4 20.94 

21 1.5 

Run: LK-52 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 18 1.2 0.6 7.08 
2 0.0636 162 0.6 0 5.73 
3 0.0926 372 3.9 9.9 6.15 
4 0.168 84 3 0 6.42 
5 0.337 30 1.5 1.2 7.38 
6 0.535 45 2.7 13.8 7.89 
7 0.973 180 3.3 72.9 6.39 
8 1.98 210 1.8 75.3 5.4 
9 3.77 45 2.4 29.4 6.42 
10 7.33 24 0.9 17.1 8.97 

33 2.7 
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Run: LK-53 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 15 2.4 3.3 7.56 
2 0.0636 90 1.8 12.6 6.15 
3 0.0926 714 3.9 7.5 5.82 
4 0.168 231 2.4 8.1 8.19 
5 0.337 45 1.5 12.3 5.52 
6 0.535 57 1.5 29.7 7.65 
7 0.973 287.4 3 141.9 8.85 
8 1.98 399 2-4 191.7 6.27 
9 3.77 66 2.1 46.8 8.97 
10 7.33 27 2.7 24.3 6.27 

AF 15 2.7 

Run: LK-55 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 21 1.8 0 9.84 
2 0.0636 102 2.7 2.7 9.6 
3 0.0926 501 3 0.3 8.43 
4 0.168 186 1.5 0.9 7.53 
5 0.337 42 2.1 7.5 8.07 
6 0.535 60 2.4 31.2 6.93 
7 0.973 249 3.6 120.6 10.71 
8 1.98 375 1.5 95.7 9.6 
9 3.77 45 1.5 34.2 9.9 
10 7.33 30 2.1 21.6 7.62 

AF 15 2.4 

Run: UC-54 

Plate Lead 
[ug] 

Aiuminum 
[ug] Run: LK-56 

1 0.0324 21 0.9 0 6.24 
2 0.0636 9 1.2 2.7 5.16 Plate Lead Aluminum 
3 0.0926 9 1.2 0.3 7.98 [ug] [ug] 
4 0.168 9 1.5 0.9 5.37 1 0.0324 18 1.8 6.3 16.83 
5 0.337 21 1.2 7.5 8.22 2 0.0636 30 1.8 12.6 21.84 
6 0.535 60 1.5 31.2 8.82 3 0.0926 123 3.3 18.9 13.86 
7 0.973 297 2.7 120.6 9.51 4 0.168 105 1.8 15.3 13.62 
8 1.98 369 3 95.7 7.59 5 0.337 42 2.4 1.8 16.47 
9 3.77 93 1.8 34.2 6.75 6 0.535 36 1.5 3.6 15.66 
10 7.33 39 1.2 21.6 6.78 7 0.973 78 1.5 2.4 15.54 

F 27 1.2 8 1.98 264 4.2 1.2 13.74 
9 3.77 201 2.7 1.8 15.75 
10 7.33 36 2.7 2.7 20.94 

AF 30 1.8 
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Run: LK-57 

Plate Lead Aluminum 
[ugl [ug] 

1 0.0324 18 1.8 0.3 7.29 
2 0.0636 96 1.2 0.6 10.26 
3 0.0926 804 5.4 0.3 10.35 
4 0.168 279 3.6 0 9.3 
5 0.337 57 2.4 1.2 7.71 
6 0.535 72 2.4 6.9 6.42 
7 0.973 150 2.4 26.1 7.59 
8 1.98 207 1.8 27 7.92 
9 3.77 48 1.8 11.7 5.61 
10 7.33 33 1.2 15 6.18 

AF 33 2.1 

Run: LK-59 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 36,3 2.4 0 8.34 
2 0.0636 105 1.8 2.7 8.985 
3 0.0926 140-1 3.9 8.7 7.05 
4 0.168 52.2 2.4 7.5 8.1 
5 0.337 27 1.5 17.4 8.01 
6 0.535 58.8 1.5 63.6 8.7 
7 0.973 227.7 3 195.6 7.32 
8 1.98 259.8 2.4 137.1 8.64 
9 3.77 72.9 2.1 27.3 7.14 
10 7.33 48.6 2.7 20.4 8.88 

AF 27.6 2.7 

Run: LK-58 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 34.5 1.2 1.5 8.28 
2 0.0636 89.1 0.6 1.2 7.65 
3 0.0926 45 3.9 0 8.37 
4 0.168 26.4 3 0.3 6.45 
5 0.337 21.3 1.5 3 6.63 
6 0.535 54.6 2.7 10.2 6.09 
7 0.973 195.9 3.3 36.3 8.1 
8 1.98 204.3 1.8 32.4 7.74 
9 3.77 28.5 2.4 6.6 8.7 
10 7.33 19.5 0.9 3.6 7.71 

AF 54.9 2.7 

Run: LK-60 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 25.2 2.19 5.7 8.16 
2 0.0636 209.1 2.4 9 8.97 
3 0.0926 309.9 2.34 8.4 9.72 
4 0.168 106.5 2.22 15 9.12 
5 0.337 36.3 2.61 23.4 8.61 
6 0.535 45.9 2.01 40.2 10.11 
7 0.973 156.9 1.74 121.5 14.73 
8 1.98 149.4 2.52 102.3 15.3 
9 3.77 47.1 2.22 39.3 6.99 
10 7.33 31.5 1.32 37.2 9.99 

