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ABSTRACT 

Emissions of metal vapor compounds during incineration and combustion is 

becoming an increasingly important problem. The kinetics and merhanism of high 

temperature removal of various metal vapors by solid sorbents has been investigated 

in this study. The kinetics experiments were performed in a. high temperature mi

crobalance reactor system under simulated flue gas atmosphere. Scanning electron 

microscopy, X-ray diffraction analysis, atomic absorption/emission spectrophotom

etry, Energy dispersive X-ray analysis, mercury porosimetry, and BET surface area 

analysis were used for characterization of the fresh and reacted sorbents. 

The results show that the process of metal vapor capture is not just physical 

condensation, but rather a complex combination of various chemica.l and physical 

processes. There are some similarities in the sorption process. For all the sorbents 

the rate of metal vapor sorption decreases with time and there is a final limit beyond 

which no more metal vapor gPts captured. However, there are differences in the rate 

and reaction mechanism of metal vapor removal. 

Kaolinite and bauxite are suitable sorbents for lead and cadmium cap

ture. The melting point of the lead aluminosilicate product formed after reaction of 

lead chloride with kaolinite and bauxite has a low melting point. Therefore, these 

sorbents are more suitable for downstream fixed bed removal of lead compounds. 

Removal of cadmium by bauxite occurs due to chemical reaction to form a cadmium 

aluminum silicate and a cadmium aluminate. Removal of cadmiurn by kaolinite oc

curs due to the formation of only the cadmium aluminosilicate. The final products 

of cadmium sorption have a higher water solubility as compared to that of the cor

responding products for lead. Chlorine is not retained by the sorbents dllJ.-mg the 

sorption process. 
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Kaolinite, bauxite and emathlite are suitable sorbents for removal of alkali 

compounds. In adsorbing alkali chloride vapors, kaolinite and emathlite release 

all the chlorine back to the gas phase while bauxite retains some of the chlorine. 

Moreover, the products of reaction with emathlite have a melting point significantly 

lower than those for kaolinite and bauxite. At lower alkali concentrations, NaCI 

reacts irreversibly with kaolinite to form a sodium aluminosilicate product. When 

the local metal vapor concentration in the sorbent pores becomes higher than the 

saturation concentration for condensation, the metal vapor physically condenses in 

the sorbent pores and may subsequently react with the solid. 

The theoretical models developed were used to extract kinetic parameters 

from experimental data and for parametric studies. The kinetic data obtained can 

be used in design of practical metal removal systems. 
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INTRODUCTION 
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Emissions of metal vapor compounds during combustion and incineration 

is becoming an increasingly important problem. Coal contains various compounds 

of alkali and heavy metals in different forms and concentrations. These compounds 

are released to the gas phase during combustion and gasification of coal. Trace 

metal compounds could also be present in municipal and industrial wastes. Since 

severe restrictions have been placed on the disposal of toxic metal containing wastes 

in landfills, incineration is being considered as an alternate method for disposal of 

these wastes. Incineration of these wastes results in emission of toxic heavy metal 

compounds, causing various environmental problems. 

The metal vapors generated during processing of coal or waste cause var

ious operational and environmental problems. Alkali vapors generated during the 

processing of coal or wastes are considered to be the major cause of fouling and 

slagging on equipment surfaces. For combined cycle generation of power from coal 

combustion/gasification, the alkali concentration in the flue gas has to be reduced 

to low parts per billion levels. Emissions of heavy metal compounds of lead, mer

cury, cadmium and arsenic etc., could lead to severe environmental problems due 

to the toxic nature of these compounds. For efficient processing of coal and wastes, 

the concentrations of these metal compounds have to be reduced to levels that are 

acceptable for both efficient operation and a non-polluting envil'Onment. Removal 

of metal compounds from the feed stock prior to its high temperature processing 

is found to be relatively inefficient and expensive. Controlling the release of metal 

vapors during high temperature processing is very difficult. A promising technique 

for the removal of metal vapors after they have vaporized is through the use of solid 

- - -----------------------



17 

sorbents to capture the metal compounds by a combination of reaction and adsorp

tion. The final compounds formed are non-toxic, easily disposable, non-corrosive 

and stable at high temperatures. The motivation of this work is the understanding 

of the kinetics and mechanism of high temperature metal vapor removal by solid 

sorbel"lts which can lead to cleaner, and environmentally safe methods of processing 

coal and wastes. This study addresses this problem and focusses on removal of 

gaseous alkali, lead and cadmium compounds. 

Alkali Metal Compounds 

Occurrence 

Compounds of sodium and potassium are present in coal in different forms 

(Raask j 1985a). Much of the sodium in lignite and sub-bituminous coals is present 

as salts of organic acids whereas in bituminous coals it is partly associated with 

chlorine in the coal substance and partly as silicates. Potassium is present almost 

exclusively in the form of aluminosilicates. Although exceptions exist, it has been 

generally observed that the amount of alkali in coal decreases as the rank of coal 

increases (Lindahl and Finkelman, 1986). Harvey and Ruch (1986) found tha.t 

potassium in selected United States coals varies from 30 ppm by weight to over 2%. 

The sodium concentration varies from 30 ppm to 1 % (weight basis). 

Since wastes are heterogeneous mixtures, their elemental composit.ion is 

not known precisely and is subject to considerable variation with time. Quanti

tative analysis is difficult because of the difficulty in representative sampling over 

a long period of time. The concentration of alkali compounds in wastes depends 

on the source of waste. Most of the alkali compounds exist as chlorides, with the 

concentration of sodium being generally higher than that of potassium. 
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Fate of Alkali Compounds 

The concentration and form of ~kali compmUlds during coal and waste 

processing depends on the process conditions and the feed composition. Because of 

its low melting point and high volatility, sodium chloride is readily vaporized above 

800°C. The organically bound sodium and potassium, significant in low rank coals 

are also easily volatilized during combustion/gasification. In contrast, it is expected 

that alkali compounds associated with aluminosilicate minerals are not. vaporized 

due to their stability and low vapor pressures under combustion conditions. Neville 

and Sarofim (1985) used a laboratory scale combustion system to examine the fate 

of sodium during coal combustion. They found that most of the organic bound 

sodium and N aCl was volatilized in the flame. The sodium associated with silica 

grains was retained in the residual ash. 

Potassium present in coal minerals is exclusively combined in aluminosili

cates. The muscovite minerals contain around 11 wt% potassium expressed as K20, 

and have an approximate chemical formula of K2 0 . 2Ah03 . 6Si02 • H2 0. Illite 

minerals contain between 5 and 6% K20 and their composition can be expressed as 

2K20· 3(Ca,Mg,Fe)O· SAh03 ·24Si02 . 12H20 (Dixon et al., 1964) The potassium 

mineral particles vitrify in pulverized coal flame and change their shape to spherical 

forms. Potassium remains involatile in the fused silicate particles unless there is an 

exchange reaction with volatilized NaC!. Jackson and Duffin (1963) demonstrated 

an exchange reaction of potassium for sodium in an aluminosilicate ceramic material 

in experiments where sodium chloride was injected into propane flame constrained 

in a mullite tube. After analysis of corrosive boiler deposits of alkali metal sulfates, 

Adams and Raask (1963) concluded that volatilization of potassium from silicates 
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was enhanced in the presence of sodium chloride vapor in the coal flame. As re

ported by Gibb and Angus (1983), in addition to the sodium chloride vapor, ot.her 

coal mineral species could influence the release of potassium from aluminosilicate 

particles in pulverized coal flame. They found that a high basic content of ash 

(CaO + MgO+ Fe203) enhanced the potassium release. In contrast, a high total 

ash content of coal reduced the amount of potassium released, probably as a result 

of recapture of the volatile species by the vitrified ash particles. 

The presence of sulfur in the feedstock also affects the alkali chemistry. 

Sulfur oxides, S02 and S03 are formed by the decomposition and oxidation of 

pyrites and the organic sulfur compounds in the feed. Alkali chlorides and oxides 

can also react with sulfur compounds to form sulfates. Halstead and Raask (1969) 

and Boll and Patel (1960) have considered the sulfation of sodium chloride based 

on thermochemical data. This takes place through a series of reactions and can be 

summarized as 

(1.1) 

A number of possible reactions involving sulfur and sodium compounds are given 

below: 

2Fe52(s) = 2Fe5(s) + 5 2(g) (1.2) 

2FeS(s) = 2Fe(s) + 52(g) (1.3) 

82(g) + 202 = 2502 (g) (1.4) 

2Fe(s) + O2 = 2FeO(s) (1.5) 

2N aCl(l) + 5i02 (s) + H20(g) = 2HCl(g) + N a25i03(l) (1.6) 
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NaCl(g) + H 20(g) = NaOH(g) + HCl(g) (1.7) 

2NaCl(g) + H20(g) + 502 (g) + 0.502(g) = Na250,,(g) + 2HCl(g) (1.8) 

2NaOH(g) + 502(g) + 0.502(g) = Na250,,(g) + H20(g) (1.9) 

On calculating the saturation vapor pressures of various species they determined 

that below 1220 K, Na2SO" was the dominant species. They found that it was 

difficult to estimate the time rp,quired for conversion of volatilized NaCI to Na2SO" 

because of the complexity of the sulfation reactions and lack of relevant data. 

'Wibberley and Wall (1982) used thermodynamic analyses to predict the 

behavior of sodium compounds in the furnace gases. Their calculations were based 

on two type of coals with similar clay type material but different sodium contents. 

Their thermodynamic calculations differ from those of Boll and Patel (1961), Hal

stead and Raask (1969), Durie et al. (1977) and Ulrich et al. (1977) as they include 

condensed sodium silicate as a possible equilibrium species. Their results show that 

sodium silicate formation is thermodynamically favored in the range 1300 - 1800 K 

depending on the oxygen concentration and the relative concentrations of sodium, 

chlorine and sulphur in the gas phase. At lower temperatures, sodium silicate is 

replaced by condensed sodium sulphate, and at higher temperatures by gaseous 

sodium chloride and sodium hydroxide. 

Problems Caused by Alkali Compounds 

The release of alkali species during high temperature processing of waste 

and coal can seriously affect both deposition and corrosion of heat transfer surfaces. 

Deposition can be affected as follows: subsequent to combustion/incineration, va

porized alkali species will condense on, and possibly interact with, the fly ash par

ticles present in the flue gas. Alkali species are known to reduce the viscosity of 
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silica melts. If this int.eraction generates ash particles with reduced viscosities be

low the critical point for deposition and adhesion - a likely result - ash particle 

deposition may substantially increase, as results have shown that reduced particle 

viscosities generate increased sticking coefficients (Srinivasachar et al., 1988). Di

rect condensation of alkali species on cooled tube surfaces may also affect deposition 

by generating a sticky layer on the tube surface, thereby increasing the sticking ef

ficiency of impacting ash particles. Corrosion can also be directly affected by the 

condensation of alkali species on the boiler tube surfaces. Various alkali species 

have different vapor pressures, and hence will condense at different temperatures 

within a boiler. Therefore, the extent of influence the alkali species exert on the 

deposition and corrosion processes will d~pend on the particular species present. 

An essentfal feature of combined cycles for producing electrical power from 

coal or waste processing is a gas turbine, driven by hot compressed gases derived 

from coal and waste feeds by pressurized combustion or by gasification and subse

quent gas phase combustion. Alkali compounds have been found to have a harmful 

effect on the turbomachinery by accelerating hot corrosion, especially in combined 

action with other species such as sulphur tri oxide (Hart and Cutler, 1973; Cut

ler et al., 1980), or by worsening deposit formation through acting as a glue for 

the deposited particles. The following table summarizes some turbine manufactur

ers specifications for acceptable alkali contents in gaseous streams (Sc~"ldrett and 

Clift, 1984): 
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Table 1.1 : Maximum allowable alkali in flue gases 

Manufacturer Temperature (K) Na + K ppm (wt) 

United Aircraft 1323-1383 0.20-0.60 

Pratt and Whitney 0.10 

Westinghouse 1353 0.15 

. - General Electric 1323-1383 0.10 

Gases generated by combustion and gasification of coal have been found to 

contain alkali concentrations of the order of 1 to 10 ppm (Anderson et al., 1981). 

It is therefore clear that reducing the alkali content to a level acceptable to a gas 

turbine represents a formidable problem, requiring removal of 90 - 99% of the alkali 

content. 

Heavy Metal Compounds 

Occurrence 

Lead and cadmium compounds have been found to occur in coal as sulfides. 

The concentration of cadmium does not generally exceed 5 ppm and has an average 

value of 0.24 ppm (Taylor, 1973). Gluskoter and Lindahl (1973) found that cadmium 

frequently occurs with zinc in Illinois (USA) coals. Ruch et al. (1974) have reported 

occurrence of galena (PbS) in US coals. Taylor (1973) used statistical analysis to 

show that there was a correlative tendency between the pyritic sulphur content and 

lead in coals. The average lead content of over 20% ash coals was found to be 90 

ppm, whereas below 10% ash coals had a mean lead content of 33 ppm. 

Heavy metals are also used in a broad range of industrial processes and 

products - from metal plating to paint additives, ore beneficiation to photographic 
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films. Many of these heavy metal compounds finally end up in the waste and pose 

serious disposal problems. Lead and lead compounds are used in the production of 

storage batteries, lead anti-knock additives for gasoline, pigments, ammunition etc. 

The principal use of cadmium is as an electroplated coating on fabricated steel parts 

and cast iron parts for corrosion protection. Cadmium is also used as a stabilizer in 

poly vinyl chlorides, as electrodes in batteries, catalysts in organic polymerization 

reactions, and in semiconductor applications. Vogg (1987) has analyzed wastes from 

domestic sources to determine the concentration of important elements : 

Table 1.2: Concentration of some elements in municipal wastes 

Element Concentration 

Chlorine 0.5% 

Sulfur 0.1% 

Zinc 0.3% 

Lead 0.2% 

Copper 1000 ppm 

Nickel 100 ppm 

Cadmium 20 ppm 

Mercury 5 ppm 

Fate of Heavy Metal Compounds 

Inorganic heavy metal compounds are not destroyed during high tempera

ture processing of wastes and coal, but are transformed into compounds that par

tition into the gas and solid phases in the reactor. Depending on the process con

ditions, heavy metal compounds may exist in different forms. Some of the heavy 

metal compounds may remain inert and form ash particles. Some metals and metal 
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species are relatively volatile and vaporize under the conditions employed in the 

. incinerator. Some of these vaporized species could react with other species to form 

new compounds such as metal chlorides, sulfides etc. These new compounds could 

be more or less volatile than the original species. Figure 1.1 shows the various' 

IUechanisms that could be possible for transformation of mineral matter during 

combustion of metal containing wastes or coal. 

Barton et al. (1988) used a computer program developed by NASA's Lewis 

Research Center (CET85) to determine the equilibrium behavior of metals in the 

waste under combustion conditions. They found that the temperature of the burn

ing wastes had one of the strongest effect on the predicted behavior of the metals. It 

was found that at temperatures higher than 1000 K, a ten fold increase in the vapor 

pressure could result from a temperature increase as small as 20 K. It was also found 

that in general, chlorides were more volatile than the corresponding metal oxides or 

uncombined metals. The metals in the feed could finally end up as residual, cap

tured or emitted compounds. Brunner and Monch (1986) analyzed the partitioning 

of several metals in a large municipal solid waste incinerator. The incinerator had 

a capacity of 192 metric tons per day. The waste used was generated by a partially 

rural area and was subjected to no pretreatment. Their measurements indicated 

that 72% of the initial mercury, 12% of the initial cadmium and 5% of the initial 

lead was emitted to the atmosphere. The thermodynamic calculations of Barton et 

al. agreed well with the experimental data of Brunner and Monch. Barton et al. 

also concluded that high incinerator temperatures, high cooling rates, high waste 

chlorine concentrations and small entrained particles all increase the quantity of 

metals emitted into the atmosphere. 
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Figure 1.1: Transformation of mineral matt.er during combustion of metal containing 

waste or coal. (Barton et aI, 1988). 

------ ---- ---- -- ---------------------
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Mathews (1988) also employed chemical equilibrium analyses to predict 

the concentration of metal species formed during the combustion of two waste feeds 

under a range of operating conditions. The first waste considered was an organic 

waste with high chlorine and low moisture content. The second waste considered 

was a mixture of an organic and aqueous waste with a low chlorine and high moisture 

content. The concentration of lead and mercury in the raw feed was taken to be 

2000 ppm and 500 ppm respectively. The major toxic metal species in the 1000 

to 1500 K range were found to be PbCI2 , PbC14 , PbO, HgC12 , HgO and Hg. At 

temperatures below 1200 K, PbCl4 was found to be the predominant lead species. 

As the temperature is increased, the concentration of PbCl4 decreases while that 

of PbCl2 increases. At temperature higher than 1425 K, PbD was found to be the 

major lead species present. HgCh was found to be the dominant mercury species 

at temperatures lower than 1050 K, while Hg was the dominant species at higher 

temperatures. 

Gounon and Milhau (1986) analyzed the flue gases from a municipal in

ciner'atoI'in Paris, France for their heavy metal content. They bypassed a stream 

from the main incinerator gas and passed it through a condenser and a set of scrub

bers. The condensate was dissolved in nitric acid and analyzed for the heavy metal 

content using iJlasma emission spectroscopy. They found that the heavy metal con

centration varied considerably due to the non-uniform nature of the waste feed. 

Mercury was found to have the highest concentration in the flue gas. The average 

total heavy metal concentration was found to be approximately 4 mg/m3 • 

Problems Caused by Toxic Heavy Metal Compounds 

Toxic heavy metal compounds may be emitted to the environment when 

feeds containing these metals are processed at high temperature. These heavy metal 

--_ ... _-- - ---------------------
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compounds are known to cause various environmental problems. Most environmen

tal agencies have imposed strict restrictions on the maximum amount of toxic heavy 

metal compounds that could be emitted to the atmosphere. For example, inciner

ation facilities permitted to operate by the United States Environmental Agency 

under the Resource and Conservation Recovery Act are required to achieve a three 

tiered environmental standard (Palmer et al., 1988): 

1. They must achieve a destruction and removal efficiency of 99.99% for each 

principal organic hazardous constituent. 

2. They must achieve a 99% HCI scrubbing efficiency or emit less than 4lbs/hr 

of hydrogen chloride; and 

3. They must not emit particulate matter in excess of 0.18 grams/ dscm. 

The Hel and particulate standards are exceeded by most uncontrolled in

cinerators burning even relatively clean wastes. Vogg (1987) has reported the metal 

content in the flue gas from an incinerator operated in Germany. The results ob

tained are compared with those of natural soils in Table 1.3. 

The concentration of mercury in parentheses was calculated theoretically 

but was included for purposes of better comparison. They concluded that for devel

opment of pollution control devices, attention should be devoted to, in addition to 

mercury, the elements lead, cadmium, tin, zinc and antimony. They also suggested 

that imposing flat limits for the amount of heavy metals emission to the environ

ment was not practical since some metals like nickel and vanadium do not have 

higher concentrations in the flue gas as compared to that in natural soils. 
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Table 1.3: Comparison of metal concentrations in wastes and natural soils 

Element Flue gas (ppm) Natural Soils (ppm) 

Arsenic 100.0 2.0 

Cadmium 1500.0 0.1 

Chromium 200.0 100.0 

Copper 3000.0 50.0 

Mercury (2000.0) 0.1 

Nickel 100.0 50.0 

Lead 30000.0 10.0 

Antimony 2500.0 0.1 

Tin 4000.0 2.0 

Titanium 150.0 0.5 

Vanadium 100.0 100.0 

Zinc 80000.0 80.0 

Lead compounds have been known to cause major health problems. A 

number of studies have revealed significant effects of chronic lead exposure on the 

intelligence and neurophysical performance of r.hHdren. (Neddelemen, 1982; Landri

gan et al., 1975) Lead compounds emitted during the high temperature processing 

of metal containing wastes or coal are transported by air in the form of fine particu

lates. These small particles could travel a long distance before settling out via wet, 

dry or cloud deposition. Most of the deposited lead on soils is eventually retained 

and becomes mixed with the surface layer (or deeper in the case of cultivated soils). 

Lead accumulated at the soil surface may be taken up directly by animals and soil 

micro-organisms and enter terrestrial food chains, or bypass food chains completely 

as in the case of children consuming dust and dirt during normal hand to mouth 
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activity. The two main routes of entry of lead compounds in the human system are 

from the gastrointestinal tract and the lungs. About 10% of the ingested lead is 

absorbed into the blood stream. Ingestion of lead can cause major health problems 

related to kidneys, nervous system, fertility etc. 

Cadmium and cadmium compounds are regarded as some of the most toxic 

trace elements in the environment. The increased emissions resulting from their 

production, use and disposal, combined with their persistence in the environment, 

and their relatively rapid uptake and accumuiation by food chain. crops, contributes 

to their potential environmental hazards. It has been observed that practically all 

cadmium emissions are either in the form of chlorides or oxides released during the 

high temperature processing of waste or coal. About 35 years ago it was determined 

that inhalation of cadmium compounds could cause damage to the pulmonary and 

renal systems in the general population (Hutchinson and Meema, 1987). Cadmium 

reaches agricultural soils via airborne particles emitted from combustors or inciner

ators. The fate of ingested cadmium compounds depends on the particle size and 

solubility. Finely divided cadmium oxides deposit in the respiratory tract; because 

of their high solubility, about 30% of the inhaled cadmium compounds are absorbed. 

The critical effect of cadmium ingestion is renal tubular dysfunction (Yost, 1979). 

This results in irreversible damage to the renal system. It has been shown that 

when concentration in the human body reaches level higher than 200 ug/gm weight 

in the kidney, cadmium induced kidney damage, skeletal disorders as well as other 

diseases might occur. 

When the flue gas from incinerators or combustors is used for power gen

eration, heavy metal compounds could also cause operational problems. When the 

flue gases are cooled from 800 -1000°C to 200 - 250°C in order to utilize the energy 

----- --- --- --------------------------
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for obtaining power, components which were volatile at higher temperature such as 

cadmium, lead, arsenic, and zinc are condensed. The heavy metal compounds in 

combination with alkali metal compounds could cause major corrosion and fouling 

problems. 