AF 25.2 2.16 
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Run: LK-61 Run: LK-63 

Plate Lead Aluminum Plate Lead Aluminum 
[ug] [ug] [ug] [ug] 

1 0.0324 22.2 1.95 0.6 7.98 1 0.0324 9 1.8 3.3 7.26 
2 0.0636 107.1 2.16 0.9 5.85 2 0.0636 72 1.5 6.6 11.73 
3 0.0926 672.9 4.11 2.1 4.62 3 0.0926 897 8.7 11.7 6.81 
4 0.168 265.2 1.89 1.8 4.68 4 0.168 378 1.5 6.6 8.4 
5 0.337 55.8 1.71 2.1 7.08 5 0.337 66 2-1 8.4 7.32 
6 0.535 56.1 1.23 11.1 5.82 6 0.535 57 2.1 13.5 6.99 
7 0.973 194.4 3.18 48 7.23 7 0.973 171 2.7 53-7 7-44 
8 1.98 207.9 2.1 53.7 4.53 8 1.98 165 2.4 51.9 6.63 
9 3.77 40.5 1.41 9.6 5.67 9 3.77 24 2-1 12 6.78 
10 7.33 29.1 2.19 8.1 4.05 10 7.33 18 2.1 9 8.67 

AF 27.9 3.27 AF 21 2-4 

Run: LK-62 Run: LK-64 

Plate Lead Aluminum Plate Lead Aluminum 
[ug] [ug] [ug] [ug] 

1 0.0324 14.1 1.8 4.8 6.96 1 0.0324 24 2.4 8.4 7.29 
2 0.0636 196.8 1.8 6.3 7.5 2 0.0636 207 2.1 2.4 6.12 
3 0.0926 385.5 3.3 8.7 8.37 3 0.0926 285 4.2 2.7 5.49 
4 0.168 12.3 1.8 15.9 8.94 4 0.168 153 3.3 2.1 8.55 
5 0.337 39 2.4 11.1 7.05 5 0.337 45 2.1 5.4 6.81 
6 0.535 44.7 1.5 26.4 4.56 6 0.535 48 3.3 20.7 4.35 
7 0.973 147.3 1.5 97.8 4.53 7 0.973 171 2.1 112.8 3.93 
8 1.98 115.8 4.2 56.7 5.55 8 1.98 126 1.5 81.6 7.38 
9 3.77 32.7 2.7 16.8 4.05 9 3.77 33 2.7 9.9 5.16 
10 7.33 18.6 2.7 17.4 7.08 10 7.33 18 2-1 10.5 6.15 

AF 19.8 1.8 AF 18 1.8 



Run: LK-65 Run: LK-67 

Plate Lead Aluminum Plato Lead Aluminum 
[ug] [ug] [ug] [ug] 

1 0.0324 6 2.1 0.3 6.72 1 0.0324 6 1.95 2.7 7.98 
2 0.0636 75 3.3 2.4 5.01 2 0.0636 120 2.16 1.8 5.85 
3 0.0926 1059 11.7 2.1 7.38 3 0.0926 414 4.11 2.4 4.62 
4 0.168 432 3.3 8.4 7.65 4 0.168 477 1.89 2.7 4.68 
5 0.337 75 1.8 9.3 7.56 5 0.337 90 1-71 7.8 7.08 
6 0.535 81 1.8 41.7 7.29 6 0.535 63 1.23 10.2 5.82 
7 0.973 264 1.2 165.3 7.89 7 0-973 75 3-18 27 7.23 
8 1.98 252 3.3 150 7.11 8 1.98 42 2.1 15 4.53 
9 3.77 48 1.2 24 6.72 9 3.77 21 1.41 8.1 5-67 

10 7.33 33 2-1 18.3 5.22 10 7.33 18 2-19 9.9 4.05 
AF 24 1.8 AF 21 3.27 

Run: LK-66 Run: LK-68 

Plate Lead Aluminum Plate Lead Aluminum 
[ug] [ug] [ug] [ug] 

1 0.0324 21 2.1 0.6 6.78 1 0.0324 24 1.8 0.6 6.96 
2 0.0636 261 3 2-1 6.18 2 0.0636 234 1.8 1.5 7.5 
3 0.0926 669 9.3 3.3 8.31 3 0.0926 384 3.3 6.3 8.37 
4 0.168 213 3 0.3 7.32 4 0.168 129 1.8 2.7 8.94 
5 0.337 60 2-1 3.3 7.53 5 0.337 39 2.4 0.3 7.05 
6 0.535 48 2.1 4.8 8.25 6 0.535 51 1.5 34.8 4.56 
7 0.973 66 3 13.8 4.5 7 0.973 168 1.5 115.2 4.53 
8 1.98 21 2.4 1.5 8.28 8 1.98 66 4.2 37.8 5.55 
9 3.77 15 2.7 3.3 7.77 9 3.77 18 2.7 11.7 4.05 
10 7.33 15 1.5 6.6 8.91 10 7.33 24 2.7 12.9 7.08 

AF 18 1.8 AF 21 1.8 
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Run: LK-69 Run: LK-71 

Plate Leai 
[ug] 

i Aluminum 
[ug] 

Plate Lead 
[ug] 

Aluminum 
[ug] 

1 0.0324 10.5 1.8 3.3 7.26 1 0.0324 6.9 2.1 11.4 6.72 
2 0.0636 82.8 1.5 6.9 11.73 2 0.0636 87.6 3.3 22.5 5.01 
3 0.0926 624.3 8.7 0 6.81 3 0.0926 563.1 11.7 13.2 7.38 
4 0.168 318.3 1.5 0 8.4 4 0.168 524.4 3.3 0 7.65 
5 0.337 67.5 2-1 33 7.32 5 0.337 77.7 1.8 0.6 7.56 
6 0.535 112.8 2.1 43.5 6.99 6 0.535 53.4 1.8 12 7.29 
7 0.973 282.6 2.7 146.4 7.44 7 0.973 99 1.2 41.4 7.89 
8 1.98 153.3 2-4 78 6.63 8 1.98 74.1 3.3 1.5 7.11 
9 3.77 59.7 2-1 4.2 6.78 9 3.77 12.9 1.2 0.6 6.72 
10 7.33 82.5 2-1 45.9 8.67 10 7.33 18 2.1 9 5.22 

AF 32.1 2-4 AF 20.4 1.8 

Run: LK-70 

Plate 

1 0.0324 
2 0.0636 
3 0.0926 
4 0.168 
5 0.337 
6 0.535 
7 0.973 
8 1.98 
9 3.77 
10 7.33 

AF 
9 3.77 8.7 2-7 15.3 7.77 
10 7.33 4.8 1.5 7.8 8.91 

AF 26.4 1.8 

Lead Aluminum 
[ug] [ug] Run: LK-72 

23.7 2-4 0.9 7.29 
221.4 2.1 2.1 6.12 
562.2 4.2 0 5.49 
206.7 3.3 9 8.55 
52.5 2.1 11.4 6.81 
34.8 3.3 13.8 4.35 
48.3 2.1 8.1 3.93 
20.4 1.5 1.2 7.38 
6.3 2.7 10.2 5.16 
4.2 2.1 0.9 6.15 
24 1.8 

Plate Lead Aluminum 
[ug] [ug] 

1 0.0324 36.6 2.1 0.3 6.78 
2 0.0636 261.3 3 5.7 6.18 
3 0.0926 348.6 9.3 0 8.31 
4 0.168 124.8 3 0 7.32 
5 0.337 39.6 2.1 0 7.53 
6 0.535 37.5 2.1 24.9 8.25 
7 0.973 127.5 3 69.6 4.5 
ft 1 Oft 0*4 o A. "K a. oti 
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Run: LK-73 

Lead 
[ug] 

14.4 1.95 
80.7 2.16 
937.8 4.11 
386.7 1.89 
62.4 1.71 
58.8 1.23 
195 3.18 
177 2.1 
18.9 1.41 

9 2.19 
28.8 3.27 

Aluminum 
[ug] 

0 7.98 
4.8 5.85 
0 4.62 
0 4.68 

0.6 7.08 
40.8 5.82 
116.7 7.23 
99.6 4.53 
26.4 5.67 
12.9 4.05 

Plate 

1 0.0324 
2 0.0636 
3 0.0926 
4 0.168 
5 0.337 
6 0.535 
7 0.973 
8 1.98 
9 3.77 
10 7.33 

AF 
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Cadmium and kaolinite experiments performed at US EPA. 

Cadmiam and kaolinite test overview 
Condition Port Number Injection Temperature Sorbent Residence Time 

1 IL 1504 1.3 
2 L4 1424 0.8 
3 19 1335 0.4 
4 IL 1504 1.3 
5 L4 1424 0.8 
6 19 1335 0.4 
7 IL 1504 1.3 
8 L4 1424 0.8 
9 19 1335 0.4 

Note that all numbers are micrograms per impactor plate. 
Also note that MOUDI impactor was used for all experiments performed at EPA. 
impactor are 

AF 0.01 
10 0.056 
9 0.100 
8 0.174 
7 0.315 
6 0.53 
5 1.00 
4 1.80 
3 3.20 
2 5.60 
1 10.00 
0 18.00 

SR 
4 
4 
4 
2 
2 
2 
I 
I 
I 

The 50% cutoff diameters for this 

The following data are sorted by condition. Each replicate run is shown individually. 