Removal of Metal Vapors by S6lici Sorbents 

Non-volatile inorganic materials can be used to effectively remove the metal 

vapors from hot flue gases of combustors and incinerators. Depending on the process 

conditions, the removal of metal compounds from flue gases by these materials could 

involve chemical reaction, physisorption, chemisorption, or a combination of these 

processes. The overall process of metal vapor removal is referred to as "sorption" 

and the material used for capturing metal vapors is called a "sorbent". The sorbent 

can be used in two ways: by injecting it as- a powder directly into the combustor 

or incinerator to capture the metal vapors as soon as they are vaporized (in-situ 

removal), or by passing the hot TIue gas through a fixed bed of the sorbent. The 

latter method is useful for metal vapor removal from hot flue gases in the combined 

cycle power generation. The in-situ method has been considered for removal of 

metal compounds from flue gases in pulverized coal combustors, waste incinerators 

and direct coal-fired gas turbine engines. 

Most of the research on the removal of metal vapors from hot flue gases 

has concentrated on the alkali metal compounds. Scandrett and Clift (1984) used 

thermodynamic analyses to conclude that aluminosilicate type materials can be 

used for collection of alkali chlorides below 1200 K. It was determined that the re

moval reactions are favored by increasing water vapor concentration but inhibited 

if HCl is present. Ross and Anderson (1988) theoretically studied the effectiveness 
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of additives in mitigating alkali deposition related problems. Their :results for bitu

minous coals indicate that iron, silicon, calcium and aluminum were all effective in 

suppressing fouling due to alkali deposition. 

Klinzing et al. (1986) tested various sorbents for their ability to capture 

sodium by adding them to the coal feedstock of a laboratory combustion system. 

Various clay minerals, alumina and a porous glass were tested under different com

bustion conditions. Tests were conducted with Pittsburgh seam bituminous coal 

with a low sodium content (0.07 wt% Na) and North Dakota lignite with a high 

sodium content (0.28 wt% Na). It was observed that sodium adsorption on activated 

alumina and emathlite generally increases with an increase in excess combustion air. 

The effect of temperature was not very profound on the adsorption process. Isother

mal experiments in an electrically heated furnace showed that little adsorption of 

NaCI vapor occurred when the aiumina was not pretreated. Heat treatment and 

washing of activated alumina (to reduce initial sodium levels) was found to improve 

sodium adsorption. 

Spiro et al. (1989) studied the effect of additives on the deposit formation 

in coal fired gas turbine engines. Since alkali compounds ha\~ been known to be 

one of the major reasons for deposit formation, the efficiency of converting alkali 

compounds to non-sticky and stable fonns can be determined by the amount and 

stickiness of deposit formed. Various additives were tested for their efficiency in 

deposit mitigation. Alumina (0 alumina, alcan A16Sg, particle size 0.5 microns, 

surface area 8.229 m2 /g) addition resulted in a less sticky ash but some erosion 

problems were encountered due to the larger amounts of ash. Based on the alu

mina results, showing reduced ash adhesion accompanied by unacceptable erosion, 

boehmite was selected as an alternative. Boehmite is an hydrous alumina with lower 

--------- --------- ---- -------------------------
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hardness than Q Rlumina. Analyses of the phases indicated that boehmite reversed 

the gettering process by an exchange reaction in which evolution of alkali occurred. 

This resulted in a more stickier ash. Kaolinite was also tested as an additive and the 

results indicated that the deposition was considerably diminished. It was concluded 

that kaolinite acts as a network extender, raising the surface tension and viscosity 

of the melt, making it less sticky. 

The effect of additives on ash deposition was also studied by Logan et al. 

(1989) in ~ electrically heated laboratory scale drop tube furnace. They tested 

three additives: limestone and tticalcium silicate (potential sulphur sorbents), and 

kaolin. These additives were ground to - 400 mesh and mixed with coal prior to the 

combustion in the furnace. Their results indicate that the addition of kaolinite had 

no effect on the stickiness of Arkwright coal at a reactor temperature of nooDe until 

the amount of kaolin added roughly equalled the weight percent of ash in the coal. 

At 1300D C, the effectiveness of kaolin additive was more pronounced. Increasing 

percentages of kaolin decreased the stickiness of ash by an order of magnitude as 

compared with that of coal alone. Limestone and tricalcium silicate reduced the 

sticking coefficient by an order of magnitude at nooDc and to a lesser degree at 

1300D C. They concluded that kaolin was reacting with alkali compounds in the ash 

to form deposits that were more friable. No chemical interaction of alkali with the 

other two addi tives was observed. 

Lee and Johnson (1980) tested six commercially available materials as gran

ular sorbents for use as granular bed filters for the removal of gaseous alkali com

pounds from the hot (1073 K to 1153 K) flue gas of pressurized flue gas combustors 

for combined cycle power generation. Initially screening test were performed on the 

following sorbents using gaseous NaCI: 

. ,: 
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Table 1.4: Major Composition of Sorbents Tested by Lee and Johnson 

Sorbent Major Composition 

Alundum Q-A120 3 (99.5%) 

Diatomaceous Earth Si02 (92.0%); Ah03 (5.0%) 

Silica Gel Si02 

Burgess Pigment Si02 (~ 45.0%); Ah03 (~ 38.0%) 

Attapulgus Clay Si02 (68.0%); Ah03 (12.0%); MgO (10.5%) 

Activated Bauxite Si02 (10.0%); Ah03 (81.5%) 

The sorbent in the form of - 8 + 10 mesh particles were placed between 

two perforated steel plates in a horizontal stainless steel tube. The weighed pure 

alkali was placed near the inlet of the tube. A preheated simulated flue gas (3% 

02, 16% CO2, ~ 180 ppm H20, ~ 300 ppm S02, ~ 80 ppm alkali and balance N2) 

carried the alkali vapor through the sorbent bed &,d exited from the outlet side. 

Experimental results on the amount of alkali captured by various sorbents indicated 

that diatomecious earth and activated bauxite were very effective sorbents. The 

retention of gaseous alkali metal compounds by diatomecious earth was attributed to 

chemical reaction with alkali metal compounds to form water insoluble alkali metal 

silicates. In contrast, activated bauxite captures alkali by an adsorption mechanism. 

The capture capabilities of the sorbents was found to relate to their internal surface 

area. The removal efficiency increased with temperature for diatomecious earth but 

decreased with temperature for activated bauxite. 

Jain and Young (1985) also performed screening experiments to identify 

sorbents for alkali removal. Sodium chloride vapor was obtained by atomizing a 

dilute solution of N aCI in water and evaporating the liquid droplet. A fixed bed 

._--- - . __ ... -_.- -- ---
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reactor system was used for the screening experiments and all experiments were 

perfonned at 790°C. The following table shows a list of the sorbents used and their 

composition: 

Table 1.5: Major Composition of Sorbents Tested by Jain and Young 

Sorbent Major Composition 

Diatomaceous Earth Si02 (92.0%); Ah03 (5.0%) 

Silica Gel Si02 

Burgess Pigment Si02 (::::: 45.0%); Ah03 (::::: 38.0%) 

Attapu~q;us Clay Si02 (68.0%); Ah03 (12.0%); MgO (10.0%) 
.. , 

Activated Bauxite 1 Si02 [10.0%); Al203 (81.5%) 

Activated Bauxite 2 Si02 (7.0%); Ah03 (88.0%) 

Dolomite CaC03 (56.0%); MgC03 (42.0%) 

Norton Catalyst Si02 (5.0 to 10.0%); Ah03 (80.0 to 90.0%) 

Alumina Al20 3 

Fullers Earth 8i02 (66.0%); Ah03 (12.0%); Fe203 (4.0%) 

Diatomaceous earth was found to be the best sorbent. Dolomite also per

formed well but in contrast to the sc~eening experiments of Lee and Johnson, ac-

tivated bauxite did not capture large amounts of alkali. This was attributed to 

the different activation procedures employed by the respective investigators. The 

sodium capturing efficiency of the sorbents was found to increase with increasing 

contact time and increasing moisture content in the fiue gas. At a superficial gas 

velocity of 30 cm/s, a bed contacting time of 0.2 sec, and a moisture level of 2 - 3 

wt%, the sodium removal efficiency for diatomaceous earth was higher than 95%. 
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In a fundamental study on activated bauxite, Lee et al. found that N aCI 

vapor transported in a relatively dry (~ 180 ppmv H20) simulated flue gas was 

captured by: 

a) chemical fixation of clay minerals in activated bauxite, and 

b) physical adsorption. 

For fresh activated bauxite both processes were found to contribute almost evenly, 

but as regeneration by water leaching proceeds, the adsorption process was found 

to playa major role. In the wet simulated flue gas (3-5% H20, bearing no S02), 

N aCI vapor was found to be captured by: 

a) chemical fixation, and 

b) chemical reaction with activated bauxite to form water soluble sodium alu

minate compounds. 

The overall reaction was proposed to be: 

(1.10) 

In the wet simulated PFBC flue gas containing 250-400 ppmv S02 (the environment 

closely simulating the actual PFBC flue gas) NaCI vapor was found to be captured. 

by: 

a) chemical fixation, and 

b) chemical conversion of N aCI vapor into a condensed phase sodium sulfate 

followed by physical adsorption of the sulfate. 

In a more fundamental study, Luthra and Le Blanc (1984) studied the ad

sorption of KCI and NaCI vapors on pure alumina and bauxite at 800 - 90QoC. A 

microgravimetric reactor system was used for this study. The bauxite used had a 

composition of 88% Ah03, 1.2% Fe203, 3% Ti02, 7% Si02 , and 1% other water 
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insoluble matter. Bauxite was used in the form of particles while alumina was used 

in the form of thin rods. The adsorbent specimen was suspended from the microbal

ance inside the quartz reaction tube. The alkali was placed in the bottom of the 

reactor. The quartz tube VIas hea.ted by a. three zone furnace so that independent 

temperature control of the sour1ce and the bed could be achieved. All experiments 

were conducted in an inert argon atmosphere. It was found that adsorbent weight, 

adsorbent particle size and the carrier gas flow rate had no effect on the adsorption 

rates. The rate of adsorption increased monotonically with the alkali concentration 

and sorbent temperature. The adsorption process was reversible indicating the ab

sence of any irreversible chemical reaction. Anderson's extension to the modified 

BET isotherm was used to describe the adsorption process. No preferential adsorp

tion of one chloride over the other was observed. They also concluded that since 

microporous sorbents were used, the overall kinetics were very slow and suggested 

the use of well dispersed micron size particles for rapid kinetics. 

Bachovchin et al. (1986) studied the adsorption of NaCI by emathlite, an 

aluminosilicate sorbent with a composition of 70% Si02, 10% A120 3, 3.6% Fe203 

and smaller amounts of Mg, Ca, Ti, K and Na. Their work ~oncentrated on develop

ing a process for the removal of alkali from hot flue gases in pressurized gasification 

systems. They found emathlite to be a suitable sorbent for NaCI vapors. Water 

vapor was found to accelerate the rate of reaction, apparently by opening up the 

silica matrix of emathlite. Chlorine atoms from N aCI were not picked up by the 

sorbent. The adsorption kinetics were found to depend on diffusion of sodium across 

the product glass layer, except for a relatively fresh pellet for which the kinetics 

were controlled by film diffusion. The kinetics of sorption was found to be insen

sitive to temperature from 775 to 900°C. On a dry basis, the ultimate capacity of 
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emathlite was found to be 22 gm Na per 100 gm sorbent. The rate of adsorption 

was proportional to the gas phase concentration. It was determined that at extreme 

conversions, the sorbent may become molten, causing problems in the operation of 

a sorbent bed. The practicality of the sorbent bed was confirmed in a series of 

process development units in which upto 12 kg of the sorbent in the form of pellets 

was exposed to 500 m3 /hr of gas containing 10 ppmv NaCI at 11 atm and 827°C for 

upto 102 hours. Sorbent beds of depth 40 cm were able to reduce gas phase N aCI 

concentrations to 0.2 ppmv. 

Punjak and Shadman (1988) found kaolinite to be a good sorbent for NaCI 

capture at 800°C. They found that under a nitrogen atmosphere both chlorine and 

sodium were retained by the sorbent; however, in a simulated flue gas environment, 

only sodium was retained. In both cases the adsorption was found to be irreversible. 

The ultimate loading capacity of kaolinite was found to be higher under the simu

lated flue gas environment. Under simulated fiue gas environment, NaCI was found 

to react with kaolinite in the presence of water to form nephelite, a sodium alumi

nosilicate compound. 

As mentioned in the beginning of this section, very little information is 

available on the use of sorbents for removal of toxic heavy metal compounds at high 

temperatures. Srivastava et al. (1989) studied the use of clay material like kaolinite 

and montmorillonite for removal of lead and cadmium salts from aqueous waste 

streams. They found that adsorption on montmorrilonite followed the Langmuir 

model. Cantwell et al. (1972) considered the use of alumina pellets for removal of 

lead compounds from the automobile exhausts. They used alumina in the form of 

one quarter inch diameter pellets. The exhaust gases flowed through a fixed bed of 

the alumina pellets and exited to the atmosphere. Their results showed that this 
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system reduced the total emission rate of lead by 85% while the emission rate of 

airborne lead was reduced by 70%. After testing this system for 25000 miles the 

system was disassembled. It was found that the alumina pellets were undamaged 

and showed no signs of attrition. The chemical reaction of lead oxide with kaolinite 

was investigated by Gani and Segnit (1978). They mixed kaolinite with PbD in 

a ball mill with ethanol. Five grams of this mixture was loaded in a die to form 

disks. The disks were then heated to high temperatures. There results showed 

that at one atmosphere, lead oxide reacted with kaolinite to form PbAhSi2Ds at 

650°C. At 520°C no crystalline phase was observed. Holland et al. studied the 

reaction of cadmium carbonate with kaolinite by the same method employed by 

Gani and Segnit. They found that kaolinite-cadmium carbonate mixtures reacted 

above 800° C to form a cadmium aluminosilicate. 

------------- -----------------------------------
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SCOPE 

This research project is a study of the kinetics and mechanisms of high 

temperature metal vapor removal by solid sorbents. In Chapters 3 and 4 vari

ous materials are screened as potential sorbents for removal of lead and cadmium 

chloride in simulated flue gas enVironment, respectively. The detailed kinetics and 

mechanism of toxic metal removal by kaolinite and bauxite is subsequently studied 

in these chapters. The sorption of sodium chloride on kaolinite, bauxite and emath

lite is investigated in Chapter 5. In Chapter 6 the high temperature interactions of 

metal vapors under conditions where the metal vapor is saturated in the bulk are 

investigated both experimentally and through theoretical modeling. 
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CHAPTER 2 

EXPERIMENTAL EQUIPMENT AND ANALYTICAL TECHNIQUES 

As mentioned in the introductory chapter, metal vapor contaminants can 

cause various operating ruld processing difficuities. Solid sorbents can be used to 

remove these trace metal vapors from the reactor environments. The high temper

ature interactions of different metal vapors with solici ~ompounds were analyzed in 

this study. In this chapter, the materials, experimental apparatus and analytical 

tools used in this study are described. The sample preparation, reactor design and 

experimental procedure were configured separately for each metal - sorbent studied 

and are described in detail in the respective chapters for these systems. 

Materials 

Several naturally available materials and model compounds were evaluated 

as potential sorbents for removal of gaseous metal compounds from hot flue gases. 

The model compounds included silica (MCB grade 12 silica gel) and alpha alumina 

(Du Pont Baymal colloidal alumina, technical grade). The naturally available ma

terials included kaolinite, bauxite, emathlite and lime. The composition of these 

sorbents is given in Table 2.1. The most promising sorbents were then studied in 

detail for kinetic and mechanistic infonnation. 

The metal compounds tested in this study included those of lead, cadmium, 

sodium and potassium. The chemical formula of the metal compounds used and 

the source from where they were obtained is given in Table 2.2. 

The reacted solids were dissolved in a mixture of Nitric Acid, Hydrochloric 

acid and hydrofluoric acid to determine the total metal content in the sorbents. The 

gases used were UHP nitrogen and compressed air from Liquid Air, Incorporated 

and carbon dioxide from Wayne Oxygen Company. 
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Table 2.1: Composition of sorbents used 

Bauxitell Kaolinite" EmathliteC Limestoned 

Si02 11.0 52.1 

Ah0 3 84.2 44.9 

Fe20 3 4.8 0.8 

Ti02 2.2 

CaO - -
MgO _. -
K20 - -
Na20 - -

a Paranam bauxite from Alcoa Corporation 

" Burgess Pigment Company 

C Mid-Florida Mining Company 

d Pfizer Incorporated 

73.4 

13.9 

3.4 

0.4 

5.0 

2.6 

1.2 

0.1 

Table 2.2: Metal compounds studied 

Metal Compound Chemical Formula 

Lead Chloride PbCl2 

Cadmium Chloride CdCl2 

Sodiw""Il Chloride NaCI 

Potassium Sulfate K 2S0 4 

Experimental Set up 

0.7 

0.3 

0.3 

-

97.2 

1.5 

-
-

Manufacturer 

Aldrich 

Alfa 

Fisher 

Malinckrodt 

Various reactor systems were used in this study. The design of the quartz 

reactor in which the experiments were conducted was different for each system. In 
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this section, equipment common to most experimental systems used is described. 

A schematic of the complete setup is shown in Figure 2.1. The main components 

of this system are a gas preparation section, a quart2 reactor, an electronic balance 

to monitor the sample weight, and a mova.ble electric furnace to heat the reactor. 

A description of these components is given below: 

Gas Preparation Section: A simulated flue gas environment was used in 

all experiments in this study. As shown in Figure 2.1, N2 , air and CO2 from 220 ft3 

gas cylinders was mixed prior to entering the water saturator. A flow element on 

each cylinder was used to control the flow rate and composition of the gas entering 

the saturator. The flow rates were controlled by varying the delivery gas pressure on 

the upstream side of the flow element. All lines and valves used were stainless steel 

with a short section of polypropylene or tygon tubing at the reactor connections. 

A water saturator was used to add water vapor to the gas. To prevent physical 

condensation of water vapor in the gas lines, a small amount of UHP nitrogen 

was bled in just after the water saturator. A gas chromatograph and an infrared 

analyzer were used to check the gas composition. The composition of the flue gas in 

all experiments was maintained at 15% CO2 , 3% O2 , 80% N2 and 2% H2 0. Nitrogen 

from a separate cylinder was used to purge the microbalance to prevent any fouling 

of the microbalance assembly by the metal vapors or water vapor. 

Electronic Microbalance: A Cahn 2000 Electrobalance with a maximum 

full scale sensitivity of 0.1 microgram was used in this study. Most of the exper

iments were conducted such that the 1 and 10 mg scales were used. The sample 

weight was recorded on a Houston Instrument strip chart recorder after conversion 

to 1-10 mV signal. A preset chart speed allowed the weight to be monitored as 

----- -- -----------------------
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a function of time. Mechanical and electronic taring allowed the balance to be 

calibrated prior to each experiment. 

Furnace: A Lindberg model 54459 single zone electric furnace was used 

to heat the reactor. It was mounted in a veriical position with one opening at 

the top that allowed it to be raised so that it enclosed the lower portion of the 

reactor. The furnace was mounted on steel channel tracks which allowed movement 

in the ve~ical direction. The furnace. could be raised and lowered using a hand 

operated winch. This configuration allowed the furnace to be preheated and raised 

so that the reactor could be heated to the desired temperature very rapidly. Like

wise, lowering the furnace resulted in rapid termination of the reaction at any time. 

The furnace temperature with a range of upto 1200°C was controlled with a sep

arate PID Eurotherm controller connected to a platinum/platinU:.'"TI-13% rhodium 

thermocouple. 

Reactor System: A quartz reactor was used in all the experiments in this 

study. The design of the quartz reactor was dependent on the type of experiments 

conducted. Detailed description of the reactor system is provided in the respective 

chapters on metal - sorbent interactions. 

Analytical Equipment 

Gas Chromatograph: The gas chromatograph used in this study was a 

Varian 3720 model. A Valco ten port valve with two sample loops and connections 

to two columns was used so that on line monitoring was possible. One column was 

a six foot, 1/8 inch O.D. stainless steel tube with Molecular Sieve 5a used for the 

separation of O2 and N2 • The second column was a nine foot 1/8 inch O.D. stainless 

steel tube packed with Poropack Q used for the separation of polar compounds 

such as CO2 • The GC was calibrated using Matheson certified standard calibration 
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gases with known CO2, N2 and 02 concentrations. Helium at 30 ems fmin was 

used as the carrier gas for both columns. The column was maintained at 70°C. A 

therm~u conductivity detector was used to detect the eluting gases. The detector 

temperatu...-e was set at 200°C and the filament temperature was set at 240°C, 

resulting in a filament current of approximately 200 milliamperes at steady state. 

Infrared Analyzer: An Infrared Industries model 702 nondisperive in

frared analyzer was also used for continuous monitoring of CO2 concentration during 

the course of an experiment. The analyzer had two concentration ranges: 0 - 10% 

and 0 - 30%. The CO2 level in all our experiments was approximately 15%. There-

fore, the high concentration range was used in all our experiments. The analyzer 

was calibrated with a Matheson certified gas before taking actual measurements. 

Atomic Absorption Spectrometer: A Perkin Elmer Model 2380 atomic 
'. 

absorptioro. spectrophotometer was used for the determination of the metal content 

of the sorbents. It was run in the emission mode for sodium and potassium analysis 

and in ubsorption mode for the determination of lead and cadmium. The wavelength 

dispersion device was a single pass monochromator with a holographically ruled 

grating. The conditions used for analysis of each metal are given in the Table 2.3. 

Table 2.3: Conditions for atomic absorption analysis. 

~1etal Mode Flame A (nm) Slit (nm) 

Lead Absorption Air-acetylene 283.3 0.7 

Cadmium Absorption Air-acetylene 228.8 0.7 

Sodium Emission Air-acetylene 589.0 0.2 

Potassium Emission Air-acetylene 760.0 0.7 
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Mercury Porosimetry: A Micrometries Pore Sizer 9310 was used to 

determine the pores size distribution in the sorbents. Mercury intrusion was used 

to obtain pore volume data. Low pressure measurements were made for bulk density 

measurements. The high pressure measurements gave information on the pore sizes 

ranging from 300 to 0.006 micrometers. A micrometries program loaded on an IBM 

personal computer was used for on line recording and storage of data. Penetrometer 

No. 61714 was used to hold the samples during volume measurements. Data was 

obtained on material density, pore volume, pore diameter, pore surface area and 

change of these values with a corresponding change in another. 

Surface Area Analyzer: A Quantasorb Model QS 10 manufactured by 

Quantachrome was used to determine the microporous surface area of the porous 

sorbents used in this study. A single point BET analysis technique was used with He 

as the carrier gas and N2 as the condensing species. A Matheson certified calibration 

gas with 19.6% nitrogen was used as the adsorbate gas with pure helium being used 

as the carrier medium. The samples were out gassed overnight at 120°C for 8 hours 

in a helium stream prior to surface area measurements. Calibration experiments 

were conducted with pure N 2. Each surface area measurement was repeated three 

times and the average measurement was reported. 