5 
3 

450 
490 
140 
89 
140 
330 
440 
180 
48 
36 

I 
5 
3 

450 
490 
140 
89 

140 
330 
440 
180 
48 
36 
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Pb Si Al C» 
< 3 15000 25000 5000 
< 3 60 30 < 3 
< 3 60 30 < 3 
< 3 60 30 < 3 
< 3 60 30 < 3 
< 3 240 90 < 3 
< 3 300 300 < 3 
< 3 870 990 < 3 
< 3 1600 1700 < 3 
< 3 930 1100 < 3 
< 3 330 360 < 3 
< 3 240 240 < 3 

Pb Si Al Ca 
< 3 15000 25000 5000 
< 3 60 30 < 3 
< 3 60 30 < 3 
< 3 60 30 < 3 
< 3 60 30 < 3 
< 3 240 90 < 3 
< 3 300 300 < 3 
< 3 870 990 < 3 
< 3 1600 1700 < 3 
< 3 930 1100 < 3 
< 3 330 360 < 3 
< 3 240 240 < 3 
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Condition 2 

Plate Cd Pb Si A1 Ca 
AF 1300 < 3 14000 1900 2800 
10 < 3 < 3 27 16 < 3 
9 340 < 3 170 71 < 3 
8 260 < 3 200 74 < 3 
7 53 < 3 170 67 < 3 
6 29 < 3 200 81 < 3 
5 51 < 3 210 110 < 3 
4 140 < 3 420 330 < 3 
3 240 < 3 600 540 < 3 
2 98 < 3 480 390 < 3 
1 19 < 3 300 150 < 3 
0 16 < 3 210 120 < 3 

Plate Cd Pb Si Al Ca 
AF 840 < 3 12000 2300 2500 
10 < 3 < 3 150 60 < 3 
9 46 < 3 240 90 < 3 
8 34 < 3 150 60 < 3 
7 71 < 3 180 60 < 3 
6 17 < 3 240 60 < 3 
5 31 < 3 300 150 < 3 
4 50 < 3 180 150 < 3 
3 89 < 3 270 270 < 3 
2 32 < 3 150 150 < 3 
1 9 < 3 180 120 < 3 
0 5 < 3 90 60 < 3 



8 
I 

62 
67 
46 
52 
160 
370 
650 
260 
94 
62 

720 
0 
4 
11 

13 
15 
130 
710 
770 
220 
65 
110 
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Pb Si Al C* 
< 3 15000 1700 2400 
< 3 170 71 < 3 
< 3 52 < 3 < 3 
< 3 48 < 3 < 3 
< 3 260 110 < 3 
< 3 290 160 < 3 
< 3 840 670 < 3 
< 3 1500 1500 < 3 
< 3 3400 3300 < 3 
< 3 2400 2200 < 3 
< 3 1400 1200 < 3 
< 3 740 700 < 3 

» Si At Ca 
<3 15000 1600 2100 
<3 210 <30 <30 
<3 210 <30 <30 
<3 250 <30 <30 
<3 220 <30 <30 
<3 310 44 <30 
<3 900 690 <30 
<3 3400 3100 <30 
<3 4000 3600 <30 
<3 1600 1400 <30 
<3 510 400 <30 
<3 740 660 <30 



o.6e 
71 
86 
30 
32 
35 
130 
260 
130 
42 
33 

700 
1 

51 
54 
18 

17 
71 
160 
210 
65 
11 

6 

0.72 
41 
44 
17 
25 
80 
250 
400 
400 
31 
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Pb Si AI Ca 
<3 14000 1700 2200 
<3 250 100 <3 
<3 140 63 <3 
<3 200 90 <3 
<3 260 110 <3 
<3 310 160 <3 
<3 350 210 <3 
<3 630 540 <3 
<3 1400 1300 <3 
<3 1100 1000 <3 
<3 590 460 <3 
<3 620 410 <3 

) Si AI Ca 
<3 14000 990 <3 
<3 59 32 <3 
<3 87 43 <3 
<3 80 36 <3 
<3 76 42 <3 
<3 110 73 <3 
<3 520 480 <3 
<3 910 880 <3 
<3 1100 1100 <3 
<3 530 510 <3 
<3 120 110 <3 
<3 160 84 <3 

> Si Al Ca 
<3 14000 1600 2100 
<3 420 170 <3 
<3 86 43 <3 
<3 89 41 <3 
<3 80 36 <3 
<3 220 130 <3 
<3 460 440 <3 
<3 1500 1500 <3 
<3 2800 2700 <3 
<3 2800 2700 <3 
<3 540 500 <3 
<3 940 990 <3 



0.51 

12 
89 

28 
22 
61 
190 
310 
130 
42 
35 

240 

Pb Si A1 Cm 
<3 14000 1600 2200 
<3 190 68 <3 
<3 380 140 <3 
<3 400 150 <3 
<3 390 150 <3 
<3 240 no <3 
<3 630 390 <3 
<3 1100 890 <3 
<3 1600 1500 <3 
<3 1100 950 <3 
<3 710 530 <3 
<3 540 400 <3 
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Condition 5 
Plate Cd Pb Si Al Ca 
AF 850 <3 14000 1700 2200 
10 0.54 <3 130 45 <30 
9 32 <3 150 54 <30 
8 26 <3 120 44 <30 
7 26 <3 170 63 <30 
6 21 <3 240 110 <30 
5 28 <3 340 200 <30 
4 88 <3 520 430 <30 
3 160 <3 910 770 <30 
2 53 <3 500 350 <30 
1 15 <3 210 130 <30 
0 10 <3 270 120 <30 

Plate Cd Pb Si Al Ca 
AF 100 <3 15000 1500 2000 
10 <0 <3 590 <30 <30 
9 5 <3 410 <30 <30 
8 3 <3 800 <30 <30 
7 4 <3 810 <30 <30 
6 8 <3 890 83 <30 
5 39 <3 1400 500 <30 
4 130 <3 2000 1200 <30 
3 210 <3 2200 1400 <30 
2 62 <3 1100 450 <30 
1 20 <3 730 180 <30 

0 16 <3 440 140 <30 



0.6( 
71 
86 
30 
32 
35 
130 
260 
130 
42 
33 

Iw 
1 

51 
54 
18 

17 
71 
160 
210 
65 
11  

6 

0.72 
41 
44 
17 
25 
80 
250 
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Pb SI A1 C« 
<3 14000 1700 2200 
< 3 250 100 <3 
<3 140 63 <3 
< 3 200 90 <3 
< 3 260 110 <3 
<3 310 160 <3 
<3 350 210 <3 
<3 630 540 <3 
<3 1400 1300 <3 
<3 1100 1000 <3 
< 3 590 460 <3 
<3 620 410 <3 

Si A1 Ca 
<3 14000 990 <3 
<3 59 32 <3 
<3 87 43 <3 
<3 80 36 <3 
<3 76 42 <3 
<3 110 73 <3 
<3 520 480 <3 
<3 910 880 <3 
<3 1100 1100 <3 
<3 530 510 <3 
<3 120 110 <3 
<3 160 84 <3 

Si Al Ca 
<3 14000 1600 2100 
<3 420 170 <3 
<3 86 43 <3 
<3 89 41 <3 
<3 80 36 <3 
<3 220 130 <3 
<3 460 440 <3 
<3 1500 1500 <3 
<3 2800 2700 <3 
<3 2800 2700 <3 
<3 540 500 <3 
<3 940 990 <3 



10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 

'lat 
XF 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 
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Pb SI Al Ca 
1300 <3 14000 1600 2600 
1.1 <3 350 130 <30 
18 <3 210 77 <30 
52 <3 130 56 <30 
100 <3 260 100 <30 
37 <3 420 210 <30 
110 <3 870 710 <30 
320 <3 2000 1800 <30 
430 <3 2600 2400 <30 
150 <3 1100 910 <30 
57 <3 430 310 <30 
54 <3 460 310 <30 

Pb Si Al Ca 
1100 <3 14000 1600 2200 
1 <3 180 70 <30 
9 <3 180 72 <30 
20 <3 210 85 <30 
46 <3 200 82 <30 
22 <3 170 95 <30 
150 <3 lOOO 910 <30 
410 <3 2700 2500 <30 
490 <3 3000 2800 <30 
170 <3 lOOO 940 <30 
74 <3 450 360 <30 
100 <3 640 530 <30 
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Condition 8 

Plate Cd Pb Si A! Ca 
AF 110 <3 15000 1700 2300 
10 <0 <3 460 <30 <30 
9 9 <3 320 39 <30 
8 3 <3 460 <30 <30 
7 5 <3 490 53 <30 
6 12 <3 590 180 <30 
5 96 <3 2200 1700 <30 
4 300 <3 5100 4300 <30 
3 260 <3 4300 3500 <30 
2 88 <3 1800 1300 <30 
1 34 <3 1100 590 <30 
0 48 <3 1200 810 <30 

Plate Cd Pb Si A1 Ca 
AF 1200 <3 14000 1400 1800 
10 0.84 <3 120 50 <30 
9 13 <3 120 51 <30 
8 41 <3 140 60 <30 
7 76 <3 170 83 <30 
6 37 <3 330 250 <30 
5 210 <3 1900 1800 <30 
4 540 <3 4300 4100 <30 
3 520 <3 4100 3900 <30 
2 180 <3 1600 1400 <30 
1 87 <3 800 670 <30 
0 78 <3 730 570 <30 



700 
I 
39 
10 
14 
12 
56 
200 
370 
160 

52 
46 

"IT" 
3.9 
370 
130 
200 
55 
100 
340 
640 
160 

48 
4S 
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Pb Si Al Ca 
<3 16000 1700 2500 
<3 340 31 <30 
<3 310 <30 <30 
<3 210 33 <30 
<3 400 38 <30 
<3 590 51 <30 
<3 580 280 <30 
<3 1100 760 <30 
<3 1800 1600 <30 
<3 1200 990 <30 
<3 780 520 <30 
<3 630 420 <30 

Pb Si C» 
<3 14000 1500 1900 
<3 <30 <30 <30 
<3 340 130 <30 
<3 58 <30 <30 
<3 53 33 <30 
<3 66 51 <30 
<3 450 370 <30 
<3 880 850 <30 
<3 1600 1400 <30 
<3 530 490 <30 
<3 260 250 <30 
<3 260 240 <30 



246 

Appendix 2 

Reaction model subroutine-Modei.f 

XTRACTR uses a subroutine to perfrom actual calcutlations. Modei.f is the subroutine for this 

model. To operate this subroutine, the Livermore Solver for Ordinary Differential Equations 

must be provided. 