X-ray Diffraction Analysis: The crystalline phases present in the fresh 

as well as reacted sorbents were determined by a General Electric X-ray diffrac

tometer with a Cu Ka source (A = 1.57 AO). The samples were mounted on clean 

glass slides using a double sticking tape and placed into the diffractometer sample 

holder. A nickel filter was used to obtain a monochromatic radiation. The source 

beam slit was 30 and the detector slit was 10. 
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Scanning Auger Microprobe: A Physical Electronics Model 600 (PHI-

600) was used to collect Auger spectra and maps. This system features an ultra high 

vacuum ( 10-9 torr) using a pumping system consisting of an ion pump backed by 

a turbo molecular pump. Auger Spectroscopy is highly surface sensitive, since the 

electrons contributing to an Auger peak come only from atoms within several atomic 

layers of the surface. Additional description on the principle of Auger analysis and 

on the equipment can be found elsewhere (Briggs and Seah, 1978; Punjak, 1989). In 

the present work, all the data were collected under conditions such that the electron 

beam rastered over the area of the surface. This prevented sample charging since 

the electron density incident on the flake was reduced. Sorbents used in the form of 

particles were prepared for sample analysis by mounting them on a stainless steel 

disk with colloidal silver. The sorbents used in the flake geometry were put flat on 

the specimen holder and held in place with a copper clip. The samples were dried 

overnight in a desiccator under vacuum before being used. 

Scanning Electron Microscope with EDX Analysis: A JEOL JSM -

840A Scanning Electron Microscope (SEM) was used for microscopic characteriza

tion of the samples. The SEM has a 40 A 0 guaranteed resolution with filament. The 

instrument has a fixed EDX take-off angle of 40° with an inclined detector geometry 

at a working distance of 39 mm. For microanalysis of the samples, a Tracor North

ern 5502, Series II microanalysis system was used. The system was used for energy 

dispersive analysis, image processing and analysis, digital image and X-ray map 

acquisition. The X-ray capabilities were used for standardless quantitative analysis 

using ZAF correction techniques. The samples for analysis were first mounted in a 

plastic clip and placed in a cup, the inner side of which was coated with a releasing 

agent. Liquid epoxy mixed with a hardening agent was then poured in the cup to 
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cover the flake. The epoxy was allowed to dry for 24 hours. The sample mounted in 

epoxy was removed from the cup and the edge of the epoxy was knocked on using 

silicon carbide paper. The cross section of the flake mounted in epoxy was polished 

successively using 30, 6 and 1 micron diamond slurries. This sample preparation 

was done at the research laboratories of Buehler Corporation, located at the Ari

zona Materials Laboratories, University of Arizona. Instructions provided by the 

Buehler research personnel were used for each sample. 
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CHAPTER 3 

REMOVAL OF LEAD COMPOUNDS 

As mentioned in Chapter 1, compounds of lead vaporized during high tem

perature processing of coal or waste can cause various operational and environ

mental problems. Lead and lead compounds are very toxic and have been found 

to have a significant effect on the neurophysical performance of humans, specially 

children (Jaworski, 1987). Lead salts of long chain organic acids are used as sta

bilizers for nearly all plastic material, except those used for food processing (Cole 

and Kressin, 1984). Compounds of lead are also consumed in large quantities for 

production of storage batteries and pigments. When wastes containing lead are 

incinerated, a wide variety of lead compounds are generated. The chemical form 

and concentration of these compounds depend on a number of factors including 

waste composition and operating conditions (Barton et al., 1988). Using chemical 

equilibrium analysis, it has been shown that when chlorine containing wastes are 

incinerated, lead compounds exist predominantly as PbO, PbCh and PbCl4 in the 

flue gas (Mathews, 1988). In the presence of sufficient sulfur, PbS04 may also be 

formed. For safe incineration of lead containing wastes, the concentration of lead 

compounds in the flue gas has to be reduced to tolerable levels as specified by the 

environmental regulation agencies. 

A promising technique for the removal of lead compounds from flue gases is 

by using materials that will remove the lead vapors by adsorption and/or reaction. 

The sorbent can either be used as a fixed bed through which the lead laden flue 

gas passes through, or it could be used in-situ by injecting it with the feedstock for 

capturing the vaporized lead compounds. The desired sorbent properties depend 

on the composition and physical state of the feed, and process operating conditions. 

----------- -- -----------------
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However, in general, the desired characteristics in any material used for removal of 

toxic vapors in high temperature processes include 

• High temperature stability 

• Rapid adsorption 

.. High loading capacity 

• Converaion of toxic metal compounds to forms that are stable, less toxic 

and easily disposable. 

Conversion to stable and less toxic forms is essential to prevent the release of these 

toxic metal compounds to the environment and for ease of disposal without con

taminating the ground water. High loading capacities are important for economical 

considerations. 

Some studies have been undertaken on the reaction of lead compounds with 

different solids. The chemical reaction of lead oxide wi~h kaolinite, an aluminosili

cate clay has been previously studied by heating the powders of these compounds 

to high temperatures (Holland et al., 1976; Gani and Segnit, 1978). Cantwell et al. 

(1972) demonstrated that alumina pellets can be used as lead traps for control of 

particulate lead emission from automobile exhausts. 

In the present work, the use of solid sorbents has been considered for re

moval of vapors of toxic lead compounds from hot fiue gases. In the first portion of 

the study, several naturally available materials and model compounds were evalu

ated as potential sorbents for removal of gaseous lead compounds from hot fiue gases. 

The model compounds are used to identify those species that will adsorb/react with 

lead vapors, whereas the commercially available materials are evaluated to deter

mine their performance in the capture of lead compounds. Sorbents that were found 

to be the most promising were analyzed by additional experiments to determine the 
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kinetics and mechanism by which the lead compounds are captured. A theoreti

cal model of the process of lead capture by these sorbents was developed. The 

model was used to extract kinetic information from the experimental data and for 

parametric studies. 

The first part of this chapter consists of the experimental methods for 

both the evaluation and kinetic experiments. Then the results from the evaluation 

experiments are discussed. This is followed by the detailed kinetic and mechanistic 

study on the most promising sorbents. Finally the formulation, method of solution 

and results of theoretical modelling are presented. 

Materials 

In the first part of this study, several naturally available materials and 

model compounds were evaluated as potential sorbents 'for removal of gaseous 

lead compounds from hot fiue gases. The model compounds included silica (MCB 

grade 12 silica gel) and alpha alumina (Du Pont Baymal colloidal alumina, techni

cal grade). The naturally available materials included kaolinite, bauxite, emathlite 

and lime. The composition of these sorbents is given in Chapter 2 under materials. 

The most promising sorbents were then studied in detail for kinetic and mechanistic 

information. 

Lead chloride (PbCI2) was used as the lead source in this study. To analyze 

for the lead content, the samples were digested in a mixture ofhydrofiuoric acid (HF) 

and nitric acid (HNOa). The gases used were UHP nitrogen and compressed air 

from Liquid Air, Incorporated, and carbon di oxide from Wayne Oxygen Company. 

Equipment 

Two reactor syst~ms were used in this study. The major difference in the 

two systems is in the design of the quartz reactor in which the experiments were 
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conducted. In this section both of these systems are described along with the 

analytical equipment used in support of the experiments. 

Set Up 'for Evaluation Experiments 

The main components of this system are a gas preparation section, a quartz 

reactor, an electronic balance to monitor lead delivery, and a movable electric fur

nace to heat the reactor. A description of these components is given below: 

Gas Preparation: The composition of the flue gas in all experiments was 

maintained at 15% CO2 , 3% O2, 80% N2 and 2% H20. The method used for mixing 

gases has been described in Chapter 2. Nitrogen from a separate cylinder was used 

to purge the microbalance. 

Electronic Microbalance: A Cabn 2000 Electrobalance with a maximum 

full scale sensitivity of 0.1 microgram was used in this study. Detailed description 

of the balance is given in Chapter 2. The lead source was suspended from the 

microbalance and the amount of lead chloride evaporated at any time was recorded 

on a script chart recorder. 

Heaters: A Lindberg model 54459 single zone electric furnace, described 

in detail in Chapter 2 was used to heat the reactor. The lead source was heated by 

a heating tape connected to a Staco power supply operated at 40% of the maximum 

voltage. The furnace heated the sorbent bed. Independent control of temperatures 

in the upper part of the reactor containing the lead source and the lower part 

containing the sorbent was obtained by using this two zone heating system. All 

experiments in this study were performed with the source at 495°C and the sorbent 

bed at 700° C. 

Reactor System: A quartz U-shaped reactor system was used in this 

study for easy enclosure by the furnace. Details of the reactor design are given in 
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Figure 3.1. A ground glass joint at the top of the reactor allowed it to be sealed to 

the balance enclosure with a gas tight seal using vacuum grease. The lead source was 

suspended by a platinum wire from the microbalance, which monitored its weight 

change during the experiments. A fixed bed of the sorbent particles was made 

by placing 100 mg of the sorbent particles on a 100 mesh stainless-steel screen in 

the bottom part of the reactor. The simulated flue gas from the gas preparation 

section entered the reactor £.vID the inlet below the balance. UHF nitrogen flowed 

through the balance and mixed with the simulated flue gas. An auxiliary vent 

connected to the exhaust was provided in the reactor. This way, if required the 

flue gas containing the lead source could be diverted to the exhaust without passing 

through the sorbent bed. The lead laden flue gas was passed though the sorbent bed 

only when a steady source evaporation rate had been achieved. Chromel/ alumel 

thermocouples mounted on the side of the reactor next to the source and the sorbent 

bed monitored the temperatures during a sorption experiment. Tygon tubing was 

used to make the end connections between the quartz reactor and the gas lines. 

Analytical equipment: A Varian model 3720 GC and an Infrared Indus

tries model 702 non-dispersive IR analyzer, described in detail in Chapter 2 were 

used to determine the gas composition. A bubble meter at the outlet of these in

struments was used to measure and calibrate the gas flow rate. A Perkin Elmer 

model 2380 atomic absorption spectrophotometer, also described in Chapter 2 was 

used to measure the lead content of the sorbents after the experiment. 

Sample Preparation and Analysis: All sorbent material were sieved to 

retain the 60 to 80 mesh fraction and then devolatilized for two hours at 900°C. 

The particles were then resieved to eliminate smaller particles that could have been 

formed due to fragmentation during heating. The sorbent particles were then stored 
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under vacuum until used. This procedure was not feasible for kaolinite which exists 

in particle sizes approximately 5 microns in diameter. A kaolinite slurry was formed 

with water and allowed to dry in decanting dishes. This was then crushed and sieved 

to retain the 60 to 80 mesh fraction and then treated similar to the other sorbent 

material. 

The amount of water soluble and total lead captured by the sorbent flakes 

was determined by atomic absorption spectroscopy. For water leaching experiments, 

the samples were placed in an ultrasonic bath in a beaker filled with 100 m1 of deion

ized water at 40°C for two hours. The lead content of the solution was determined 

by atomic absorption spectroscopy. Leaching experiments conducted for longer time 

periods indicated that the two hour period was adequate to leach out most of the 

water soluble lead. To measure the total lead content of the sorbent, the samples 

were dissolved in 20 m1 of a H20/HF /HN03 (2/1/1 proportion by volume) mixture. 

The solution was dHuted to 100 ml and the lead content was determined by atomic 

absorption spectroscopy. 

A calibration curve for the spectrophotometer was established by measuring 

the absorption intensity of lead solutions containing known amount of lead. A 1000 

ppm lead standard solution purchased from Fisher Scientific was diluted with water 

to the desired calibration concentration for the water leaching experiments. HF 

and HN03 were also added to the solution for calibration standards for total lead 

measurement. This method ensured that the calibration standards had the same 

background as the solutions being analyzed for the lead content. 

Experimental Procedure: A typical experiment was set up by placing 

approximately 200 mg of the lead chloride in the platinum foil basket and suspending 

the basket from the microbalance by a platinum wire. A fixed bed of the sorbent 
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particles was made by placing 100 mg of sorbent to be tested on the stainless 

steel screen in the quartz reactor. The reactor was then connected to the balance. 

Each experiment was initiated by first starting the carrier gas Bow to purge the 

system. After the Hue gas in the reactor had the desired composition, the lead source 

was heated by increasing the setting on the voltage regulator from 0 to 40. The 

preheated furnace was then raised to heat the sorbent particles. Until the desired 

bed and source temperatures were attained, the gas How was diverted through the 

auxiliary vent. When a uniform source evaporation rate was attained, as measured 

by the evaporation profile recorded on the script chart recorder, the auxiliary vent 

was closed and the simulated Hue gas carrying the lead source Howed through the 

sorbent bed. The sorption experiment was conducted till the microbalance rea.d out 

indicated that approximately 15 mg of the lead chloride had vaporized and passed 

through the sorbent bed. At this point the adsorption was terminated by lowering 

the furnace and diverting the gas fiow through the auxiliary vent on the reactor. 

The sorbent particles were then removed for analysis. The percentage of total lead 

adsorbed by the sorbent particles was determined from the amount of lead delivered 

(microbalance measurement) and the lead content of the sorbent at the end of the 

experiment (atomic absorption measurement). 

Set Up for Kinetics Experiments 

The main components of this system are a gas preparation section, a quartz 

reactor, an electronic balance to monitor the sorbent weight exposed to the lea.d 

vapors, and a movable electric furnace to heat the reactor. A description of these 

components is given below: 

Gas Preparation: The composition of the Hue gas in all SFG experiments 

was maintained at 15% CO2 , 3% O2 , 80% N2 and 2% H20. The method used for 

---------- -----------------------
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mixing gases has ben described in Chapter 2. Nitrogen from a separate cylinder 

was used to purge the microbalance. 

Electronic Microbalance: A Cahn 2000 Electrobalance with a maximum 

full scale sensitivity of 0.1 microgram was used in this study. Detailed description 

of the balance is given in Chapter 2. The sorbent flakes were suspended from the 

microbalance by a platinum wire and the sorbent weight as it adsorbed the lead 

vapors was directly recorded on a script chart recorder connected to the balance. 

Furnace A Lindberg model 54459 singie zone electric furnace, described 

in detail in Chapter 2 was used to heat the reactor. The lead source was heated 

by a heating tape connected to a Staco power supply. The furnace heated the 

sorbent flakes. Independent control of temperatures in the upper part of the reactor 

containing the lead source and the lower part containing the sorbent was obtained 

by using this two zone heating mechanism. All experiments in this study were 

performed with the source at 495°e. The sorbent temperature was varied from 600 

- soooe. 
Reactor System: A quartz U-shaped reactor system was used in this 

study for easy enclosure by the furnace. Details of this reactor design are given in 

Figure 3.2. A ground glass joint at the top of the reactor allowed it to be sealed 

to the balance enclosure with a gas tight seal using vacuum grease. The sorbent 

was suspended by a platinum wire from the microbalance, which monitored its 

weight change during the experiments. The lead source was placed in a quartz boat 

in the horizontal arm of the quartz reactor. The simulated flue gas from the gas 

preparation section was split into two parts. One part entered the reactor from the 

inlet below the balance and the remaining gas entered through the horizontal arm 

in which the lead source was placed. The total flow rate was mainta,ined constant. 
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The concentration of the lead in the simulated flue gas flowing over the sorbent flake 

could be changed by changing the ratio of flow through the horizontal arm and the 

inlet below the reactor. UHP nitrogen flowed through the balance and mixed with 

the simulated fiue gas. An auxiliary vent, connected to the exhaust was provided 

in the reactor. This way, if required the fiue gas containing the lead source could 

be diverted to the exhauor without passing through the sorbent bed. The sorbent 

flake was only exposed to the lead vapor after steady temperatures, flow rates and 

lead evaporation rate had been achieved. Chromel/alumel thermocouples mounted 

on the horizontal arm near the quartz boat, and on the reactor near the sorbent 

flake monitored the temperatures during an experiment. Tygon tubing was used to 

make the end connections between the quartz reactor and the gas lines. 

Analytical Equipment: A Varian model 3720 GC and a Infrared Indus

tries model 702 non dispersive IR analyzer, described in detail in Chapter 2 were 

used to determine the-gas composition. A bubble meter at the outlet of these in

struments was used to measure and calibrate the gas flow rate. A Perkin Elmer 

model 2380 atomic absorption spectrophotometer, described previously in Chapter 

2 was used to measure the lead content of the sorbents after the experiment. 

Sample Preparation and Analysis: All sorbent material were sieved 

to retain the 60 to 80 mesh fraction as described in the evaluation experimental 

set up section in this chapter. The powders were then cold pressed at 6000 psi to 

form circular disks approximately 500 micron thick. Rectangular disks were then 

cut from the circular cold pressed disks. This fiake geometry is easy to model and 

facilitates the extraction of kinetic data. 

-----------. -----------------------------
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The amount of water soluble and total lead captured by the sorbent flakes 

was determined by atomic absorption spectroscopy. The procedure used for mea

suring the lead content of sorbents in the evaluation experiments was also used in 

the kinetic experiments. 

Experimental Procedure: A typical experiment was set up by placing 

approximately 2 grams of lead chloride in the quartz boat and placing the quartz 

boat in the horizontal ann of the quartz reactor. The sorbent flakes were suspended 

from the microbalance by a platinum wire. The reactor was then connected to the 

balance. Each experiment was initiated by first starting the carrier gas flow to purge 

the system. After the flue gas in the reactor had the desired composition, the lead 

source was heated by increasing the setting on the voltage regulator from 0 to 60. 

The preheated furnace was simultaneously raised to heat the sorbent flake. Until 

the desired flake and source temperatures were attained, the gas flow was diverted 

through the auxiliary vent. When steady temperatures and flow rates had been 

achieved, the auxiliary vent was closed and the flue gas carrying the lead chloride 

flowed over the sorbent flake. The source temperature was maintained at 495°C, 

while the flake temperatures varied from 600 to 800°C. Since the flake temperature 

was always much higher than the source temperature, the concentration of lead 

chloride around the sorbent flake was much below saturation. This prevented any 

physical condensation of lead chloride on the outer surface of the flakes. The weight 

gain of the sorbent was recorded on the microbalance as the sorption continued. 

The adsorption was terminated by lowering the furnace and diverting the gas flow 

through the auxiliary vent on the reactor. 

The concentration of lead in the gas was determined by a separate set of 

calibration experiments. In these experiments, the platinum wire with the sorbent 
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flake was not used. Instead a quartz tube 3 feet in length was connected to the 

main outlet vent of the reactor. The experiment was conducted in exactly the same 

manner as the kinetic experiment, but without the flake. The lead laden flue gas 

flowed through the reactor and condensed on the inner surface of the the cooler 

quartz tube connected on the outlet side. After a measured period of time the 

experiment was tenninated and the condensed lead was dissolved in a mixture of 

hydrofluoric and nitric acid and analyzed for its lead content by atomic absorption 

spectroscopy. The concentration of lead in the flue gas was determined by the flow 

rate, condensation time and the total amount of lead condensed. This calibration 

procedure was repeated for all the kinetic experimental conditions. 

Results from Evaluation Experiments 

The results obtained from the screening experiments are given in Figure 

3.3. Multiple experiments were conducted for most of the sorbents and good repro

ducibility was obtained. Since all experimental parameters except the sorbent type 

were kept constant, the amount of lead adsorbed is a good indication of the sorbent 

effectiveness (rate) for lead removal from hot flue gases. The most obvious feature 

of these results is the difference in the ability of the sorbents to capture lead from 

the flue gas passing through them. 

Both model compounds, silica and alumina, showed similar effectiveness for 

lead removal. Of the other sorbents tested, bauxite and kaolinite had high lead cap

ture efficiencies while lime captured only a small fraction of lead from the flue gas. 

Since lime is used for removal of gaseous sulfur compounds, a high lead capturing 

efficiency would have made it a very attractive choice for simultaneous removal of 

both sulfur and lead compounds. These results show that although Si02 and Ah03 

alone are good for lead removal, the combined presence of both (as in kaolinite and 
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bauxite) greatly enhances the overall capacity for lead removal. Emathlite did not 

perform as well as kaolinite and bauxite for capturing lead chloride. Ematblite con

tains smaller amounts of other metal compounds of sodium, potassiwl1, magnesium 

and calcium. These compounds could inhibit the capture of lead compounds by 

forming low melting compounds on the surface which block the surface pores, pre

venting capture of other metal vapors from the flue gas. Bachovchin et al. (1986) 

showed that alkali compounds form low melting point compounds on reaction with 

emathlite. 

To prevent ground water contamination when the spent sorbents are dis

posed, the water solubility of lead compounds adsorbed by these sorbents is also a 

very important factor in choosing an appropriate sorbent. Most of the lead captured 

by silica and kaolinite was found to be water insoluble. Bauxite, emathlite and alu

mina had larger fractions of water soluble lead, while almost all the lead adsorbed 

by lime was found to be soluble in water. It seems that the sorption process on 

lime is due to physical condensation alone, while chemical reaction and physisorp

tion both take place during the capture of lead chloride by bauxite, emathlite and 

alumina. The sorption process on kaolinite and silica seems to occur predominantly 

by chemical reaction alone since almost all the lead was tied in a water insoluble 

form. Based on the overall capacity for lead removal, and water solubility of the 

product, kaolinite and bauxite seem to be the most promising naturally occurring 

materials for lead removal from flue gases. These sorbents were therefore further 

studied to determine the kinetics and mechanism of lead capture. 

Kinetics of Lead Removal 

In the first part of this study, the sorption capacity of kaolinite and bauxite 

was investigat.ed at 700°C. The sorption capacity experiments were conducted such 

._-_ .. _._------- ---_._---------------
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that the sorbent flake was exposed to lead chloride vapors until no more mass change 

was observed. The profiles of sorption for both kaolinite and bauxite are shown in 

Figure 3.4. The results indicate a decrease in sorption rate with time and a final 

limit beyond which no further weight gain was observed. Kaolinite was observed to 

have an ultimate weight gain of 92% while bauxite was found to have an ultimate 

weight gain of 41%. After the sorbents were completely converted, the flow of the 

gas was reversed to reduce the concentration of lead in the flue gas to zero. Also 

the heating of the lead source was discontinued to reduce the evaporation rate of 

lead chloride to zero. No desorption was observed for either bauxite or kaolinite. 

Weight gain profiles for kaolinite and bauxite at 700°C under different lead 

concentrations are shmvn in Figures 3.5 and 3.6. The sorbent flake thickness was 

maintained constant as best as possible under experimental constraints. It can be 

seen that the sorption rate increased with an increase in the bulk lead concentration. 

The effect of temperature on the sorption rates for kaolinite and bauxite are 

shown in Figures 3.7 and 3.8. The results from calibration experiments indicated 

that in our experiments, as the temperature was varied, the concentration of lead 

in the flue gas also changed. Therefore it is not possible to determine the effect 

of temperature alone while keeping the concentration constant. For experiments 

on bauxite, the concentration was approximately constant, showing clearly that 

the observed sorption rate increases with temperature. For kaolinite, the effect of 

temperature is not very clear since the concentration oflead in the bulk changed con

siderably with temperature. Comparing the temporal sorption profiles for kaolinite 

at 700 and BOO°C, the concentration of lead in the bulk was much higher at 700°C 

(concentration data given in Appendix D). Since the sorption rates still increased 

with temperature, it is clear that the overall process is affected by temperature. 



-C) .e 
C) s 
0 .e -0 

E 
I 

E -

1.2 ,.....------------------_ 

0.9 KAOUNITE 

0.8 

BAUXITE 

0.3 

0.0 &..-____ "'--____ od.-____ -'-____ ..I 

o 35 70 
Time (hr) 

106 140 

Figure 3.4: Temporal profiles of PbCh sorption on sorbents. 

65 



66 

0.76 ,.....--------------------, 

PPMV Pb -CD 0.60 880 
.€ 
CD 

S 
0 430 

.€ - 260 0 
E 
I 

E 0.26 -

0.00 ~-----~------........ -------' 
0.0 10.0 20.0 30.0 

Time (hr) 

Figure 3.5: Effect of concentration on PbCh sorption by kaolinite. 



67 

0.4 ...--------------------, 

PPMV Pb 

0.3 

Q 810 

-e 
Q 

S 
0 0.2 .e 347 -0 

E • E -
0.1 

144 

0.0 -=:;;;....-------------'"'--------
0.0 10.0 20.0 30.0 

Time (hr) 

Figure 3.6: Effect of concentration on PbC12 sorption by bauxite. 

-------- --------- -------------------------



68 

The sorption rate for bauxite was found to be more sensitive to temperature as 

compared to that for kaolinite. 

Mechanism of Lead Removal 

The mechanism of lead captu.--e by kaolinite and bauxite was determined 

by various analytical techniques. In particular, X-ray Diffraction (XRD) analysis 

and Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray (EDX) 

analysis proved very useful. It has been shown in previous studies that on heating 

above 500°C, kaDlinite dehydrates to form metakaolinite according to the following 

reaction (Brindley and Nakahira, 1959): 

(3.1) 

Since all the kaolinite utilized in this study was devolatilized at temperatures higher 

than 500°C, it is expected that our starting sorbent existed as metakaolinite. As 

shown in Figure 3.9, XRD anaiysis of kaolinite particles exposed to lead vapors in

dicated the formation of a lead aluminum silicate compound, PbAI2 Si2 0 s, which is 

water insoluble. XRD results also showed that this compound existed in two crys

talline forms: hexagonal and monoclinic. Based on the XRD results, the following 

reaction scheme is proposed for capture of lead : 

(1120 3 , 2Si02, +PbC12 + H20 -+ PhO· A120 3 • 2Si02 + 2HCll (3.2) 
or 

metokaoiinite 

where metakaolinite is the dehydration product of kaolinite. 

Sorrel (1962) also observed the formation of this compound when solid 

powders of lead compounds and kaDlinite were heated to high temperatures. Based 

on the reaction st.oichiometry, 1 kg of kaolinite can capture 0.94 kg of lead form

ing a water insoluble product which is easily disposable. The maximum weight 
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gain calculated from this postulated reaction mechanism is close to that obtained 

experimentally in the kinetic experiments. (Figure 3.4) 

An XRD spectrum of fresh bauxite indicated the presence of silica (o-Si O2 ), 

corundum (a-Ah03) and hematite (a-Fe203). XRD analysis of bauxite particles 

exposed to lead vapors indicated the formation of the same lead aluminum silicate 

compound as for kaolinite, but only the hexagonal crystalline structure was observed 

(Figure 3.9). The amount of Si02 present in bauxite is not enough to combine with 

all Ah 0 3 to form an aluminosilicate compound. Based on the stoichiometry of 

Reaction 3.2 and the amount of Si02 present, bauxite should have an ultimate 

reaction capacity of 0.20 kg lead/kg bauxite. As shown in Figure 3.3, bauxite 

adsorbed a larger fraction of water soluble lead as compared to kaolinite. This can 

also be explained by the fact that bauxite has more Ah03 than kaolinite. Since 

adsorption on alumina results in a larger fraction of water soluble lead as compared 

to silica, it seems that the excess Ah03 in bauxite adsorbs some PbCh by the 

same mechanism as alumina, resulting in a larger fraction of water soluble lead. 

The difference between the total amount of lead that was observed to be captured 

in our kinetic experiments and that calculated based on the postulated reaction 

mechanism can be attributed to the amount adsorbed on alumina. In addition, 

Holland et ale (1976) also observed the formation of 4:1:2 lead aluminum silicate 

complex in addition to the 1:1:2 complex postulated in Reaction 3.2. Although our 

XRD analysis did not show the presence of this compound, it may be present in 

small quantities accounting for the higher observed weight gain than that postulated 

by Reaction 3.2. 

Bauxite and kaolinite flakes exposed to le~,d vapors were also analyzed by 

Scanning Electron Microscopy and EDX analysis. The fakes were mounted in epoxy 
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Figure 3.9: X-ray diffraction spectrum for fully converted kaolinite and baux

ite. 
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and their cross section polished by using diamond slurries. The complete procedure 

for sample mounting is described in Chapter 2. Figure 3.10a shows an SEM image 

of a partially reacted kaolinite flake that had been exposed to the lead vapors. The 

distribution of lead within the kaolinite flake was determined by an EDX map of lead 

on the flake surface. As shown in Figure 3.10b, it seems that the concentration of 

lead is highest at the flake surface and reduces toward the center. An EDX line scan 

was also obtained on the flake surface. Results from a point chemical composi tion 

survey obtained at the center and edge of the flake cross section analysis are shown 

in Figure 3.11. The results indicate that the concentration of lead indeed drops 

from 64 wt% at the surface to 4.3 wt% at the center. A back scattered electron 

image of the same sample was obtained to determine the atomic number contrast. 

The back scattered electron efficiency is directly proportional to the atomic number 

of the species present on the flake surface. As can be seen in Figure 3.12a, the 

atomic number is highest at the surface and continuously decreases toward the 

center. This is in agreement 'with the lead map and the EDX line analysis on the 

sorbent flakes. A silicon and aluminum map on the fresh kaolinite flake cross section 

indicated a completely uniform distribution of these elements. A topographical 

image of the partially converted sample was taken to determine the topography 

of the flake during the sorption process. As shown in Figure 3.12b, it can be 

seen that the flake material starts to melt when the concentration of lead reaches 

a particular level in the flake. In the present case, point EDX analysis at the 

interface between the melted and solid region indicated that the concentration of 

lead was 11.3 wt%. Aluminosilicate compounds have relatively high melting points 

(1100-1400°C). Lead aluminum silicate compounds have melting points much lower 

than the aluminosilicates (700-900°C). The phase diagram for the PbO - A12 0 3 -
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Si02 system is shown in Figure 3.13. It can be clearly seen that the compounds 

containing lead have melting points much lower than the compounds in the Ah 0 3 

- Si02 system. Therefore, our original aluminosilicate solid compound probably 

started melting due to the formation of the lead aluminosilicate product. The inner 

region did not show any signs of melting due to the concentration of lead being very 

low inside. As more lead diffuses in, the interface between the outer and inner region 

moves toward the interior of the particle. The melting of the outer region leads to 

a closing of the pores and subsequent lead diffusion into the flake surface takes 

place due to diffusion through this melted layer. Since the maximum weight gain 

possible is close to the value calculated from the postulated reaction mechanism, 

it. seems that formation of melt does not inhibit the capture of lead. However, 

operational problems may occur due to the sorbent becoming completely molten at 

high conversions. Since the rate of capture also reduces at high conversions, it may 

be desirable to replace the sorbent before complete conversion in practical systems. 

An SEM image of a bauxite flake exposed to lead chloride vapors is shown 

in Figure 3.14a. The EDX lead map on the bauxite surface shown in Figure 3.I4b 

indicates that the distribution of lead inside the flake is very non-uniform. However, 

no regular diffusional resistances are observed. Silicon and aluminum maps on the 

bauxite surface are also shown in Figures 3.15a and 3.I5b. It can be seen that 

the distribution of aluminum and silicon in bauxite is also non-uniform. When we 

compare the lead map with that of silicon and aluminum it can be clearly seen that 

regions high in aluminum and silicon seem to have a high concentration of lead. 

EDX point surveys on different regions of the flake surface also confirmed that the 

distribution of lead was very non uniform. Figure 3.16 shows the EDX surveys 

on two regions, one very rich in alumina and the other containing both alumina 
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Figure 3.10a: Scanning electron micrograph of a partially converted kaolinite 

flake. 

Figure 3.11b: Lead concentration map of the cross section shown in Figure 3.10a. 
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Figure 3.11: EDX concentration spectra for partially conyertcd kaolillite flake. 
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Figure 3.12a: Back scattered electron micrograph of a partially converted kaoli

nite flake. 

Figure 3.12b: Topographical image of the cross section shown in Figure 3.12a. 
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Figure 3.13: Phase diagram of the PbO - Ah03 - Si02 system. 
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and silica. The concentration of lead in the alumina rich phase was approximately 

18%. In the region where both alumina and silica were present, the concentration 

of lead was 41 wt%. From these results it seems that the combined presence of 

aluminum and silicon enhances the overall efficiency for lead capture. Complete 

collapse of pores due to the formation of low melting lead aluminum silicate phase 

is prevented by the presence of high melting alumina and silica phases (with low 

reactivity towards lead). 

Mathematical Modelling 

A mathematical model was formulated to describe the sorption process of 

metal vapor reaction with various sorbents. The model was used for extracting 

kinetic parameters, and for parametric studies to determine the effect of various 

variables on the sorption process. It is assumed that the metal vapor compound, 

A diffuses through the porous solid and is then adsorbed/reacted on the sorbent 

surface. It is assumed that the overall sorption reaction can be described by the 

following expression: 

A + B = Products (3.2) 

Two types of geometries were considered in this study: flake and spherical geometry. 

Thin flakes were used for experimental data since this represents an ideal and simple 

geometry which facilitates the extraction of kinetic parameters from experimental 

data. The spherical geometry applies to sorbent particles as used in practice. A 

schematic diagram of the spherical geometry is shown in Figure 3.17. Assuming a 

quasi-steady-state for diffusion and reaction in a sorbent particle, the conservation 

equation for metal vapor can be described by 

-------------- --------------------------
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Figure 3.14a: Scanning electron micrograph of a partially converted bauxite flake. 

Figure 3.14 b: Lead concentration map of the cross section shown in Figure 3 .14a. 
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Figure 3.15a: Silicon concentration map of the cross section shown In Figure 

3.14a. 

Figure 3.15b: Aluminum concentration map of the cross section shown in Figure 

3.14a. 
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t 

Figure 3.16: EDX concentration spectra for partially convert.ed bauxite flake. a: 

region high in alumina. b: region in which both alumina and silica 

present. 

-_._- .-.-- --_._--------------------------
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(3 .3) 

where RA is the molar rate of adsorption of metal vapors per unit bulk volume of 

sorbent. The boundary conditions are: 

at r = r 0 (3.4) 

at r=O (3.5) 

The local metal loading in the solid phase, Cs is given by the following conservation 

equation: 

(3.6) 

with the initial condition Cs = 0 at t = 0. 

It is assumed that the local rate of metal vapor capture is given by the 

following rate expression: 

(3.7) 

The variation in effective diffusivity is given by : 

(3.8 ) 

where porosity varies during sorption as: 

(3 .9) 
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where Z is the ratio of the molar volume of product to the volume of the reactant . 

This formulation takes into acconnt the finite amount of solid available for reaction 

(X). The change in diffusivity due to the difference in molar volume of product and 

reactant is also taken into consideration. The Z factor can also take into account the 

difference in the density of product as compared to that of the reactant due to the 

physical state of the product being different form that of the reactant. Equations 3.3 

-3.5 were solved numerically using a variable central difference technique. Equation 

3.6 was solved simultaneously to obtain the solid conversion. The details of the 

numerical solution and the computer code are given in Appendix A. 

The mass gain due to reaction at any time is obtained by 

m- mo a 1v. 
( )reaction = V C CadV 

ffio ! sf 0 
(3 .10) 

Evaluation of Kinetic Parameters 

The experimentally obtained initial rate data were used to calculate the 

rate constants at different temperatures. The initial sorbent porosity \vas deter-

mined by mercury porosimetry data. The molecular diffusivity was estimated using 

the Chapman-Enskog relation. The effective diffusivity was calculated by taking 

into account the effects of both molecular and Knudsen diffusivity. The interphase 

mass transfer coefficient was obtained by solving the appropriate fluid and species 

equations for flow through a channel in which both convection and diffusion are 

important. The final concentration of lead in the solid was calculated from experi

ments in which the flake was completely converted. Additional details on parameter 

estimation can be found in Appendix C. The sorbent parameters for kaolinite and 

bauxite at 700° C are given in Table 3.1. The rate constants obtained for lead sorp

tion on kaolinite and bauxite at 600, 700 and 800°C, obtained by fitting the model 
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to the initial rate data are shown in Figure 3.18. The activation energy for sorp

tion on both bauxite and kaolinite is positive with sorption on bauxite being more 

sensitive to temperature. 

Initially when the sOi'ption process is initiated, the rate of reaction is not 

affected by Z since porosity changes are small due to lower conversions. However, at 

higher conversions, Z becomes important since the porosity and diffusion coefficient 

change due to the difference in the density of the product and reactant. Using the 

obtained rate constants, the model was fitted to the complete sorption profiles for 

kaolinite and bauxite to obtain the parameter Z. The values of Z for each sorbent are 

given in Table 3.1. Z was found to be higher for kaolinite as compared to bauxite. 

This implies that reduction in porosity due to the formation of a larger volume 

product is more significant in kaolinite than in bauxite. This can be attributed to 

the presence of unreacted phases of alumina and silica in bauxite which prevent 

closure of pores. 

The Z values with the rate constants at different temperatures were then 

used to predict weight gain profiles for both the sorbents under different experi

mental conditions (Figures 3.19 - 3.22). It can be seen that the model fits the data 

quite well for most cases. 

The above results have important implications in choosing sorbents for 

lead capture. Lime, a good sorbent for sulfur compounds is not very effective as a 

lead adsorbent. Although bauxite and kaolinite captured approximately the same 

amount of lead from the flue gas in our experiments, kaolinite has a larger ultimate 

capacity for lead removal and a smaller water soluble fraction of lead captured. 

The results indicate that for both kaolinite and bauxite, the sorption process is 

not just physical condensation, but rather a combination of chemical reaction and 
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Figure 3.19: Effect of temperature on PbCl2 sorption by kaolinite. Comparison of model 

predictions with experimental data. 
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Figure 3.22: Effect of concentration on PbCl2 sorption by bauxite. Comparison 

of model predictions with experimental data. 



92 

adsorption. The rate of adsorption decreases with conversion and finally drops 

to zero when a final saturation limit is achieved. Sorption on both bauxite and 

kaolinite is affected by temperature. 

Table 3.1: Mod€:i Parameters fur PbCh interaction with bauxite and kaolinite 

Parameter Bauxite Kaolinite 

Eo 0.62 0.58 

Deo(cm2 /h) 77.1 57.6 

km(cm/h) 4.2 E04 4.2 E04 

CS J(gmol/cm3 solid) 0.0077 0.01172 

Z 1.50 1.8 

k( cm3 gas/cm3 solid-h) 5.76 E04 5.4 E05 
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CHAPTER 4 

REN10VAL OF CADMIUM COMPOUNDS 

Cadmium and cadmium compounds are regarded as some of the most toxic 

trace elements in the environment. The increased emissions resulting from their 

production, use and disposal, combined with their persistence in the environment, 

and their relatively rapid uptake and accumulation, contributes to their potential 

environmental health hazards. Since cadmium compounds are not destroyed during 

the incineration process, toxic metal particles or vapors are generated as byproducts 

when wastes containing these metals are incinerated. A significant fraction of cad

mium compounds are emitted as vapor or fine particulates during high temperature 

processing of feeds containing these compounds (Pacyna, 1987). 

Cadmium and cadmium compounds are used primarily as fabricated steel 

parts and cast iron parts for corrosion protection. Cadmium is also used as a 

stabilizer in poly vinyl chlorides, as electrodes in batteries and in the semiconductor 

industry. Cadmium is also present in coal in trace quantities (Pacyna, 1987). 'Vhen 

wastes containing cadmium are incinerated, a wide variety of cadmium compounds 

are generated. The chemical form and concentration of these compounds depend on 

a number of factors including waste composition and operating conditions (Barton 

et al., 1988). For safe incineration of cadmium containing wastes, the concentration 

of cadmium compounds in the flue gas has to be reduced to tolerable levels as 

specified by the environmental regulation agencies. 

In this chapter, various sorbents have been screened for their effectiveness 

in removal of cadmium compounds from hot flue gases. Detailed mechanistic studies 

were then performed on some selected sorbents. 

----------------------
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The first par~ of this chapter describes the materials and experimental 

methods used. Then the results from the evaluation experiments are discussed. 

This is followed by the mechanistic study of cadmium sorption by kaolinite and 

bauxite. 

Materials used 

In the first part of this ,;;tudy, several naturally available materials and 

model compounds were evaluated as potential sorbents for removal of gaseous cad

mium compounds from hot flue gases. The model compounds included silica (MCB 

grade 12 silica gel) and alpha alumina (Du Pont Baymal colloidal alumina, techni

cal grade). The naturally available materials included kaolinite, bauxite, emathlite 

and lime. The composition of these sorbents is given in Chapter 2 under materials. 

Cadmium chloride was used as the cadmium source. 

Equipment and Approach 

The experimental equipment and the analytical techniques used in this 

chapter are same as those described in Chapter 3 for studying the sorption of lead 

compounds on sorbents. Therefore, only the significant features of the experimental 

equipment and approach are described in this section. Details can be found in 

Chapter 3. 

Evaluation Experiments 

Sorbent particles, 60-80 mesh in size, were calcined at 900°C 101' two hours 

and stored under vacuum until used. Cadmium chloride was used as the. source and 

the flue gas had a composition of 15% CO2 , 3% O2 , 80% N2 and 2% H2 0. 

The main components of the experimental system are a Cahn recording 

microbalance, a quartz reactor, a movable furnace and analyzers for determining 
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the composition of the gaseous products. The cadmium source is suspended by 

a platinum wire from the microbalance, which monitors the weight change during 

the experiments. A fixed bed of the sorbent particles was made by placing 100 

mg of the sorbent particles on a 100 mesh stainless-steel screen in a quartz insert. 

Independent control of temperatures in the upper part of the reactor containing 

the lead source and the lower part containing the sorbent was obtained by using a 

two zone heater. All experiments in this study were performed with the source at 

5600 e and the sorbent at 8000 e. 
Each experiment was initiated by first starting the carrier gas flow to purge 

the system. The preheated furnace was then raised to heat the sorbent particles. 

Heating of the cadmium source was subsequently started to vaporize CdCh which 

was carried by the flue gas through the sorbent fixed bed. After a predetermined 

amount of the source compound had vaporized, the adsorption was terminated by 

lowering the furnace and diverting the gas flow through the auxiliary vent on the 

reactor. The percentage of cadmium adsorbed was determined from the amount 

of cadmium delivered (microbalance measurement) and the cadmium content of 

the sorbent at the end of the experiment. To measure the cadmium content of 

the sorbent, the samples were dissolved in a H20/HF /HN03 (2/1/1 proportion by 

volume) mixture. The cadmium content of the solution was determined by atomic 

absorption spectroscopy. Separate water leaching experiments were performed to 

determine the water soluble fraction of adsorbed cadmium. The leaching of cad

mium was conducted at 40° e in an ultrasonic bath for two hours. The cadmium 

content of the solution was subsequently determined by atomic absorption spec

troscopy. Leaching experiments conducted for longer time periods indicated that 

the two hour period was adequate to leach out most of the water soluble cadmium. 
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Set Up for Mechanistic Study 

The simulated flue gas used in these experiments had a composition of 15% 

CO2 , 3% O2 , 80% N2 and 2% H20. The sorbent was used in the form of thin flakes 

which were suspended from the microbalance by a platinum wire. The cadmium 

source was placed in the horizontal arm of the quartz reactor previously described 

in Chapter 3. The cadmium source was heated by a heating tape and the furnace 

heated the sorbent flakes. All experiments were conducted with the source tem

perature of 560°C and the sorbent temperature of 80QoC. When steady flow rates 

and cadmium concentrations ·were achieved, the sorbent was exposed to the cad

mium containing flue gas. The sorbent weight as it captured the cadmium vapors 

was continuously recorded on the script chart recorder connected to the microbal

ance. X-ray diffraction analysis was used to identify the principal crystalline phases 

formed during cadmium adsorption/reaction. Scanning electron microscopy and 

EDX analyses were used for studying the mechanism of cadmium capture. 

Results from the Evaluation Experiments 

The results obtained from the screening experiments are given in Figure 

4.1. Multiple experiments were conducted for most of the sorbents and good repro

ducibility was obtained. Since all experimental parameters except the sorbent type 

were kept constant, the amount of cadmium adsorbed is a good indication of the 

sorbent effectiveness (rate) for cadmium removal from hot flue gases. The most ob

vious feature of these results is the difference in the ability of the sorbents to capture 

cadmium from the flue gas passing through them. These results are significantly 

different from those obtained for removal of lead compounds. Alumina and bauxite 

had the highest cadmium capturing efficiencies. A large fraction of the cadmium 

captured by these two sorbents was water insoluble. None of the other sorbents 

... _0_- _00 __________ _ 
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were effective cadmium sorbents. Silica and kaolinite did a good job of capturing 

lead vapors, but were net effective for removal of cadmium. Similar to its behavior 

for lead capture, lime did not have a high cadmium capturing efficiency. It seems 

that all the cadmium captured by lime was due to physical condensation. Since 

cadmium chloride has a high water solubility, the formation of water insoluble com

pomld.s on sorption by alumina and bauxite leads to the conclusion that chemical 

reaction was the dominant mechanism of cadmium capture by these sorbents. From 

the screening experiments it seems that compounds containing alumina had a high 

cadmium capturing efficiency. Bauxite was therefore further studied to determine 

the mechanism of cadmium capture. Kaolinite was also included in the detailed 

mechanistic study since it had a high efficiency for lead capture. 