SUBROUTINE USUBR{NPROB, NDATA, NUPAR, ND, F) 
C 
C 10/18/99: Sheldon Davis 
C 
C Parameter fit to the conversion model for lead/kaolinite system 
C 
C XTRACTR DATA SET CONTAINS 
C CONVERSION : X 
C SORBENT P-ESIDENCE TIME: RTIME 
C MOLAR RATIO SORBENT/METAL: PHI 
C 
C 
C OTHER VARIABLES-
C PREDICTED CONVERSION : XPRED 
C 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
DOUBLE PRECISION Kl,El,K2,E2,DOM(36),X (200),RTIME(200),PHI(200) , 

1 C(200,7),REGRS{40),PREXP(40) 

c COMMON/USER/PAR(40) ,C(200, 10) , LP, IN, NPAR,NVAR, TBAR 
c 1 ,REGRS(40) ,PREXP(40) 

DOUBLE PRECISION XPEIED 
INTEGER NPROB, NDATA, NUPAR 
DIMENSION F(200) 
COMMON/USER/Kl, El, K2, E2, DUM,X, RTIME, PHI, C, LP, IN, NPAR, NVAR 

1 ,TBAR,REGRS,PREXP 
COMMON/PARA/RTME, SR, CT 

DO 100 i=l,NDATA 
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C RESIDENCE TIME AND SR REQUIRED BY CONVERT ROUTINE 
RTME=RTIME(I) 
WRITE(5,*) "START TIME=",RTME 
SR=PHI(I) 
WRITE(5,*)"SR=",SR 
WRITE(5,*)"K1=",K1 
WRITE(5,*)"E1=",E1 
WRITE(5,*)"K2=",K2 
WRITE(5,*)"E2=",E2 

C CALCULATE THE CONVERSION OF LEAD VAPOR 
C CALL CONVERSION SUBROUTINE: 
C OUTPUT: XPRED 

CALL CONVERT(XPRED) 
WRITE(*,200) XPRED 
WRITE(5,200) XPRED 
WRITE(5, *) 

200 FORMAT ('XPRED', D15.3) 
C SET XTRACTR PREDICTION VALUE TO CONVERSION VALUE 
100 F(I)=XPRED 

C 
C END SUBROUTINE 

RETURN 
END 

SUBROUTINE CONVERT(XPRED) 

C CONVERSION CALCULATION SUBROUTINE 
C DECLARATIONS 
C DECLARE SUBROUTINE CONTAINING VECTOR OF ODES 

IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
EXTERNAL RXNS 
DOUBLE PRECISION Kl,El,K2, E2, DUM (36),X(200),RTIME (200),PHI(200) , 

1 C(200,7) ,REGRS(40) ,PEIEXP(40) 
DOUBLE PRECISION Y(4),ATOL(4) , RWORK(2000),IWORK(2000) 
COMMON/USER/Kl, El, EC2, E2, DOM, X, RTIME, PHI, C, LP, IN, NPAR, NVAR 

1 ,TBAR,REGRS, PREXP 
COMMON/PARA/RTME,SR,CT 

C SET FIXED PARAMETERS 
C CALCULATE MOLAR CONCENTRATION OF SYSTEM: CT [MOL/M-^S] 
C ASSUMING THAT THE CHANGE DUE TO TEMP IS NEGLIBLE 

CT=1.01D5/(8.314*1530) 
WRITE(5, *)"CT=",CT 

C SET LSODE INITIAL VALUE MATRIX 
YNOT= 100.0D-6*CT 
Y(l)= YNOT 
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WRITE(5,*) "YI=",YNOT 
C CALCULATE INITIAL SITE CONCENTRATION OF SORBENT FROM LEAD VAPOR 
CONCENTRATION, 
C CT, AND PHI 

Y(2)= YNOT*SR 
WRITE(5,*) "KAO INITIAL=",Y(2) 

Y(3)=0.0D0 
Y(4)=0.0D0 

C SET LSODE PARAMETERS 
NEQ=4 

C ADJUST INPUT TIME TO TEMPERATURE/TIME SPACE...T = 1-RTIME 
T=1.0-RTME 

WRITE (5, *) "START TIME+",T 
C TOUT = 1 SEC FOR ALL CASES IN PB/KAO EXPERIMENTS 

T0UT=1.0 
IT0L=2 
RTOL=l.D-4 
AT0L(l)=l.D-7 
AT0L(2)=l.D-7 
AT0L(3)=l.D-7 
ATOL(4)=l.D-7 
ITASK=1 
ISTATE=1 
IOPT=0 
LRW=2000 
LIW=2000 

C SET THE SOLVER TO STIFF WITH INTERNALLY GENERATED FULL JACOBIAN 
MF=22 

WRITE (5, 500) I,Y(1),Y(2),Y(3),Y(4) 
WRITE (*,500) I,Y(1),Y(2),Y(3),Y(4) 

C EXECUTE LSODE 
CALL LSODE(RXNS, NEQ, Y,T,TOUT, ITOL, RTOL,ATOL,ITASK, ISTATE, 

& IOPT,RWORK,LRW, IWORK,LIW,JEX,MF) 