Mechanism of Cadmium Capture 

In the first part of this study, the sorption capacity of cadmium was in

vestigated at 800oe. The sorption capacity experiments were conducted such that 

the sorbent flakes were exposed to cadmium vapors till no further mass change was 

observed. The profiles for sorption for both kaolinite and bauxite are shown in 

Figure 4.2. Similar to the results for lead, the rate of sorption decreases with time 

and a final limit is achieved beyond which no further cadmium sorption takes place. 

The observed initial rate for cadmium capture by kaolinite was much slower than 

that for bauxite. This is consistent with the results from the screening experiments, 

where kaolinite captured much less cadmium compared to bauxite. Also, the final 

saturation limit for kaolinite (18 wt%) was found to be lower than that of bauxite 

(30%) (Figure 4.2). When the concentration of cadmium in the flue gas was reduced 

to zero, no desorption from either sorbent was observed. 
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X-ray diffraction (XRD) analysis was used to ide:ltify the final products 

formed by sorption of cadmium chloride on kaolinite and bauxite. As shown in 

Figure 4.3, analysis of kaolinite particles exposed to cadmium ~-apors indicated the 

formation of a cadmium aluminum silicate compound, CdAhSi20s, which is water 

insoluble. Based on XRD results, the following reaction scheme is proposed for 

capture of cadmium : 

metakaolinite 

where metakaolinite is the dehydration product of kaolinite. Holland et al. (1974) 

also observed the formation of this compound when a solid mixture of cadmium 

carbonate and kaolinite was heated to 800°C for twenty hours. Based on the stoi

chiometry of the overall reaction, 1 kg of kaolinite can capture 0.51 kg of cadmium, 

forming a product which is water insoluble and therefore safely disposable. The 

maximum weight gain postulated from this reaction (58% by weight) is much lower 

than that obtained experimentally in the microbalance reactor setup (18 wt%). To 

further understand the reasons for low sorbent utilization, the kaolinite flakes were 

mounted in epoxy and analyzed by Scanning Electron Microscopy and EDX anal

ysis. The sample mounting procedure has been previously described in Chapter 2. 

Figure 4.4a shows a SEM image of a kaolinite flake which was exposed to cadmium 

vapors till no more weight change was observed. A cadmium map of the flake showed 

that cadmium was concentrated on the kaolinite edge (Figure 4.4h). An EDX line 

scan on the flake surface indicated that the concentration of cadmium varied from 

49 wt% at the edge to 2 wt% at-the center. The concentration of cadmium at the 

edge (49%) is close to the value calculated from the postulated reaction mechanism 

(51%). This indicates that the surface of kaolinite was completely converted by 
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reaction to form a cadmium aluminosilicate. Silicon and aluminum maps on the 

kaolinite surface indicate complete uniformity of distribution of these elements on 

the kaolinite surface (Figures 4.5a and 4.5b). A topographical image of the flake 

surface (Figure 4.6) indicated the presence of two phases, but the formation of a 

lower melting point product was not observed. Since this flake had captured cad

mium to its maximum capacity (microbalance data, Figure 4.2), the non uniform 

distribution of cadmium indicates incomplete sorbent utilization. 

Since the volume of the cadmium aluminosilicate phase is higher than that 

of the aluminum silicate phase, the formation of cadmium aluminum silicat.e at the 

outer surface blocks the sorbent pores, resulting in sorbent under utilization. In 

case of lead sorption by kaolinite, complete sorbent utilization was possible prob

ably due to the dissolution of lead in the melted layer and subsequent diffusion of 

lead through the melted product layer. Compounds in the CdO - Ah 0 3 - Si02 

system have melting points higher than 1200°C. Therefore, melt formation did not 

take place during sorption of cadmium by kaolinite. The larger volume cadmium 

aluminosilicate blocked the sorbent pores. Since dissolution of cadmium into this 

solid product was not possible, the sorbent did not get completely converted. This 

phenomenon is similar to that observed for the lime - S02 reaction, where the prod

uct has a much higher volume than the reactant, resulting in incomplete utilization 

of sorbent. 

XRD analysis of bauxite particles exposed to lead vapors indicated the for

mation of two crystalline compounds. A cadmium aluminum silicate phase and 

a cadmium aluminate phase were observed. Since the cadmium aluminate has a 

higher water solubility compared to that of the aluminosilicate, bauxite had a larger 

fraction of water soluble cadmium in our screening experiments The amount of Si02 
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Figure 4.3: X-ray diffraction spectrum for fully conyerted kaolinite. 
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Figure 4.4a: Scanning electron micrograph of a fully converted kaolinite flake. 

Figure 4.4b: Cadmium concentration map of the cross section shown in Figure 

4.4a. 
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Figure 4.5a: Silicon concentration map of the cross section shown in Figure 4.4a. 

Figure 4.5b: Aluminum concentration map of the cross section shown in Figure 

4.4a. 
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Figure 4.6: Topographical image of the cross section shown in Figure 4.4a. 



106 

present in bauxite is not enough to combine with all Ah 0 3 to form an aluminosili

cate compound. Based on the stoichiometry of Reaction 1 and the amount of Si02 

present, 1 kg of bauxite should capture 0.103 kg of cadmium to form a cadmium 

aluminosilicate phase. Based on the remaining alumina, 1 kg bauxite can capture 

0.94 kg of cadmium forming a cadmium aluminate based on the following reaction 

mechanism: 

A120 3 +CdCI2 + H20 ~ CdO . A120 3 + 2HCl i -....-... 
alumina 

(4.2) 

If all the alumina and silica rea.cted with kaolinite to form a cadmium 

aluminum silicate and a cadmium aluminate, the maximum weight gain possible is 

1.058 kg per kg of bauxite. This is lower than the value obtained in the microbalance 

experiments (0.3 kg/kg bauxite) in which a bauxite flake was exposed to cadmium 

vapors till no further weight change was observed. A bauxite flake exposed to 

cadmium vapors till no further weight change was observed was mounted in epoxy 

and analyzed by SEM and XRD analysis. Figure 4.8a shows a SEM image of the 

bauxite flake. The cadmium map on the bauxite surface indicated a non uniform 

cadmium distribution (Figure 4.8b). Comparing this with the aluminum and silicon 

maps on the flake surface (Figures 4.9a and 4.9b) it can be seen that regions high in 

both alumina and silica have high concentrations of cadmium. As confirmed by the 

XRD analysis, the cadmium present in the alumina phase reacts to form a cadmium 

aluminate. Regions rich in both alumna and silica combine with cadmium to form 

a cadmium aluminum silicate. EDX analysis of regions high in both aluminum and 

silicon indicated that the cadmium concentration was 26 wt%. EDX analysis of 

regions high in alumina indicated that the cadmium concentration in this phase 

(11.4 wt%) was much lower than that postulated by Reaction 4.2. This indicates 

---------- ---------- -- ---------------------
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that the alumina phase does not completely react with cadmium to form a cadmium 

aluminate. This could be due to the alumina phase having low porosity thereby 

preventing complete sorbent utilization. Also, formation of a higher volume product 

could inhibit further capture of cadmium. 

The results from this chapter lead to several conclusions. Lime did not 

have a high cadmium capturing efficiency. Compared to kaolinite, bauxite had a 

higher rate of cadmium capture. Almost all the cadmium captured by kaolinite 

is water insoluble. Bauxite had a larger fraction of water soluble cadmium. Both 

the sorbents were not completely utilized during cadmium capture. The overall 

sorption process is a complex combination of diffusion and chemical reaction. 
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Figure 4.7: X-ray diffraction spectrum for fully converted bauxite. 
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Figure 4.8:: Scanning electron micrograph of a fully converted bauxite flake. 

Figure 4.8b: Cadmium concentration map of the cross section shown in Figure 

4.8a. 
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Figure 4.9a: Silicon concentration map of the cross section shown in Figure 4.8a. 

Figure 4.9b: Aluminum concentration map of the cross section shown in Figure 

4.8a. 
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CHAPTERS 

REMOVAL OF ALKALI COMPOUNDS 

Coal and waste contain sodium and potassium minerals in various chemical 

and physical forms. During the high temperature processing of these feeds, most 

of the alkali compounds are released to the gas phase. The chemical form and 

concentration of these alkali compounds depends on the process conditions and feed 

composition. The vaporized alkali compounds condense on refractory linings and 

heat exchanger surfaces and are considered to be the major cause of hot corrosion. 

A promising technique for the removal of alkali compounds is by using materials 

that will remove alkali vapors by sorption and/or reaction. The sorbent can be used 

in two ways: by injecting it as a powder directly into the combustor to capture the 

alkali as soon as it is vaporized (in - situ removal), or, by passing the combustor 

flue gas through a fixed bed of the sorbent. The latter method has been considered 

for alkali removal from flue gases in the combined cycle power generation from coal. 

The in - situ method has been considered for removal of alkali from flue gases in 

pulverized coal combustors and direct coal fired gas turbine engines. 

The choice of a suitable sorbent depends on the coal/waste properties and 

the process operating conditions. In general, however, the important characteristics 

desired in a sorbent are as follows: 

• High temperature stability 

• Rapid sorption 

• High loading capacity 

• Transformation of alkali into a less corrosive form 

• Irreversible sorption to prevent the release of adsorbed alkali during process 

fluctuation . 

. _._--- .. _._-- _. -----------------------
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Although the use of solid sorbents for alkali has generated a lot of interest, 

the mechanism and the fundamental kinetics of the sorption process are not well 

understood. Lee and johnson (1980) studied the sorption of NaCl, KCl, K2S04 

on a number of substrates including bauxite, silica and diatomecious earth. They 

proposed that the mechanism of capture was chemical fixation on silica and physical 

sorption on bauxite. They also found activated bauxite to be a very efficient sorbent. 

In another study, Lee et al. (1986) reported that the sorption of alkali on activated 

bauxite was by physical sorption and chemical fixation, the latter being dominant 

in the presence of sufficient water vapor. Luthra and Le Blanc (1984) measured 

the extent of sorption of KCl and NaCI on bauxite under different temperatures 

and oxygen concentrations. Their results indicated non preferential and reversible 

physical sorption of both compounds on alumina and activated bauxite. Bachovchin 

et al. (1986) compared a number of additives and found that emathlite was a 

suitable sorbent at temperatures below 900°C. Punjak and Shadman (1988) studied 

the kinetics and mechanism of sorption of NaCI vapor on kaolinite under both 

nitrogen and simulated flue gas conditions at 800°C. They found that kaolinite 

captured almost five times more alkali in the simulated flue gas conditions. Under 

nitrogen atmosphere, both chlorine and sodium were retained while under simulated 

flue gas conditions only sodium was retained. 

This chapter focusses on the kinetics and mechanism of alkali sorption for 

kaolinite, bauxite and emathlite. Previous studies have identified these compounds 

as effective sorbents for alkali removal (Punjak, 1989). The materials, equipment 

and experimental procedures used in this study are described in the first part of 

the chapter. This is followed by the kinetics of alkali capture. The mechanism of 
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alkali capture is described next. Finally, the kinetic parameters obtained from a 

theoretical model of the system are presented. 

Materials 

Kaolinite, bauxite and emathlite, the compositions of which are given in 

Chapter 2 were used as alkali sorbents in this study. Sodium Chloride (NaCl) was 

used as the alkali source in this study. To analyze for the sodium content, the sam

ples were digested in a mixture of hydrofluoric acid (HF), hydrochloric acid (HCI) 

and nitric acid (HNOa). The gases used were UHP nitrogen and compressed air 

from Liquid Air, Incorporated, and carbon dioxide from Wayne Oxygen Company. 

Set Up and Approach 

Two reactor systems were used in this study. A microgravimetric system 

was used to obtain temporal profiles of alkali sorption on these sorbents at 1073 

K. A horizontal reactor system was used to obtain initial rate data at different 

temperatures. Since the microgravimetric system has been described in detail in 

a previous study (Punjak, 1989), only the main features of the microgravimetric 

system are described in the present study. 

Microbalance Experiments 

A schematic of the experimental set up is shown in Figure 5.1. The main 

components of this system are a gas preparation section, a quartz reactor with 

inlets and outlets to maintain a controlled gas composition, an electronic balance, 

a movable electric furnace to heat the reactor, and analyzers for determining the 

gas composition. The microbalance was used to monitor sorhent weight during the 

course of an experiment . 

... ------ _ .... _-_._--------------
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Figure 5.1: Schematic of the experimental set up. 
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All experiments in this set up were performed at a sorbent temperature of 

800°C using NaCI as the alkali source. The sorbents were used in the form of thin 

flakes with approximate thickness of 0.5 mm. The flakes were devolatilized and then 

stored under vacuum until used. The composition of the flue gas in all experiments 

was maintained at 15% CO2, 3% O2 , 80% N2 and 2% H20. The gas flow rates were 

150 to 200 std. cc/min and the alkali concentration was 50 to 230 ppmv. 

Sorbent flakes were suspended from the microbalance directly above the 

alkali source which was placed in the bottom of the reactor. The simulated flue gas 

was passed over the alkali source to vaporize and transport it toward the sorbent. A 

second simulated flue gas line, split from the first, entered the reactor a few cm above 

the first one and was used to dilute the alkali vapor to the desired concentration. A 

few cm above the sorbent, the gas was mixed with purging nitrogen coming down 

from the microbalance and went out through the exhaust port. Thermocouples 

were placed on the outside of the reactor near the alkali source and the sorbent 

to monitor the temperatures of each. To ensure that the simulated flue gas was 

not saturated with NaCI, the alkali source was always kept lOoe cooler than the 

sorbent. Under these conditions, there was no physical condensation of alkali on 

the outer surface of the particles. 

The alkali vapor concentration was determined from a separate set of cal

ibration experiments. In these experiments, the normal exhaust port was closed 

and the alkali containing flue gas was diverted entirely into a quartz tube where 

all the alkali was condensed on the inner surface of the tube. After a measured 

period of time, the experiment was terminated and the condensed alkali was dis

solved in hydrofluoric acid and the concentration of alkali determined by atomic 

emission spectroscopy. The concentration of alkali in the flue gas was determined 

-----" -----------------------------
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from the total alkali condensed, the flow rate and the condensation time. This cal

ibration procedure was repeated for various flow rates and experimental conditions 

of interest. 

An experiment was started by first closing off the normal exhaust and 

allowing the purge stream to flow downward over the sorbent and the alkali source 

and then out through the auxiliary vent (see Fig. 5.1). The furnace was then raised 

and time allowed for the temperature and sorbent weight to stabilize. To initiate 

sorption, the nonnal exhaust was opened and the auxiliary vent was closed. At the 

end of the experiment, the flow was again reversed to stop the alkali sorption and 

the furnace was lowered. In several experiments, desorption of alkali was tested at 

the end of an sorption cycle. To initiate desorption, the flow was reversed allowing 

the alkali free gas to pass over the sorbent. Desorption experiments were terminated 

by lowering the furnace. 

Horizontal Reactor System 

The main components of this system, a schematic of which is shown in 

Figure 5.2, are a horizontal furnace, a quartz reactor, a gas preparation section, 

and gas analysis equipment. 

Gas Preparation: The composition of the flue gas in all SFG experiments 

was maintained at 15% CO2 , 3% O2 , 80% N2 and 2% H20. The method used for 

mixing gases has been described in Chapter 2. 

Heaters: A Lindberg model 55035 horizontal compact electric furnace was 

used to heat the reactor. 

Reactor System: A quartz tube I3mm ID, 0.46 m long was used as the 

reactor. A quartz boat located inside the reactor was used to hold the alkali source. 

The sorbent flake was oriented parallel to the flow by using a platinum support. 
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The quartz boat was placed in the reactor approximately 3 inches upstream of the 

sorbent. The flue gas from the gas preparation section entered the reactor and 

carried the vaporized alkali over the sorbent flake. Chromel/alumel thermocouples 

mounted on the side of the reactor next to the source and the sorbent flake monitored 

the temperatures during a sorption experiment. Tygon tubing was used to make 

the end connections between the quartz reactor and the gas lines. 

Analytical equipment: A Varian model 3720 GC and a Infrared Indus

tries model 702 non dispersive IR analyzer, described in detail in Chapter 2 were 

used to determine the gas composition. A bubble meter at the outlet of these in

struments was used to measure and calibrate the gas flow rate. A Perkin Elmer 

model 2380 atomic absorption spectrophotometer, also described in Chapter 2 was 

used to measure the alkali content of the sorbents after the experiment. 

Sample Preparation and Analysis: All sorbent material were sieved to 

retain the 60 to 80 nlesh fraction. The powders were then cold pressed at 6000 psi 

to form circular disks approximately 500 micron thick. Rectangular disks were then 

cut from the circular cold pressed disks. This flake geometry is easy to model and 

facilitates the extraction of kinetic data. 

Experimental Procedure: A typical experiment was set up by placing 

approximately 2 gram of sodium chloride in the quartz boat and placing the boat 

in the horizontal reactor. The reactor was connected to the gas lines and the 

flue gas flowed through the system. Then the reactor was heated by raising the 

temperature of the furnace to the desired temperature. It took almost one hour 

for the furnace temperature to reach the set point temperature. The sorbent flake 

was then introduced into the reactor from the outlet side of the furnace. This 

method minimized any alkali sorption on the flake before the desired temperature 



119 

was achieved. The alkali concentration in the vicinity of the sorbent was kept below 

saturation by maintaining the temperature of source always lower than the sorbent 

temperature. This prevented any physical condensation of sodium chloride on the 

outer surface of the flakes. The sorbent flakes were exposed to the alkali for a short 

duration of time since only initial rate data was the measurement of interest in 

these experiments. After the desired sorption time, the reaction was quenched by 

removing the reactor from the furnace. The source temperature was maintained at 

770°C, while the flake temperatures varied from 750 to 875°C. 

The alkali vapor concentration was determined from a separate set of cali

bration experiments. This was accomplished by diverting the alkali containing flue 

gas into a quartz tube. The alkali was condensed on the inner walls of the quartz 

tube in the cooler regions of the furnace. After a pre determined time interval, the 

tube was withdrawn and washed with HF to dissolve the alkali. Atomic emission 

spectroscopy was then performed on the rinsed solution to determine the alkali con

tent. The alkali vapor concentration was determined from the condensation time, 

flow rate and the amount of alkali condensed. 

Characterization and Analysis 

Several techniques were used for chemical analysis and characterization of 

the sorbents. The bulk concentration of alkali was determined by atomic emis

sion spectroscopy. For these analyses, the samples were dissolved in a mixture of 

H2 0/HF/HCI/HN03 (5/3/1/1/ proportions by volume). The solution was then 

diluted by a factor of 5 with deionized water. To suppress ionization in the flame, 

cesium nitrate was added to provide 1000 ppm of cesium in the final solution. X

ray diffraction was used to identify crystalline phases and high resolution scanning 

Auger microscopy was used to determine the alkali distribution in the sorbents. 

--------------------- ---_._----- - -
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Additional details on the characterization methods for this part of the study can 

be found in Chapter 2, and in a prior publication (Punjak, 1989). 

Kinetics and Mechanism Of Alkali sorption at 800°C 

Most of the data presented in this section was obtained on the microbalance 

reactor system. Typical experimental weight gain profiles for the three sorbents 

tested are shown in Figure 5.3. The results indicate a decrease in sorption rate 

with loading and a final alkali saturation limit. Bauxite was observed to have the 

highest initial rate while kaolinite had the highest capacity. Weight gain profiles for 

the three sorbents tested are shown in Figs. 5.4 - 5.6. As expected, an increase in 

alkali concentration results in an increase in the rate of alkali capture. 

An important difference between the sorption characteristics of the three 

sorbents is the tendency to desorb alkali when the concentration in the flue gas is 

reduced to zero. Kaolinite and emathlite did not undergo any loss in weight but 

bauxite lost approximately 10% of the intial weight gained. This suggests that the 

mechanism of sorption is not the same for the three sorbents. 

To gain further insight into the mechanism of alkali/50rbent interactions, 

the fresh and fully converted sorbents were analyzed using various chemical ana

lytical tools. In particular, the X-ray diffraction and Scanning Auger Microscopy 

provided useful results. The differentiated Auger spectra for kaolinite, bauxite and 

emathlite are shown in Figures 5.7, 5.8 and 5.9 respectively. One important dif

ference between the sorbents revealed by these results is the ratio of sodium to 

chlorine captured. Chlorine, which has a peak at 176 e V was not observed for kaoli

nite and emathlite. In contrast chlorine was retained by bauxite partially. This 

has important implications in the selection of sorbents where chlorine removal is a 

concern. 
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Figure 5.3: Temporal profile of NaCI sorption on sorbents. K = kaolinite, 230 

ppmv Na; B = bauxite, 185 ppmv Na; E = emat.hlite, 150 ppmv 

N a. - sorption; - - - desorption 
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Figure 5.5: Temporal profile of NaCl sorption on bauxite. CAb is 185 ppmv for 

A, 120 ppmv for B, and 65 ppmv for C. 
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Figure 5.5: Temporal profile of NaCl sorption on emathlite. CAb is 125 ppmv 

for A, 80 ppmv for B, and 65 ppmv for C. 
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Figure 5. 7: Auger spectra of kaolinite. a: before alkali sorption; b: after alkali 

sorption. 
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Figure 5.8: Auger spectra of bauxite. a: before alkali sorption; b: after alkali 

sorption. 
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Figure 5.9: Auger spectra of emathlite. a: before alkali sorption; b: after alkali 

sorption. 
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X-ray diffraction spectra obtained for the sorbents prior to and after alkali 

sorption indicated the formation of several reaction products. As shown in Figure 

5.10, the fully converted kaolinite contains primarily nephelite and carnegiete which 

are sodium aluminosilicate polymorphs with the chemical formula Na20 . Ah03 . 

2Si02 • Based on this information and absence of chlorine in the reaction product, 

the following reaction scheme is proposed: 

metakaolinite 

where meta..1<aolinite is the dehydration product of kaolinite 

The stoichiometry of this reaction suggests a 27.9% increase in sample 

weight on complete conversion. This is close to the observed 26.6%. Kuhn and 

Plogman (1983) also observed the formation of nephelite when a mixture of sodium 

compounds and kaolinite were heated to high temperatures. 

Similar results for bauxite indicate a more complicated process. The XRn 

spectrum for as received bauxite indicates the presence of a-quartz, corundum and 

hematite. The XRn results on fully converted bauxite shown in Figure 5.11 indicate 

the formation of nephelite and carnegiete produced by a reaction similar to Reaction 

5.1. However, the amount of silica in bauxite is not sufficient for Reaction 5.1 to 

account for all the captured alkali. Apparently, the rest of alkali is present as a 

glassy product or physisorbed chloride not detected by XRD. Since chlorine is lost 

from the fully ~onverted bauxite during desorption, physisorbed N aCl might be the 

portion which is removed during the desorption experiments. Hematite, present 

before and after sorption did not seem to undergo any change. 

The XRD results for emathlite show the presence of aluminosilicate 

(AhSi20s), a - quartz and crystobalite in the fresh sorbent. The fully converted 
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emathlite consists of albite (Na20 . AhOa . 6Si02 ) together with smaller amounts 

of sodium calcium aluminate (Figure 5.12). Therefore much of the sodium capture 

by emathlite can be described by the overall reaction: 

A12SiOs + 5Si02 + 2NaCl + H20 ~ Na20· AI20 a • 6Si02 + 2HCIl (5.2) 

This agrees with the predictions of Bachovchin et ale (1986) about the formation 

of albite based on thermodynamic calculations. 

Effect of Temperature on the Sorption Process 

To study the effect of temperature on the type of products formed, the sor

bent flakes were exposed to alkali vapor at 1000° C. The converted flakes were then 

analyzed by XRD analyses. At higher temperatures, reaction of alkali with kaoli

nite results in the formation of only nephelite (Figure 5.13). Carnegiete formation 

was not observed at higher temperatures. The sodium cation is octahedrally co

ordinated in nephelite while it is tetrahedrally co-ordinated in carnegeite. Falcone 

and Schobert (1986) found that nephelite was thermodynamically stable at higher 

temperatures. This is in agreement with our experimental data. Similar results 

were obtained for bauxite. An XRD pattern for fully converted emathlite did not 

show a significant pattern of any crystalline sodium containing phase. However, 

a scanning Auger microprobe spectra of a fully reacted emathlite flake at 1000°C, 

showed a significant sodium signal, but chlorine was not detected (Figure 5.14). 

This suggests that NaCI reacts with emathlite at 1000°C to form a non crystalline 

(glassy) product and chlorine is released back to the gas phase. This is not surpris

ing since the melting point of albite is approximately lOOO°C. Nephelite has a very 

high melting point (1500°C) and therefore exists in a crystalline phase at 1000°C. 
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Figure 5.12: X-ray diffraction of fully converted emathlite. 
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Figure 5.13: XRn spectrum of fully converted kaolinite at 1073 and 1273 K. 
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Figure 5.14: Auger spectra of emathlite after alkali adsorption, T = 1273 K. 
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The effect of temperature on the rate of alkali capture was determined 

by conducting experiments in t1,le horizontal reactor system. The initial rate data 

obtained under these conditions for bauxite and kaolinite is given in Table 5.1. It 

can be seen that the observed rate increased with temperature for both bauxite and 

kaolinite. For emathlite the effect of temperature on the alkali capture rate was not 

very profound. 

Table 5.1: Effect of Temperature on Initial Rate. 

Temperature K Bauxite Kaolinite 

1023 0.021 0.011 

1073 0.057 0.043 

1148 0.340 0.164 

Mathematical Modelling 

The mathematical model used earlier in Chapter 3 for evaluating the kinetic 

parameters for lead chloride-sorbent interactions was also used to obtain kinetic 

information on reaction of alkali compounds with aluminosilicate sorbents. A brief 

description of the model is given in this section. It is assumed that the overall 

sorption reaction can be described by the following expression: 

A + B = Products (5.3) 

Assuming a quasi steady state for diffusion and reaction in a sorbent par

ticle, the conservation equation for metal vapor can be described by 

(5.4) 
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where RA is the molar rate of sorption of metal vapors per unit bulk volume of 

sorbent. The boundary conditions are: 

at (5.5) 

at r=O (5.6) 

The local alkali loading or alkali concentration in the solid phase, C" is given by the 

following conservation equation: 

BC" = kCAg(l- C" ) 
at C,,' (5.7) 

with the initial condition C" = 0 at t = O. 

It is assumed that the local rate of metal vapor capture is given by the following 

rate expression: 

RA = (1 - Eo )kCA(l - CC" ) ,,' (5.8) 

The variation in effective diffusivity and porosity was also taken into consideration 

in the model formulation. Detail of this model can be found in Chapter 3 under 

mathematical modelling and the solution procedure and computer code are given 

in Appendix A. 

Evaluation of Kinetic Parameters 

The experimentally obtained initial rate data was used to calculate the rate 

constants at different temperatures. The initial sorbent porosity was determined by 

mercury porosimetry data. The molecular diffusivity was estimated using the Chap

man Enskog relation. The effective diffusivity was calculated by taking into account 

the effects of both molecular and Knudsen diffusivity. The interphase mass transfer 
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coefficient was obtained by solving the appropriate fluid and species equations for 

flow through a channel in which both convection and diffusion are important. The 

final solid alkali concentration was calculated from experiments in which the flake 

was completely converted. Additional details on parameter estimation can be found 

in Appendix e. 
Initial rate data obtained from microbalance experiments was used to obtain 

the rate constants at soooe. The key parameters used in this model along with the 

rate constants are given in Table 5.2. The rate constants based on BET surfa.ce 

area are also included for comparison purposes. The parameter Z was then varied 

for each sorbent until a reasonable fit to the complete sorption profile at 8000 C was 

achieved. 

Table 5.2: Values of Model Parameters for alkali interaction with sorbents 

Parameter Bauxite Kaolinite Emathlite 

Eo 0.62 0.58 0.47 

Deo(cm2 /h) 260 130 190 

km(cm/h) 5.1 E04 5.1E04 5.1E04 

C"f(gmol/cm3 solid) 0.017 0.023 0.019 

Z 1.10 1.27 1.30 

k(cm3 gas/cm3 solid-h) 6.1E07 2.1E07 5.9E07 

k s (cm3 gas/cm2 solid-h) 6.0 13.1 15.2 

The kinetic parameters obtained were then used to predict weight gain 

profiles for the three sorbents at different alkali concentration as shown in Figures 

5.4 - 5.6. It can be seen that the model closely approximates the experimental da.ta. 

Obviously, by the very nature of the formulation, the model predictions coincide 

with the experimental data at full conversions. 
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The initial rate data obtained from the horizontal reactor system was used 

to obtain rate constant at different temperatures. The effect of temperature on 

the rate constants is shown in Figure 5.15. The activation energy for bauxite is 

lower than that for kaolinite indicating that the alkali removal by kaolinite is more 

sensitive to temperature. This is consistent with the observation that the sorption 

on kaolinite occurs by chemical reaction alone, while sorption on bauxite is by both 

physisorption and chemical reaction. For emathlite, the apparent activation energy 

was found to be almost zero, indicating that the alkali capture by emathlite was 

not very sensitive to temperature. This is in agreement with results obtained by 

Bachovchin et al (1986), who also did not see any effect of temperature on alkali 

capture by emathlite. Since the apparent rate coefficients based on both surface area 

and volume, are sorbent dependent, with differing sensitivities to temperature, the 

sorption process is not just physical and non selective, but rater depends on the alkali 

- sorbent chemistry. Although all the sorbents are aluminosilicate type material, 

they have different crystalline structures and therefore different mechanisms and 

rates of alkali capture. 

Figure 5.16 shows the effect of temperature on the sorption rate of a kaoli

nite spherical particle 150 micron in diameter. It can be clearly seen that a change 

in temperature affects the rate but the final capacity remains constant. 

The results from this chapter indicate that kaolinite and bauxite are more 

suited for in situ removal since the melting point of the product is very high. All 

three sorbents can be used for downstream fixed bed removal of alkali compounds. 

Kaolinite has the highest activation energy and highest capacity for alkali removal. 

The final products formed during sorption/reaction on kaolinite and bauxite do not 

change in the temperature range 800 - 1000°C. However, emathlite reacts to form 
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crystalline albite at lower temperatures, and a glassy phase at higher temperatures 

(1000°C). It is apparent that the overall process of alkali capture is not just physical 

and non selective but rather a combination of physical and chemical processes, which 

are dependent on the temperature and sorbent chemistry. 

------------------------------------- -



CHAPTER 6 

SIMULTANEOUS CONDENSATION AND REACTION 

METAL VAPORS IN POROUS SOLIDS 
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For diverse reasons, high temperature interactions of metal vapors with 

solids have received considerable attention in recent years. For example, the useful 

life of turbines in combined cycle power generation from coal depends on the de

position and reaction rates of corrosive vapors of inorganic salts such as Na2S04 

on ceramic blades of the turbine (Liang and Rosner, 1987). Interactions of metal 

vapors with solids have also been considered in the studies on chemical vapor depo

sition and chemical vapor infiltration (Middleman, 1989; Wang and Spear, 1981). 

Reactions of alkali metal vapors with solid particles present in coal conversion pro

cesses are important in determining the agglomeration and fouling propensities of 

these particles (Wibberley and Wall, 1982; Rizeq and Shadman, 1989). As shown in 

previous chapters, porous aluminosilicate type compounds can be used for removal 

of alkali and heavy metal vapors from coal and waste conversion processes. Both 

the £Xed bed and in-situ method of removal involve reaction/adsorption of metal 

vapors on these compounds to form products that are more stable and less corrosive 

than the original alkali species (Klinzing et al., 1986; Spiro et al., 1989). 

These and other applications have resulted in a number of studies dealing 

with various aspects of interactions of metal vapors with solids at high tempera

tures (Punjak et al., 1989; Luthra and LeBlanc, 1984; Tai and Chou, 1989; Rosner 

and Liang, 1988). Most of the work presented in the previous chapters in this 

study, and that conducted by other investigators elsewhere has concentrated on the 

study of soiid-metal vapor interactions under conditions where the bulk metal va

por concentrations are much below saturation. Due to the non-isothermal nature 

---~--- ------- - -----------------------
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of these processes, the metal vapor concentrations might easily become supersat

urated in certain regions of the reactor and physical condensation and chemical 

reaction could be occurring simultaneously. Another factor not directly addressed 

by previous studies is the interplay of capillary condensation and chemical reaction 

inside the porous solid particles. Since saturation vapor pressures of most metal 

compounds are lowered in sorbent pores due to the Kelvin effect, capillary con

densation of metal vapors might occur in the pores even though the bulk metal 

vapor concentration is below saturation. The objective of the present work is to 

study the kinetics and mechanism of high temperature interactions of metal vapors 

with porous solids under conditions where both physical condensation and chemical 

reaction could be occurring simultaneously. 

In the first part of this chapter the materials and equipment used for study

ing the metal vapor-sorbent interactions is presented. This is followed by a discus

sion on the results obtained for kaolinite. A theoretical model was developed to 

simulate the metal vapor-sorbent interactions under conditions where metal vapor 

can be saturated. The formulation and results obtained from the model are pre

sented next. Finally, data obtained for other metal-sorbent systems is presented. 

Materials Used 

NaCI was used as the model metal vapor compound and kaolinite was used 

as the model porous solid. Kaolinite is an aluminosilicate compound consisting of 

52% Si02 and 45% Ah 0 3 as principal components. To analyze for the sodium con

tent, the samples were digested in a mixture of hydrofluoric acid (HF), hydrochloric 

acid (HCl) and nitric acid (HN03 ). The gases used were UHP nitrogen and com

pressed air from Liquid Air, Incorporated, and carbon di oxide from Wayne Oxygen 

Company. 
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Experimental Setup 

The main components of this system are a gas preparation section, a quartz 

reactor with inlets and outlets to maintain a controlled gas composition, an elec

tronic balance, a movable electric furnace to heat the reactor and analyzers for 

determining the gas composition. 

Gas Preparation: The composition of the flue gas in all simulated flue 

gas experiments was maintained at 15% C02, 3% O2, 80% N2 and 2% H20. The 

method used for mixing gases has been described in Chapter 2. Nitrogen from a 

separate cylinder was used to purge the microbalance. 

Furnace A Lindberg model 54459 single zone electric furnace, described 

in detail in Chapter 2 was used to heat the reactor. 

Electronic Microbalance: A Calm 2000 Electrobalance with a maximum 

full scale sensitivity of 0.1 microgram was used in this study. Detailed description 

of the balance is given in Chapter 2. The sorbent flakes were suspended from the 

microbalance by a platinum wire and the sorbent weight gain as it adsorbed the 

alkali was directly recorded on a script chart recorder connected to the balance. 

Reactor System: A quartz U-shaped reactor system was used in this 

study for easy enclosure by the furnace. Details of this reactor design are given in 

Figure 6.1. A ground glass joint at the top of the reactor allowed it to be sealed to 

the balance enclosure with a gas tight seal using vacuum grease. The sorbent was 

suspended by a platinum wire from the microbalance, which monitored its weight 

change during the experiments. The alkali source was placed in the bottom of 

the reactor. The simulated flue gas from the gas preparation section entered the 

reactor from the reactor inlet below the balance. UHP nitrogen flowed through 

the balance and mixed with the simulated flue gas. The sorbent flake was only 
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exposed to the alkali vapor after steady temperatures and flow rates had been 

achieved. Chromel/alwnel thermocouples mounted on the reactor near the sorbent 

flake monitored the temperatures during an experiment. Tygon tubing was used to 

make the end connections between the quartz reactor and the gas lines. Since the 

experiments were conducted under stagnant flow conditions, the alkali concentration 

was saturated in the vicinity of the sorbent. 

A~alytical Equipment: A Varian model 3720 GC and a infrared indus

tries model 702 non dispersive IR analyzer, described in detail in Chapter 2 were 

used to determine the gas composition. A bubble meter at the outlet of these in

struments was used to measure and calibrate the gas flow rate. A Perkin Elmer 

model 2380 atomic absorption spectrophotometer, also described in Chapter 2 was 

used to measure the alkali content of the sorbents after the experiment. 

Sample Preparation and Analysis: All sorbent material were sieved to 

retain the 60 to 80 mesh fraction. The powders were then cold pressed at 6000 psi 

to form circular disks approximately 500 micron thick. Rectangular disks were then 

cut from the circular cold pressed disks. This flake geometry is easy to model and 

facilitates the extraction of kinetic data. 

Characterization and Analysis 

Several techniques were used for chemical analysis and characterization of 

the samples. The bulk concentration of the alkali in the sorbent was determined 

by atomic emission spectroscopy (AES). For measuring the water soluble fraction 

of the total alkali captured, the flakes were added to 100 m1 of deionized water and 

analyzed for the alkali content by AES. The total alkali captured was determined 

by dissolving the flakes in a mixture ofH20/HF/HN03/HCI (5/3/1/1 proportion), 

then diluted to 100 ml and analyzed by AES. X-ray diffraction (XRD) was used 
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to identify the crystalline phases and high-resolution Scanning Auger Microscopy 

(SAM) was used to determine the alkali distribution in the sorbent. The porosity 

and surface area of the sorbent were determined by mercury porosimetry and BET 

surface area measurements. 

Experimental Procedure: 

A typical experiment was set up by placing approximately 2 gram of sodium 

chloride in the bottom of the the quartz reactor. The sorbent flakes were suspended 

from the microbalance by a platinum wire. The reactor was then connected to 

the balance. Each experiment was initiated by first starting the carrier gas flow to 

purge the system. Stagnant conditions were created so that the alkali concentration 

was saturated in the bulk. The weight gain of the sorbent was recorded on the 

microbalance as the sorption continued. The adsorption was terminated by lowering 

the furnace and diverting the gas flow through the auxiliary vent on the reactor. 

The physical condensation of alkali compounds was tested by conducting desorption 

experiments in which the alkali concentration in the flue gas was reduced to zero 

by reversing the direction of gas flow in the reactor. The furnace was still heating 

the reactor. The weight loss from the sorbent indicated the amount of alkali that 

was physisorbed. 

The saturation concentrations for alkali vapors were determined by a free 

energy minimization technique (Cortez-Chavez, 1976). These thermodynamic cal

culations also showed that under our experimental conditions, most of the alkali 

in the vapor phase existed as NaCl. Saturation concentration of NaCI vapor as 

a function of temperature is shown in Table 6.1. Details of the thermodynamic 

calculations are shown in Appendix C. 
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Table 6.1: Saturation NaCI Vapor Concentrations 

Temperature (K) CAb (gmolj cc) 

1023 1.3 x 10-9 

1073 4.0 x 10-9 

1148 1.7 x 10-8 

Experimental Results and Discussion 

Figure 6.2 shows the temporal profiles of NaCl sorption by kaolinite at 1073 

K for two different alkali concentrations. The profile for lower alkali concentration 

was determined from the experimental set up described in Chapter 5. The rate of 

alkali sorption by kaolinite increases with an increase in the bulk alkali concentra

tion. The amount of alkali physically condensed in the sorbent was determined by 

desorption experiments. No desorption was observed for the flake exposed to alkali 

concentration much below saturation. For experiments under saturated conditions, 

however, 16.5% of the weight gain was lost during desorption. The sorbents exposed 

to saturated alkali vapor were analyzed for their sodium content both before and 

after desorption. Figure 6.3 shows the fraction of water soluble and water insoluble 

sodium retained by the sorbent before and after desorption at 1073 K. The results 

indicate that water soluble sodium accounted for approximately 7% of the weight 

gain. All the water soluble sodium was lost during the desorption experiment. Us

ing these values, it can be calculated that 44.2% of the total weight loss was due 

to water soluble sodium. This is close to the amount of sodium in sodium chloride 
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(39.3 wt%). These results indicate that during desorption, a water soluble sodium 

compound (probably sodium chloride) was being desorbed. 

To gain further insight into the sorption mechanism, fully converted kaoli

nite flakes before and after desorption were examined using XRD and SAM anal

yses. The differentiated Auger spectrum for these flakes before and after desorp

tion at 1073 K are shown in Figure 6.4. Both spectra show the presence of sili

con, oxygen and aluminum (the primary elemental constituents of kaolinite) and 

sodium. Chlorine is only seen in the spectra of the sorbent flake before desorption. 

These results in conjunction with the water leaching experiments indicate that the 

weight loss during desorption corresponds to the release of physically condensed 

sodium chloride. XRD spectra for the sorbents after alkali sorption (Figure 6.5) 

showed three distinct phases: nephelite, carnegiete and sodium chloride. Nephelite 

and carnegiete are sodium aluminosilicate polymorphs with the chemical formula 

Na20· A120 3 ·2Si02 • The NaCl phase was not present in the XRD spectra of 

sorbent flakes that had undergone desorption. Based on the stoichiometry of the 

sodium aluminosilicate compound formed, it can be calculated that 74.2 % of the 

total weight gain should be due to sodium. As shown in Figure 6.3, approximately 

76 % of the total weight gain after desorption was due to sodium. This further 

confirms the formation of nephelite/carnegeite due to chemical reaction of sodium 

chloride with kaolinite. 

Previous experiments conducted at alkali concentrations much below sat

uration, presented in Chapter 5 clid not show a crystalline N aCI phase in XRD 

analysis. A chlorine peak was also not observed in the Auger spectra. These results 

show that the mechanism of alkali capture changes as the concentration of alkali 

increases. At lower concentrations, the metal vapor irreversibly reacts with the 
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Figure 6.4: Scanning Auger microprobe spectra offully reacted flakes. T=1073 

K; CAb = 450 ppmv Na. a: before desorpt-ion stage; b: after 

desorption stage 
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Figure 6.5: X-ray diffraction pattern offully reacted kaolinite. T=10i3 K; CAb 

= 450 ppmv N a. a: before desorption stage; b: after desorption 

stage 
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solid. At higher concentrations, the alkali physically condenses in the sorbent pores 

and may subsequently react with the solid. This is due to the fact that the alkali 

becomes supersaturated in the pores of the sorbent due to a lower saturation vapor 

pressure in capillaries (Kelvin effect). The saturation pressures are lowered in cap

illaries if the contact angle of condensing species on the solid material is below 90° . 

Most metal compounds are expected to fall in this category. Therefore, capillary 

condensation can occur in the sorbent pores even though the bulk alkali concen

tration is not supersaturated. The total weight gained by the sorbent under these 

conditions is then due to physical condensation of the alkali as well as irreversible 

reaction. For sorption of NaCI vapors by kaolinite under saturation conditions, the 

following mechanism can be postulated: 

;1[203 : 2Si02, +NaClvapor + H20 ~ 
meta kaolinite 

Na20· A1203' 2Si02 +NaClcondensed + 2HCl T (6.1) , , 
v 

nephelite/ carnegeite 
where metakaolinite is the dehydration/calcination product of kaolinite. 

Model Formulation 

A mathematical model was formulated to describe the simultaneous pro

cesses of physical condensation and chemical reaction that occur during the sorption 

process. It is assumed that the solid consists of uniform sized microporous grain 

particles. The macropores are the void between grain particles while the micropores 

are within the individual grain particles. The macropore and micropore radii are 

assumed uniform everywhere. Since the grain radius is very small, the micropore 

effectiveness factor is assumed unity for the grain particles. 

The saturation vapor concentration for metal vapor compounds in a micro-

pore of radius r p. is given by the Kelvin equation: 
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In C*(r,,) = -t1vcos9 
0'4t r"Tk 

(6.2) 

Since the vapor pressures of all the other components present are much larger than 

the reactor pressure, the condensed phase contains only the metal compound. Also, 

since the macropore radius is much larger than micropores, capillary condensation 

does not takes place in these pores under present experimental conditions. 

A schematic diagram of a sorbent particle exposed to metal vapors is shown 

in Figure 6.6. The metal vapor concentration in macropores decreases towards the 

center of the particle. At some radial position r*, the metal vapor concentration in 

the gas phase is equal to the saturation concentration for pore condensation, C* (r 11 ). 

In general, therefore, the particle can be divided into two regions: For r > r*, the 

metal vapor physically condenses in the micropores of the grains; the condensed 

solid subsequently reacts with the sorbent. For r :5 r*, no physical condensation 

occurs inside the grain and the metal vapor reacts with the solid directly. The inner 

region extends from 0 < r ~ r* with the rate of reaction of metal vapor per unit 

bulk volume of sorbent, RAg given by 

RAg = (1 - €m - €p)kgCAg (1 - CCs 
) 

,f 
(6.3) 

C 8 is the local metal compound loading due to reaction and C sf is the maximum 

loading possible at full conversion. In this region the metal vapor reacts with the 

solid without physically condensing and therefore the rate is dependent on the gas 

phase concentration. The effective diffusivity in this region is the result of gaseous 

diffusion of metal vapor through both, the macro and micropores. In the outer 

region where capillary condensation occurs, the rate of reaction is given by 

(6.4) 
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Since the reaction is between sorbent and the condensed material, the reaction rate 

is independent of the gas phase concentration and only depends on the amount of 

solid available for reaction. Moreover, only the macropores are available for vapor 

phase transport and, therefore, the effective diffusivity, Dec in this region is different 

from that in the inner region (Deg) where both macro and micropores are available 

for vapor transport. 