C CHECK FOR LSODE ERRORS 
IF (ISTATE.LT.O) THEN 

WRITE(*,*) "LSODE ERROR ISTATE 
STOP 

ENDIF 
C CALCULATE THE CONVERSION FROM THE INITIAL CONDITIONS 

XPRED= 1-(Y(1)/YNOT) 

WRITE (5, 500) I, Yd) ,Y(2) ,Y(3) , Y(4) 
WRITE(6,501) K1,E1,K2,E2,XPRED 

200 WRITE(*,500) I, Y(l) , Y(2),Y(3), Y(4) 
501 FORMAT (5(DIO.3,2X)) 
500 FORMAT (12,2X,4(DIO.3,2X)) 
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C RETURN TO aSOBR 
RETURN 
END 

C END SUBROUTINE CONVERT 

SUBROUTINE RXNS(NEQ,T,Y,YDOT) 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 

C VECTOR CONTAINING EOCN ODES 
C 
C DEPENDENT VARIABLES VECTOR: Y 
C Y(l) : LEAD VAPOR MOLE FRACTION 
C Y(2) : ACTIVE KAOLINITE CONCENTRATION 
C Y(3) : LEAD/KAO PRODUCT CONCENTRATION 
C Y(4) ; DEACTIVATED KAOLINITE CONCENTE^ATION 
C 
C YDOT CORRESPONDS TO THE ODEs 

DOUBLE PRECISION T, Y (4),YDOT(4) 
DOUBLE PEIECISION Kl, El, K2, E2, DaM( 36) , X (200) , RTIME (200) , PHI (200) , 

1 C(200,7),REGRS(40),PREXP(40) 
INTEGER NEQ 
COMMON/USER/Kl, El, K2, E2, DUM,X, RTIME, PHI, C, LP, IN, NPAR, NVAR 

1 ,TBAR,REGRS,PREXP 
COMMON/PARA/RTME,SR, CT 

CC GAS C0NSTANT=1.987 CAL/(MOL'K) 
R=1.987D0 

C TEMPERATURE-TIME FIT: OVER RANGE OF EXPERIMENTS. 0T=153O RTIME=0 
C SLOPE= K/S 

A=-38 6.0D0 
C INTERCEPT= K 

5=1530.ODO 

YDOT(1)=-Kl*DEXP(-E1/(R* (A*T+B) ))*Y(1)*Y(2) 
YDOT(2)=-K2*DEXP(-E2/(R*(A*T+B)))*Y(2)*Y(3)-K1*DEXP 

& (-E1/(R*(A*T+B)))*Y(1)•Y(2) 
YD0T(3)=K1*DEXP(-E1/(R*(A*T+B)))*Y{1)*Y(2) 
YDOT(4)=K2*DEXP(-E2/(R*(A*T+B)))*Y(3)*Y(2) 

RETURN 
END 

C END SUBROUTINE RXNS 



The chlorine version of this subroutine is as follows 

SUBROUTINE USUBR(NPROB,NDATA,NUPAR, ND, F) 
C 
C 10/18/99: Sheldon Davis 
C 

IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
DOUBLE PRECISION pi, p2,DUM(38), X (200), RTIME(200), PHI 

1 C(200,7),REGRS(40),PEIEXP(40) 

c COMMON/USER/PAR(40) ,0(200,10) , LP, IN, NPAR, NVAR,TBAR 
c 1 ,REGRS(40),PREXP(40) 

DOUBLE PRECISION XPRED 
INTEGER NPROB,NDATA,NUPAR 
DIMENSION F(200) 
C0MM0N/USER/pl,p2, DUM,X, RTIME, PHI, C, LP, IN, NPAR, NVAR 

1 ,TBAR,REGRS,PREXP 
COMMON/PARA/RTME,SR,CT,YNOT 

DO 100 i=l,NDATA 

C RESIDENCE TIME AND SR REQUIRED BY CONVERT ROUTINE 
RTME=RTIME(I) 
WRITE(5,*) "START TIME=",RTME 
SR=PHI(I) 
WRITE(5, *)"SR=",SR 
WRITE(5,*)"pl=",pl 
WRITE(5, *)"p2=",p2 

C CALCULATE THE CONVERSION OF LEAD VAPOR 
C CALL CONVERSION SUBROUTINE: 
C OUTPUT: XPRED 

CALL CONVERT(XPRED) 
WRITE(*,200) XPRED 
WRITE (5, 200) XPEIED 
WRITE(5, *)"****************** 

200 FORMAT ('XPRED', D15.3) 
C SET XTRACTR PREDICTION VALUE TO CONVERSION VALUE 
100 F(I)=XPRED 

C 
C END SUBROUTINE 

RETURN 
END 

SUBROUTINE CONVERT(XPRED) 

C CONVERSION CALCULATION SUBROUTINE 
C DECLARATIONS 
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C DECLARE SUBROUTINE CONTAINING VECTOR OF ODES 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 
EXTERNAL RXNS 
CKDUBLE PRECISION pi, p2, DUM{ 38) , X {200) , RTIME (200) , PHI (200) , 

1 C(200,7) , REGRS(40),PREXP(40) 
DOUBLE PRECISION Y(3),AT0L(4),RWORK(2000),IWORK{2000) 
COMMON/USER/pl, p2, DUM, X, RTIME, PHI, C, LP, IN, NPAR, NVAR 