Assuming quasi-steady state for diffusion and reaction in a porous particle, 

the conservation equations for the metal compound can be written as 

2 ) ( Cs 
Deg\7 CA, = (1- em - ell kgCAg 1- -C ) 

s/ 
for 0< r ~ r* (6.5) 

for r* < r ~ ro (6.6) 

at r = r* (6.7) 

(6.8) 

(6.9) 

at r=O (6.10) 

Equations 6.7 and 6.8 ensure continuity of the concentration of metal vapor and of 

its flux, respectively at r = r*. In both regions the effective diffusivities for metal 
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vapor transport are assumed constant during the sorption process. The local metal 

loading or metal concentration in the solid phase due to reaction is given by the 

following conservation equation: 

aClJ k C (1 C. ) 
7ft = 9 Ag - C

6
1 for 0< r ::; r* (6.11) 

and 

aClJ = kc(l _ C.) 
at C.I 

for r* < r ::; ro (6.12) 

Equations 6.5-6.10 were solved using a finite difference technique for the 

metal vapor concentration in the vapor phase and equations 11 and 12 were sub

sequently solved to obtain the solid conversion. Since the position r* is not known 

a priori, it was obtained by an iteration scheme in which a value was guessed and 

the finite difference equations were subsequently solved to obtain the concentra

tion profile for metal vapor. The solution procedure was repeated until the desired 

convergence to satisfy the following condition was obtained: 

(6.13) 

Under quasi-steady state assumption, while iterating on the gas phase concentra

tion the solid conversion obtained from the previous time step was used. Under 

conditions in which no capillary condensation occurs, or if the whole particle is 

filled with condensed compound, the model equations are appropriately modified 

to solve for diffusion and reaction in a single zone. 

The mass gain due to reaction at any time is obtained by 

m - mo O! lV' 
( )reaction = v. C G.dV 

mo lJ sf 0 
(6.14) 
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The mass gain due to condensation can be determined by : 

* m-mo r ; p 
( )pore condensation = (1 - (-) )-McE" 

mo .ro Pb 
(6.15) 

j = 1, for flake geometry 

j = 3, for spherical geometry 

and the total mass gain is given by 

m - ma. . m - mo m - mo 
( )total = ( )reaction + ( )pore condensation 

mo mo mo 
(6.16) 

Model Results and Parametric Studies 

The model was used to predict the temporal profiles of sorption of saturated 

N aCl vapor by kaolinite. The surface tension and molar volume of the condensed 

alkali is given by the following equations (Janz, 1963; Bailey, 1973): 

(! = 216.21 - 0.093T ( 6.17) 

1.66 X 10-24 

v= ----------------~------~ 0.0265 - 8.137 x 10-6(T - 1074) 
(6.18) 

Since sodium chloride completely wets the kaolinite surface, the contact angle was 

assumed to be zero. In a previous investigation (Chapter 5), we studied the inter

action of NaCI vapors with kaolinite under conditions where the bulk alkali con

centration was much below saturation to prevent any physical condensation in the 

sorbent. Rate data obtained Wlder these conditions was used to obtain the rate 

constant kg at different temperatures. The apparent activation energy for reaction 

of alkali vapor with kaolinite was found to be 32 kcal/mole. Using the expression 
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for kg, the model was fitted to the initial rate data for saturation conditions and the 

rate coefficient kc for the reaction of condensed alkali with kaolinite was evaluated. 

A list of sorbent parameters used is given in Table 2. The variation of kc with 

temperatures for N aCI reaction with kaolinite is shown in Figure 6.7. The apparent 

activation energy for reaction of condensed alkali with solid (E=22 kcal/mole) was 

found to be lower than that for the vapor-solid reaction. Water vapor is necessary 

for the reaction of N aCI with kaolinite to form nephelite/ carnegiete. A possible 

explanation for lower activation energy under saturation conditions is that the re

action in grain particles filled with condensed alkali is influenced by the diffusion of 

water vapor through the condensed material. This additional diffusional resistance 

causes the activation energy for this process to be lower than that for the direct 

reaction of N aCI vapors with kaolinite. 

Table 6.2: Values of Model Parameters 

Parameter Value 

em 0.18 

ell 
" 

0.47 

km (cm/hr) 39600 

Me (gm/gmol) 58.5 

C6 f (gmol/cc) 0.023 

0 0.279 

rm (em) 155 x lO-8 

rll (em) 35 x 10-8 

Using the rate coefficients obtained from the initial rate data, the model 

was used to generate temporal profiles of alkali sorption by kaolinite. The model 
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predictions and experimental data are shown in Figure 6.8. It can be seen that the 

model fits the data quite well. These profiles represent the overall weight gain due 

to reaction and condensation. H the model predictions are made neglecting pore 

condensation, i.e. we only use kg for model predictions assuming a single zone in 

the particle, the model predictions are always higher than the experimental data. 

Pore condensation therefore reduces the overall rate of alkali·reaction with kaolinite. 

The amount of physically coudensed alkali at the end of some experiments 

was determined by conducting desorption experiments. Although the present model 

cannot predict the temporal profile for desorption, it can be used to estimate the 

amount of alkali captured by physical condensation (Equation 6.15). Figure 6.9 

compares the experimental data on the amount of physically condensed alkali with 

the model predictions. Results indicate that under saturated conditions, the frac

tion of alkali captured by pore condensation increases with temperature. Since 

the saturation bulk concentration increases with temperature, the alkali flux to the 

solid particles also increases. Although the rate of reaction increases with tem

perature, this increase is not enough to react the larger amount of alkali diffusing 

into the sorbent. This results in a higher fraction of alkali being captured by pore 

condensation as the temperature increases. Although the model and experimental 

predictions compare well, the model predictions are always higher than the exper

imental data. Since the alkali concentration in the flue gas is not reduced to zero 

instantaneously when desorption experiments are initiated, some of the condensed 

sodium chloride is expected to react with the solid during desorption. This results 

in model overestimation. This overestimate increases with temperature since the 

rate of reaction of condensed alkali increases with temperature. This results in more 

condensed alkali reacting at higher temperatures. 
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Figure 6.8: Comparison of experimental data with model predictions for the 

reaction of NaCI with kaolinite. CAb = c~at a.t all temperatures 

(Table 1). 



-;1. -..! 
U 

CD 
Z 
'1:1 
CD en 
C 
CD 

"0 
C 
0 
(J 

~ as 
u 

°iii 
> .c 
a. 

18 ~------------------------------------, 

1.2 

B 

4 

o ~----------------~----------------
1000 1100 

Temperature (K) 
1200 

164 

Figure 6.9: Comparison of experimental data with model predictions for the 

fraction of unreacted N aCI captured at different temperatures. CAb 

= csat at all temperatures (Table 1). Duration of sorption exper

iment = 1 hr. - - - Model; - Experimental data 
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The condensation of alkali compounds on the outer surface of the sorbent 

particles was also taken into account in this study. Condensation of metal vapors on 

the outer surface of the particles would occur when the metal vapor concentration 

at the surface becomes higher than the saturation concentration based on bulk tem

perature. Since all our experiments were conducted at saturation concentrations, 

surface condensation is not possible in our experiments. Surface condensation can, 

however, be important when the metal vapor concentration in the bulk is supersat

urated. These conditions exist, for example, in certain sections of combustors and 

incinerators due to cooling or gas phase reactions generating a supersaturated va-

por compound. Recent studies (Rizeq and Shadman, 1988) have shown that surface 

condensation of alkali vapors on aluminosilicate compounds can lead to agglomer

ation of particles during coal combustion. When condensation of metal vapors on 

sorbent surface begins, a surface layer of the condensed species is fonned. Assuming 

that the condensed compound is in local equilibrium with the vapor in its vicinity, 

the boundary condition in equation 9 changes to: 

C - C3at 
Ac - at r = ro (6.19) 

A schematic of a spherical particle with a external condensed layer is shown in 

Figure 6.10. The rate of metal vapor condensation on the outer surface of particle, 

R6 is given by 

(6.20) 

The thickness of this external alkali layer, {) depends on the difference between 

the rate of condensation on the surface and the total rate of reaction as well as 

condensation in the sorbent pores: 

(6.21) . 
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where t* is the time when surface condensation starts. 

Figure 6.11 shows the relative amounts of alkali captured by pore conden

sation, surface condensation and reaction by a spherical kaolinite particle at 1173 

K when the alkali in the bulk is supersaturated. Initially alkali capture occurs by 

a combination of chemical reaction and physical condensation in the sorbent pores. 

When the concentration at the sorbent surface becomes higher than the saturation 

value, surface condensation starts. The time when surface condensation starts is 

dependent on the particle size, alkali concentration and other process conditions. 

Figure 6.12 shows the effect of bulk alkali concentration on the growth of the sur

face film. The rate of surface film growth increases with temperature. The time 

for the onset of surface condensation decreases with an increase in the bulk alkali 

concentration. Depending on the process conditions, a solid particle size could be 

selected to prevent surface condensation and therefore reduce the sticking and foul

ing propensities of particles. Agglomeration tendency of particles is expected to 

increase as the thickness of the surface film increases. 

Experimental Data for Other Metal Vapor-Sorbent Systems 

Under the present experimental conditions, data was also obtained for NaCI 

interaction with bauxite and K2S04 interaction with kaolinite and bauxite. Sorption 

profiles for these systems are presented in Figures 6.13 -6.15. Since K2S04 has a 

higher melting point than NaCl, below 950°C no appreciable K2S04 evaporation 

rates could be achieved. Therefore these experiments were conducted at higher 

temperatures. Saturation K2S04 concentrations at different temperatures were 

also obtained from a free energy minimization technique similar to the one used for 

NaCl calculations. Details on calculation of saturation vapor pressures are given in 

Appendix C. Since all model parameters were not available, the model could not 
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be used to extract kinetic information from the experimental data. However, if we 

compare the above mentioned figures, we see that depending on the metal -sorbent 

system being studied, the rate of sorption is different. This further confirms our 

conclusions that the interaction of metal vapor with solid sorbents is a combination 

of physical and chemical processes which are system specific. 

In this chapter the kinetics and mechanism of NaCI sorption on kaolinite 

was studied as a model process for high temperature interactions of metal vapors 

with porous solids. In general, two sorption mechanism are possible: 

a. Direct reaction of metal vapor with the solid. 

b. Condensation in the solid pores and subsequent reaction of condensate with 

the solid. 

The controlling mechanism is dependent on the local concentration of metal 

'vapor in the sorbent. At lower concentrations, the metal vapor reacts irreversibly 

with the solid. \\Then the local metal vapor concentration in the sorbent pores 

becomes higher than the saturation concentration for condensation (Kelvin effect) 

the alkali physically condenses in the sorbent pores and may subsequently react 

with the solid. The apparent activation energy for reaction of condensed alkali 

with solid (E=22 kcal/mole) was found to be lower than that for the vapor-solid 

reaction (E=32 kcal/mole) The fraction of alkali captured by pore condensation 

increases with temperature. A theoretical model has been formulated to simulate 

the processes of surface condensation, pore condensation and chemical reaction 

occurring during the sorption of metal vapors by porous solids. The model was 

used to evaluate the important kinetic parameters of the alkali sorption process. 

The model predictions agree well with the experimental data and the model can 

be used to calculate the relative amounts of metal vapor captured by different 
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mechanisms. Under supersaturated conditions, the model can be used to predict 

the onset of condensation on the external surface of solid particles and the thickness 

of this external condensed layer. This information is useful for determining the 

agglomeration and fouling propensity of solid particles in high temperature reactor 

environments. 
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CONCLUSIONS AND RECOMMENDATIONS 
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The kinetics and mechanism of high temperature removal of various metal 

vapors by solid sorbents have been determined in this study. The results show 

that the interaction of metal vapors with solid sorbents is not just a physical phe

nomenon, but rather a complex combination of various physical and chemical pro

cesses. 

Kaolinite and bauxite are suitable commercial sorbents for removal of lead 

compounds. Reagent grade silica and alumina were also effective lead getters. Most 

of the lead captured by kaolinite and silica was water insoluble. Therefore, disposal 

of spent silica and kaolinite in landfills after lead capture poses no environmental 

problems. Since the melting point of the lead aluminosilicate product formed after 

reaction oflead chloride with kaolinite and bauxite at high temperatures is relatively 

low compared to that of the original sorbents, the sorbent may become molten at 

high conversions. Kaolinite has the highest ultimate capacity for removal of lead 

compounds. Despite formation of a melt due to reaction of lead chloride with 

kaolinite, complete sorbent utilization was possible by lead diffusion through the 

melted layer. The distribution of lead inside bauxite flakes was highly non uniform. 

Regions high in aluminum and silicon had the highest concentration of lead. For 

both sorbents, the rate of lead capture increased with the lead vapor concentration 

and/or the bulk temperature. Sorption on bauxite was found to be more sensitive 

to temperature. 

Compounds containing alumina were effective for removal of cadmium from 

the hot simulated flue gas. Bauxite and alumina had high cadmium capturing 

efficiencies. Silica did not perform well as a cadmium getter. The sorption on 
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bauxite resulted from chemical reaction of cadmium with bauxite to form cadmium 

aluminum silicate and cadmium aluminate. Reaction of cadmium chloride with 

kaolinite resulted in formation of a cadmium. aluminum. ~ilicate. Compared to the 

aluminosilicates, the aluminates have higher water solubility. Complete utilization 

of kaolinite was not possible probably due to pore blockage. The pore blockage 

occurred due to the fonnation of a cadmium aluminosilicate product with a higher 

molar volume compared to that of the reactant. Bauxite was observed to have a 

higher ultimate capacity compared to kaolinite. Complete utilization of alumina 

present in bauxite did not take place due to the density of alumina phase being 

very high. 

The formation of various reaction products during sorption of toxic metal 

vapors by the sorbents tested has important implications in the way each sorbent 

may be used. For example, since the reaction products of lead chloride with bauxite 

and kaolinite do not have very high melting points, these sorbents are more suited 

for fixed bed removal. Also complete utilization of these sorbents for removal of 

lead compounds may not be possible due to operational problems caused by the 

sorbent becoming molten. Since the rate of removal at high conversions is very low, 

the overall efficiency of toxic metal vapor removal at high conversions may also be 

low, requiring sorbent replacement before complete utilization. Since a fraction of 

lead and cadmium captured by bauxite is water soluble, bauxite may not be a good 

sorbent in processes where even slight water solubility of the toxic metal compound 

may be undesirable. Chlorine was not captured by the sorbents and may be a cause 

for concern in systems where the presence of chlorine in the gas phase is undesirable. 

The results from the chapter on alkali-sorbent interactions indicate that 

kaolinite and bauxite are more suited for in-situ removal since the melting point 
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of the product is very high. Kaolinite, bauxite and emathlite all can be used for 

downstream fixed bed removal of alkali compounds. The rate of sorption decreases 

with alkali loading and drops to zero when a final saturation limit is achieved. 

Kaolinite has the highest activation energy and highest capacity for alkali removal. 

The sorption on bauxite and kaolinite is irreversible with the release of all chlorine 

to the gas phase. The sorption on bauxite is partially reversible and a portion of 

the chlorine is retained. The final products formed during adsorption/reaction on 

kaolinite and bauxite (nephelite and carnegeite) do not change in the temperature 

range 800 - 1000°C. However, emathlite reacts to form crystalline albite at lower 

temperatures, and a glassy phase at higher temperatures (lOOO°C). It is apparent 

that the overall process of alkali capture is not just physical and non selective but 

rather a combination of physical and chemical processes, which are dependent on 

the temperature and sorbent chemistry. 

Both experimental and modeling results indicate that the removal of metal 

vapors may involve two processes : 

a. Direct reaction of metal vapor with the solid. 

b. Condensation in the solid pores and subsequent reaction oi condensate with 

the solid. 

The controlling mechanism depends on the local concentration of metal 

vapor in the sorbent. At lower concentrations, the metal vapor reacts irreversibly 

with the solid. When the local metal vapor concentration in the sorbent pores be

comes higher than the saturation concentration for condensation (Kelvin effect) the 

metal compound physically condenses in the sorbent pores and may subsequently 

react with the solid. For the kaolinite - N aCl system, the apparent activation en

ergy for reaction of condensed alkali with solid (E=22 kcal/mole) was found to be 
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lower than that for the vapor-solid reaction (E=32 kcalJmole). The fraction of al

kali captured by pore eondensation increases with temperature. A comprehensive 

theoretical model has been formulated to simulate the processes of surface conden

sation, pore condensation and chemical reaction occurring during the sorption of 

metal vapors by porous solids. The model was used to evaluate the important ki

netic parameters of the alkali sorption process. The model predictions agree well 

with the experimental data and the model can be used to calculate the relative 

amounts of metal vapor captured by different mechanisms. Under supersaturated 

conditions, the model can be used to predict the onset of condensation on the ex

ternal surface of solid particles and the thickness of this external condensed layer. 

This information is useful for determining the agglomeration and fouling propensity 

of solid particles in high temperature reactor environments. 

The kinetic data obtained in this study on various metal-sorbent systems 

can be used in future modelling and design of practical metal removal systems. 

Recommendations 

Although the present work has been able to answer some key questions 

related to the use of additives for high temperature metal vapor removal, there are 

many aspects that still need to be investigated. 

The viability of using solid sorbents for removal of other toxic metal com

pounds of mercury, arsenic etc. should also be investigated since studies have 

shown that these metal compounds may also be present in the flue gases of combus

tors/incinerators. The present work concentrated on the removal of metal chlorides. 

Thennodynamic calculations have shown that these metals may also be present as 

oxides and sulfates depending on the feed composition and other process conditions. 
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Therefore, the interaction of sulfates as well as other metal species with solid sor

bent should be investigated. In addition, the feasibility of using the same sorbent 

for simultaneous removal of more than one metal vapor should be investigated. This 

is important since use of different sorbents for removal of each metal vapors may not 

be feasible in practical systems where process modifications are required for the use 

of each sorbent. Finally, further fundamental studies are needed to be performed at 

temperatures higher than those used in the present study. This will help to better 

understand the kinetics and mechanism of metal vapor removal under conditions 

present during the in-situ removal of metal vapors in combustors/incinerators. 
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APPENDIX A 

NUMERICAL SOLUTION FOR REACTION - DIFFUSION MODEL 

A theoretical model was developed to simulate the reaction of metal va

pors with porous solids in the presence of inter phase and intra phase diffusional 

resistances. This model is applicable under conditions where no physical conden

sation of metal vapors occurs inside the sorbent pores. A complete description of 

the equations is provided in Chapters 3 and 5 under mathematical modelling. The 

main equations are listed below. 

at surface 

at center 

acs = kCA(1 _ Cs ) 
at Cs / 

Cs = 0 at t = 0 

_ ( E )2 
De = - Deo 

Eo 

E = Eo - (Z - 1)(1- Eo) Cs 

Cs/ 

m-mo a 1V, 
( )reaction = v. C C sdV 

mo s s/ 0 

(A.l) 

(A.2) 

(A.3) 

(A.4) 

(A.5) 

(A.6) 

(A.7) 
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Numerical Solution for Flake Geometry 

The reaction and diffusion equation for a flake geometry can be written as 

(A.8) 

Expressing the distance and metal vapor concentration in dimensionless forms, the 

expanded form of Equation A.8 becomes 

8D 81 82J 
8z

e 
8z + De 8z2 = L2 1(1- €o)k(l - X) (.4.9) 

where z = y/L, 1 = CA/CAb and X is the local loading, C,/Csf,. 

The derivatives in equation A.2 are then expressed in finite difference form 

(Ferziger, 1981): 

(A.10) 

(A.1l) 

where 

hi+l ( 1 ) 
A1i,i-l = h. h· + h~..J..l 

1 I - .. -, 

(A.12) 

(A.13) 

(A.14) 



2 
A2i,i = h h 

i i+l 

A2ii+l = _2_( 1 ) 
, hi+l hi + hi+l 
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(A.15) 

(A.16) 

(A.17) 

where hi is the dimensionless distance between grid points on the ith interval (i.e., 

any hi can vary from 0 to 1, but the sum of all hi from z = 0 to z = 1 must be 1). 

Substituting Equation A.3 and AA for the derivatives, Equation A.2 be-

comes, after rearrangement 

where 

oDe 
-0 A1ii-l 

Z ' 

1: D A2 oDeA1 ·· 
i,i = - e i,i + oz 1,1 

oDe 
--AI' '+1 OZ ',' 

(A.18) 

(A.19) 

(A.20) 

(A.21) 

(A.22) 
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Equation A.II is valid for i = 0 to N, where N is the number of grid points. 

To avoid having i = 0 and any negative value, the subscript is changed to j, where 

j = i + 2. Equation A.II is then used from j = 2 to j = N + 2. 

Next, equations are formulated that satisfy the boundary conditions. From 

the first boundary condition, given in Equation A.3, at j = 2, df / dz = O. This 

results in the following equation: 

(A.23) 

Similarly, the second boundary condition (Equation A.2) applicable at j = N + 2, 

becomes 

Equations A.l1, A.16 and A.17 total N + 1 unknown f;'s. This system 

constitutes a set of equations which can be solved simultaneously. A tridiagnol 

matrix can be formed by using equations A.16 and A.17 and the diffusion equation 

at j = 2 and j = N + 2 to eliminate h and fN+3. This results in the following two 

equations: 

and 

where 

. (TTO)h + (TT1)h = 0 

(TTY)fN+1 + (TTZ)fN+2 = _ Bi(TN+~,N+3) 
A1N+2,N+3 

(A.25) 

(A.26) 
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(A.27) 

TTl = X + (T2,1)(Ah,3) 
2,3 Al 

2,1 
(A.28) 

(T \f A1 T ) TTY - T + N+2,N+3",,--N+2,N+1 
- N+2,N+1 Al 

N+2,N+3 
(A.29) 

TTZ - T _ U + (TN+2,N+3)(Sh + A1N+2,N+2) 
- N+2,N+2 N+2 Al 

N+2,N+3 
(A.30) 

Equations A.25 and A.26 and the set of equations A.1S (now from j = 3 

to j = N + 1) were solved to give the set of h's ( the concentration profile), using 

a tridiagnol matrix solver. After solving these equations, an increment of time is 

chosen and Equation AA is solved to yield a set of X. The overall loading and mass 

gain due to saturation is obtained by integrating the X over the sorbent volume 

(Equation A.7) The program listing for the numerical solution is given at the end 

of this Appendix. 