1 , TBAR, REGRS, PEIEXP 
COMMON/PARA/RTME, SR, CT, YNOT 

C SET FIXED PARAMETERS 
C CALCULATE MOLAR CONCENTRATION OF SYSTEMi CT [MOL/M^S] 
C ASSUMING THAT THE CHANGE DUE TO TEMP IS NEGLIBLE 

CT=1.01D5/(8.314*1530) 
WRITE(5,*)"CT=",CT 

C SET LSODE INITIAL VALUE MATRIX 
YNOT= 100.0D-6*CT 
Y{1)= O.OOdO 

C CALCULATE INITIAL SITE CONCENTRATION OF SORBENT FROM LEAD VAPOR 
CONCENTRATION, 
C CT, AND PHI 

Y(2)= YNOT*SR 
WRITE(5,*) "KAO INITIAL=",Y(2) 

Y(3)=0.0D0 

C SET LSODE PARAMETERS 
NEQ=3 

C ADJUST INPUT TIME TO TEMPERATURE/TIME SPACE...T = 1-RTIME 
T=1.0-RTME 

WRITE(5,*)"START TIME+",T 
C TOUT = 1 SEC FOR ALL CASES IN PB/KAO EXPERIMENTS 

T0UT=1.0 
IT0L=2 
RTOL=l.D-4 
ATOL(1)=1.D-7 
ATOL(2)=l.D-7 
ATOL(3)=1.D-7 
ATOL(4)=1.D-7 
ITASK=1 
ISTATE=1 
IOPT=0 
LRW=2000 
LIW=2000 

C SET THE SOLVER TO STIFF WITH INTERNALLY GENERATED FULL JACOBIAN 
MF=22 

WRITE(5,500) I, Yd) , Y(2) , Y(3) 
WRITE(*,500) I, Yd) , Y(2) , Y(3) 
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C EXECUTE LSODE 
CALL LSODE (RXNS,NEQ,Y,T, TOOT, ITOL, RTOL, ATOL, ITASK, ISTATE, 

& IOPT,RWOI«C,LRW, IWORK,LIW, JEX,MF) 

C CHECK FOR LSODE EEIRORS 
IF (ISTATE.LT.O) THEN 

WRITE(*,*) "LSODE ERROR ISTATE 
STOP 

ENDIF 
C CALCULATE THE CONVERSION FROM THE INITIAL CONDITIONS 

XPRED= (Y(l)/YNOT) 

WRITE(5,500) I,Y(l),Y(2) ,Y(3) 
WRITE(6,501) pl,p2,XPElED 

200 WRITE(*,500) I, Y(l), Y(2),Y(3) 
501 FORMAT (3(DIG.3,2X)) 
500 FORMAT (12, 2X,3(DIO.3,2X) ) 

C RETURN TO USOBR 
RETURN 
END 

C END SUBROUTINE CONVERT 

SUBROUTINE RXNS(NEQ,T,Y, YDOT) 
IMPLICIT DOUBLE PRECISION (A-H,0-Z) 

C VECTOR CONTAINING RXN ODES 
C 
C DEPENDENT VARIABLES VECTOR: Y 
C Y(l) : LEAD VAPOR MOLE FRACTION 
C Y(2) : ACTIVE KAOLINITE CONCENTRATION 
C Y(3) : LEAD/KAO PRODUCT CONCENTRATION 
C Y(4) : DEACTIVATED KAOLINITE CONCENTRATION 
C 
C YDOT CORRESPONDS TO THE ODEs 

DOUBLE PRECISION T, Y(3),YDOT(3) 
DOUBLE PRECISION pi,p2,DOM(38) , X(200), RTIME (200) , PHI(200), 

1 C(200,7) ,REGRS(40) ,PREXP(40) 
INTEGER NEQ 
C0MM0N/USER/pl,p2, DUM,X, RTIME, PHI, C, LP, IN, NPAR, NVAR 

1 , TBAR, REGRS , PE^XP 
COMMON/PARA/RTME, SR, CT, YNOT 

CC GAS CONSTANT=1.987 CAL/(MOL*K) 
R=1.987D0 
Icl=7702.274098 90781 
el=0.0 
k2=60850586.7288715 
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E2=25748.5347508830 
C ORIGINAL CONCENTRAION OF METAL 

PBO=YNOT 
C TEMPERATURE-TIME FIT: OVER RANGE OF EXPERIMENTS. @T=1530 RTIME=0 
C SLOPE= K/S 

A=-386.0D0 
C INTERCEPT= K 

B=1530.0DO 

yDOT(l)= Kl/(1+(P1+P2*T))*(PBO-Y(l))*y(2) 

YD0T{2)= -K2*EXP(-E2/(R*(A*T+B)))*Y(1)*Y(2) 
& -K1/(I+{P1+P2*T)}*(PBO-Y(l))*y(2) 
YD0T(3)= K2*EXP(-E2/(R*(A*T+B)))*Y(1)*Y(2) 

RETURN 
END 

C END SUBROUTINE RXNS 
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