Numerical Solution For Spherical Particle 

The model was also formulated for simulating the process of reaction and 

diffusion in a spherical particle. The governing equation for spherical particle can 

be expressed as 

(A.31) 

In dimensionless form this equation when expanded can be written as 
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(A.32) 

where z = rlro, f = CAICAb and X is the local loading. 

Using Equations A.10 - A.17, the above equation can be expressed as a 

finite difference equation as follows: 

(A.33) 

where 

(
2De 8De)A Ti i-I = DeA2i i-I - -- + -8 Ii i-I , , z z ' (A.34) 

( 2De 8De ) T .. ·=-D A2··+ -+- AI·· 1,1 e 1,1 Z 8z 1,1 
(A..35) 

(2De 8De) 
T,. '+1 = D A2· '+1 + - + -- AI· '+1 I,t e t,1 Z 8z 1,1 (A.36) 

(A.37) 

The solution of these equations is similar to that described for the flake 

geometry given in the preceding section. 

The fortran listing of the computel' program used to solve these equations 

can be found after the listing for the flake geometry. 
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THIS PROGRAM MOOELS THE ADSORPTION OF METAL ON A SOLID POROUS SOR6ENT. 
A VARIABLE STEP SIZE FINITE DIFFERENCE FORMULATION IS USED TO SOLVE 
THE METAL VAPOR CONSERVATION EQUATION. EACH TIME THIS EQUATION IS 
SOLVEO FOR THE CONCENTRATION PROFILE, THE SOLID SORBENT 
CONVERSION IS CALCULATED AND THE TIME IS STEPPED TO THE NEXT INCREMENT. 

DEFINE STORAGE SPACE 

DIMENSION X(200),H(200),Al(200,200), 
A2(200,200),ED(200), 
OE(200),DERR(200},U(200),B(200),C(200},A(200), 
G(200),Fl(200),F(200).ETA(200).T(200,200), 
FPX(200),CB(20),FPPX(200),P(200),XP(200),AREA(20),CON(200), 
GH(200) 

INPUT NUMBER OF SECTIONS INTO WHICH THE SLAB IS TO BE DlVIDED 
WRITE(6.*)'INPUT N' 
READ(5,·)N 
ZZN = N 

INPUT FACTOR BY WHICH EACH STEP SIZE IS REDUCED. FOR R=1.00, 
ALL STEP SIZES WILL BE THE SAME. 
WRITE(6.*)'INPUT STEP SIZE REDUCTION FACTOR' 
REAO(5,*)R 

INITIALIZE TIME 
TIME=O.O 

INITIALIZE FIRST STEP 
H(3)=1.0/ZZN 
H(2)=H(3)/R 

INPUT BULK GAS CONCENTRATION, CAB 
AND FLAKE HALF-THICKNESS, L 
WRITE(6,·)'INPUT CB (GMOL/CC GAS), L (CM)' 
READ(5,·)CBO,RAD 

INPUT FRACTIONAL MASS GAIN AT SATURATION, ALPHA 
WRITE(6.*)'INPUT ALPHA' 
READ(5.·)ALPHA 

INPUT INITIAL SORBENT POROSITY 
WRITE(6,*)'INPUT INITIAL POROSITY' 
READ(S,·)PORIN 

INPUT RATE CONSTANT. K 
WRIiE(6,·)'INPUT K (CC OF GAS/CC OF SOLID-SEC)' 
READ{S.·)RRK 

INPUT SOLID METAL CONCENTRATION AT SATURATION. CSF 
WRITE(6.·)'INPUT CSF (GMOL METAL/CC SOLID)' 
READ(S,·)CSF 
RK = RRK I CSF 

INPUT VOLUME EXPANSION FACTOR. Z 
WRITE(6.*)'INPUT Z (CC SATURATED SORBENT/CC FRESH SORBENT), 
READ(S,*}Z 
S = Z - 1 



C··· 

C··· 

C··· 

C··· 
10 

C··· 

C •• * 
C 

C *** 

11 

C .*. 

12 

C··· 

INPUT INITIAL EFFECTIVE DIFFUSIVITV, DEO 
WRITE(6,*)'INPUT DEO (CM·*2/SEC), 
READ(5,*)D 

INPUT TOTAL TIME OF ADSORPTION, TF 
WRITE(6,.)'INPUT TF (HOURS)' 
READ(5,*)TF 
TF = 3600 * TF 

INPUT TIME INCREMENT, DEL TAT 
WRITE(6,.)'INPUT DELTAT (SEC)' 
READ(5,*)DELTAT 

INITIALIZE SET OF LOCAL X (FRACTION OF SOLID CONVERTED) 

DO 10 J=1,N+3 
X(J)=O,O 

CONTI NUE 

INPUT INTERPHASE MASS TRANSFER COEFFICIENT, KM 
WRITE(6,.)'INPUT KM (CM/SEC)' 
READ(5,*)ZK 

CALCULATE SMK, A PARAMETER USED FOR INTERPHASE MASS TRANSFER 
CALCULATION 

SMK = ZK • RAD 

EVALUATE ALL STEP INCREMENTS 
DO 11 J=4,N+3 

H(J)=R·H(J-1) 
CONTI NUE 

EVALUATE A1 's AND A2's FOR FINITE DIFFERENCE REPRESENTATION 

DO 12 J=2,N+2 
HO=1/(H(J)+H(J+1» 
A1(J,J-1)=H(J+1)*HO/H(J) 
A1(J,J)=(1,/H(J»-(1./H(J+1» 
A1(J,J+1)=H(J)*HO/H(J+1) 
A2(J,J-1)=2.*HO/H(J) 
A2(J,J)=2./(H(J)*H(J+1» 
A2(J,J+l)=2.*HO/H(J+l) 

CONTI NUE 

EVALUATE ALL POSITIONS AT WHICH SOLUTION IS DESIRED 

ETA(2)=O.0 
ETA(3)=H(3) 
ETA(1)=-H(2) 

DO 13 J=4,N+3 
ETA(J)=ETA(J-1)+R*(ETA(J-1)-ETA(J-2» 

1 3 CONTI NUE 
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15 

C *** 

NCC=N+3 
ITR=l 
CONTINUE 

USE SUBROUTINE OIFF TO EVALUATE OIFFUSIVITV 
CALL OIFF(NCC,X,ETA,IO,OE,S,D,PORIN) 

USE SUBROUTINE OEROIF TO EVALUATE THE OERIVITIVE OF DIFFUSIVITV 
CALL DERDIF(NCC,X,DE,ETA,IO,DERR) 

CALCULATE T's TO MAKE FINITE OIFFERENCE FORMULATION 
MORE CONCISE 

DO 14 J=2,N+2 
T(J,J-1)=DE(J)·A2(J,J-l)-OERR(J)·Al(J,J-1) 
T(J,J)=DERR(J)*Al(J,J)-DE(J)*A2(J.J) 
T(J,J+l)=DERR(J)*Al(J,J+l)+DE(J)*A2(J.J+l) 

CONTINUE 

CALCULATE U IN RATE EXPRESSION WHERE RATE 
U = (L.*2)"(1-INITIAL POROSITV)"K"(l-X) 
CALL UMP(NCC,RAD.X,ETA,ID,U,RK,CSF.PORIN) 

U .. CA. AND 

APPLV BOUNDARV CONDITION TO CALCULATE TTO AND TTl WHICH ARE USED 
TO ELIMINATE ONE POINT BEFORE ETA=O.O 

TTO=(T(2.1)·Al(2.2)/A1(2.1»+T(2.2)-U(2) 
TT1=(T(2,l)*Al(2,3)/A1(2.1»+T(2.3) 

APPLV OTHER BOUNDARV CONDITION TO CALCULATE TT2-TT6 WHICH ARE USED 
TO ELIMINATE ONE POINT AFTER ETA=1.0 
SH=MODIFIED SHERWOOD NUMBER (MASS BlOT NUMBER) 

SH=SMK/DE(N+2) 
TT2=T(N+2,N+3)/A1(N+2,N+3) 
TT3=TT2*(SH+Al(N+2.N+2» 
TT4=T(N+2,N+l)+TT2*Al(N+2,N+l) 
TT5=T(N+2,N+2)-U(N+2)-TT3 
TT6=-SH*TT2 

CALCULATE ELEMENTS A.B.C FOR TRIDIAGONAL MATRIX 
B(l)=TTO 
C(l)=TTl 

DO 15 J=3,N+l 
B(J-l)=T(J,J)-U(J) 
C(J-l)=T(J,J+1) 
A(J-l)=T(J,J-l) 

CONTI NUE 
A(N+1)=TT4 
B(N+l)=TT5 
G(N+l)=TT6 

NMB=N+l 

SOLVE TRIDIAGONAL MATRIX 
CALL TRDIAG(NMB,A.B,C,F,G) 
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C * •• 
150 

ASSIGN SOLUTIONS TO RESPECTIVE GRID POINTS 
00 16 I=N+2,2,-1 

F(l )=F(I-1) 
CON(I}=F(I) 

CONTINUE 

EVALUATE FIRST AND SECOND DERIVATIVES 
00 64 J=3,N+3 

FPX(J}=-Al(J,J-1)*F(J-l)+Al(J,J)*F(J)+Al(J,J+l)*F(J+l) 
FPPX(J)=A2(J,J-l)*F(J-l)-A2(J,J}*F(J)+A2(J,J+l)*F(J+l) 

CONTINUE 

CALCULATE TOTAL SOLID CONVERSION OF SORBENT FLAKE 
XCOUNT=O.O 
COUNT=O.O 

DO 63 J=177,2,-1 
P(J)=F(J)+F(J-l) 
XP(J)=X(J)+X(J-l) 
COUNT=COUNT+P(J)/2 
XCOUNT=XCOUNT+XP(J)/2 

CONTINUE 
GASCON=COUNT·H(3) 
SOLCON=XCOUNT*H(3) 

CHECK TO SEE IF SORBENT FLAKE 15 FULLV CONVERTED 
IF(0.27·S0LCON.GE.l.0)THEN 
GO TO 150 
ELSE 
ENDIF 

PRINT SOLUTION 
TH=TI MEl 3600 
IF(ABS(TH/1.0-ITR).LT.0.000001)THEN 
SZX=ALPHA*SOLCON 
WRITE(6,*)TH,SZX 
ITR=ITR+l 
ELSE 
ENDIF 

INCREMENT TIME 
TIME = TIME + OELTAT 

CHECK TO SEE IF FINAL TIME 15 REACHED 
IF(TIME.GE.(TF»THEN 

GO TO 150 
ELSE 

ENDIF 

CALCULATE CONVERSION 
CALL CONV(TIME,CBO,CON,U,X,II,NCC,RK,DELTAT) 

GO TO 100 

WRITE TIME AND SOLID CONVERSION 
WRITE(6,*)TH,SOLCDN 
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STOP 
END 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

C··· 
C 

50 

SUBROUTINE DlfF(NCC,X,ETA,ID,DE,S,D,PORIN) 
THIS SUBROUTINE CALCULATES THE DIFFUSIVITV 
AS A FUNCTION OF CONVERSION 

DIMENSION X(200),ETA(200),DE(200),POR(200) 

PORiN:iNITiAL POROSITY 
S = Z - 1, WHERE Z IS THE RATIO OF SKELETAL VOLUME OF PRODUCT 
TO REACTANT 
DO 50 J=2,NCC 

POR(J)=PORIN-S·(1-PORIN).(X(J» 
DE(j)=D·«POR(J)/PORIN)··2) 

CONTINUE 

RETURN 
END 

•••••••••••••••••••••••• ** ••••••••••••••••••••••••••••••••••••••••• 

C··· 
C 

SUBROUTINE DERDIF(NCC,X,DE,ETA,ID,DERR) 
THIS SUBROUNTINE CALCULATES THE COEFFICIENT OF THE FIRST DERIVATIVE 
OF CONCENTRATION IN THE DIFFUSION EON. 

DIMENSION X(200),DE(200),ETA(200),DERR(200) 

DO 51 J=3,NCC-l 
DERR(J)=(DE(J)-DE(J-l»/(ETA(J)-ETA(J-l» 

51 CONTI NUE 

RETURN 
END 

••••••••••••••••••••••••• ** ••••••••••••••••••••••••••••••••••••••••••• 

C •• * 
SUBROUTINE TRDIAG(NUM,A,B,C,F,G) 
THIS SUBROUTINE IS A TRIDIAGONAL MATRIX SOLVER 

DIMENSION A(200),B(200),C(200),F(200),G(200) 

DO 19 I=2,NUM 
TD:A(I)/B(I-l) 
B(l)=B(l)-C(I-l)*TD 
G(I)=G(I)-G(I-l)*TD 

19 CONTINUE 
F(NUM)=G(NUM)/B(NUM) 

DO 20 I:l,NUM-l 
J:NUM-; 
F(J):(G(J)-C(J)·F(J+l»/B(J) 

20 CONTINUE 

RETURN 
END 

••••••••••••••••••••••••••••• 0 ••••••••••••••••••••••••••••••••••••••• 
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C *** 
C 

SUBROUTINE UMP(NCC,RAD,X,ETA,ID,U,RK,CSF,PORIN) 
THE RATE EXPRESSION IS DIVIDED INTO TWO PARTS: 
RATE=U*(GAS CONCN). U IS CALCULATED IN THIS SUBROUTiNE. 

DIMENSION X(200),U(200),ETA(200) 

DO 39 ~=2,NCC 
U(~)=(CSF)*RK*('-PORIN)*('-X(~»*(RAD**2) 

39 CONTINUE 

RETURN 
END 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

C *.* 
SUBROUTINE CONV(TIME,CBD,CON.U,X.ID.NCC,RK.DELTAT) 
THIS SUBROUTINE CALCULATES THE SOLID CONVERSION 

DIMENSION X(200).CON(200).gh(200).ED(200) 

DO 40 ~=2.NCC 
GH(~)=(RK)·(')*CON(~)·(l-X(J»*(CBO) 
X(~)=X(J)+GH(J)·DELTAT 

40 CONTINUE 

RETURN 
END 
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• THIS PROGRAM MODE~S THE REACTION OF METAL VAPORS 
• WITH SPHERICA~ POROUS PARTICLE. A VARIABLE FINITE DIFFERENCE 
• SCHEME IS USED TO SO~VE THE META~ VAPOR CONCENTRATION 
• EQUATION. EACH TImE WE SO~VE FOR THE METAL CONCENTRATION 
• THE EQUATION FOR SO~ID CONVERSION IS SO~VED TO OBTAIN 
• THE FRACTION OF SO~ID CONVERTED AT ANV TIME 

DEFINE STORAGE SPACES 
DIMENSION X(200),H(200),Al(200,200), 
A2(200,200), 
DE(200),DERR(200),U(200),B(200),C(200),A(200), 
G(200),fl(200),F{200),ETA(200),T(200,200), 
fpx(200),fppx(200),P(200),XP(200) 

N=NUMBER OF PARTS THE PARTICLE IS DIVIDED INTO 
WRITE (6,*)'INPUT N' 
READ (6,*)N 
ZZN = N 

WRITE(6,*)'THIS PROGRAM SOLVES FOR THE GAS CONCENTRATION AND SOLID 
CONVERSION FOR REACTION OF METAL VAPORS WITH POROUS SPHERICAL 

PARTICLE. THE FINAL RESULTS ARE GIVEN IN FOR040.DAT' 

WRITE(40, *)' , 
WRITE(6,*) 'TEMPERATURE DEG C ?' 
READ(S,*)TEMP 
write(40,*)'EXPERIMENT TEMPERATURE = ',TEMP 
WRITE(40, *)' , 

* INPUT FACTOR BV WHICH EACH SIZE IS REDUCED. 
* R=FACTOR BV WHICH EACH STEP SIZE IS REDuCED 

* FIRST STEP= 
H(3)=O.OOS71428 
H(2)=H(3)/R 

* CAB=BU~K GAS CONCENTRATION 
* RAD=RADIUS OF PARTICLE(cm.) 

WRITE(6,.)'RAD(CM), CAB(GM/CC) ?' 
read(S,*)rad.CAB 
WRITE(40,*)'CAB = GRAM K/CM3 GAS', CAB 
WRITE(40,*)' , 
WRITE(40,*)'RADIUS OF PARTICLE = CM', RAD 
WRITE(40, *)' , 

ALPHA=FRAC MASS GAIN AT SATURATVION 
• WRITE(6,*)'A~PHA' 
• READ(6,*)'ALPHA' 

WRITE(40,*)'ALPHA=' ,ALPHA 
WRlTE(40,*)' , 

* PORIN=POROSITV 
WRITE(40,*)'INITIAL POROSITV=',PORIN 
WRITE(40,*)' , 
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* CKM=GAS PHASE MASS TRANSFER COEFF. 
WRITE(6,*)'KM (CM/SEC)?' 
REAO(5,*)CKM 
WRITE(40,*)'KM= CM/SEC',CKM 
WRITE(40,*)' , 

* FINA~ TIME=TF (SEC) 
WRITE(6,"')'FINA~ TIME WHEN YOU WANT TO QUIT THE SIMU~ATION {HR}' 
REAo(5,"')TT 
TF=3600"'TT 

* CSF=U~TIMATE CAPACITY 
WRITE(40,"')'CSF= GM/CC',CSF 
WRITE(40,*)' , 

'" RRK= RATE CONSTANT 
WRITE(6,"') 'RATE CONSTANT (1/SEC) ?' 
REAo(5,"')RRK 
RK=RRK/CSF 
WRITE(40,*)'RATE CONSTT. K = I/SEC',RRK 
WRITE(40,*)' , 

* Z=VO~UME EXPANSION FACTOR 
S=Z-1 
WRITE(40,*)'Z=',Z 
WRITE(40,*)' , 

* OED = INITIA~ EFFECTIVE OIFFUSIVITV 
WRITE (6,*)'uEO CM2/SEC?' 
READ (5,*)0 
WRITE(40,*)'DEO CM2/SEC = • ,0 
WRITE(40,*)' , 
time=O.O 

WRITE(6,*)'INTERVA~ BETWEEN PRINTING OF SUCCESIVE SO~UTION, MIN?' 
READ(5,*)TTG 

WRITE(6,*)'SIMU~ATION IN PROGRESS, P~EASE WAIT' 

• DELTAT=INCREMENT IN TIME 
DE~TAT=I.0 

WRITE(40,*) 'TIME (MIN) 
SURF K 2' 

WRITE(40,*)' . 

(GM META~/GM SAMP~E) 

• X=FRACTION OF SO~ID CONVERTED, INITIA~IZE 
DO 10 J=I,N+3 

X(J)=O.O 
10 CONTINUE 

SMK=ckm"'rad 
izz=1 

• EVA~UATING A~L STEP INCREMENTS 
DO 11 J=4,N+3 

H(J)=R*H(J-l) 
11 CONTINUE 

RATE 

• EVALUATING Al's AND AZ's FOR FINITE DIFF. REPRESENTATION 

SURF K 
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DO 12 J=2,N+2 
HO=l/(H(J)+H(J+l» 

Al(J,J-l)=H(J+1)*HO/H(J) 
A1(J,J)=(1./H(J»-(1./H(J+l» 
Al(J,J~')=H(J)~HO/H(J+l) 
A2(J,J-1)=2.*HO/H(J) 
A2(J,J)=2./(H(J)*H(J+l» 
A2(J,J+1)=2.*HO/H(J+l) 

12 CONTINUE 

* EVALUATE ALL POSITIONS AT WHICH SOLN DESIRED 

ETA(2)=O.D 
ETA(3)=H(3) 
ETA( 1 )=-H(2) 

DO 13 J=4,N+3 
ETA(J)=ETA(J-l)+R*(ETA(J-l)-ETA(J-2» 

13 CONTINUE 
ITR=l 
NCC=N+3 

• DIFF EVALUATES THE EFFECTIVE DIFFUSIVITY 
100 CALL DIFF(NCC,X,ETA,DE,S,D,PORIN) 

* DERDIF EVALUATES THE DERIVATIVE OF DIFFUSIVITY(dD/dr) 
CALL DERDIF(NCC.X.DE.ETA.DERR) 

•••• •••• •• •• •• ••• •••• FINITE DIFF REPRESENTATION·.· ••••••• 

DO 14 J=2.N+2 
T(J.J-1)=DE(J)*A2(J.J-l)-DERR(J)·Al(J.J-l) 
T(J.J)=DERR(J)·Al(J,J)-DE(J)*A2(J,J) 
T(J,J+l)=DERR(J)*Al(J.J+l)+DE(J)·A2(J,J+l) 

14 CONTINUE 

CALL UMP(NCC.X.ETA.rad.U.RK,CSF.PORIN) 

TTO=(T(2,1)·A1(2.2)/A1(2,l»+T(2.2)-U(2) 
TT1=(T(2.1)*A1(2.3)/A1(2.1»+T(2,3) 
sh=smk/DE(N+2) 
TT2=T(N+2.N+3)/A1(N+2.N+3) 
TT3=TTZ*($H+A1(N+Z.N+Z» 
TT4=T(N+2.N+l)+TT2·Al(N+2.N+l) 
TT5=T(N+2,N+2)-U(N+2)-TT3 
TT6=-$H·TT2 

B(l)=TTO 
C(1)=TTl 

DO 15 J=3,N+1 
B(J-l)=T(J.J)-U(J) 
C(J-l)=T(J.J+l) 
A(J-1)=T(J.J-1) 

15 CONTINUE 
A(N+l)=TT4 
b(n+ 1 )=TT5 
g(n+l)=TT6 
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NMB=N+l 

•••• •••••• ··trdiag ;s a tridiagnol matrix solver ••••••••••••• 
CA~~ TRDIAG(NMB,A,B,C,F,G) 

DO 16 I=N+2,2,-1 
F(I )=F(I-l) 

16 CONTINUE 

do 64 j=3,n+l 
•••• •••• fpx=lst deriv of concn fppx=2nd dereiv •••• $ •• 

fpx(j)=-al(j,j-l).f(j-l)+al(j,j).f(j)+al(j,j+l)·f(j+l) 
fppx(j)=a2(j,j-l).f(j-l)-a2(j,j).f(j)+a2(j,j+l).f(j+l) 

'54 CONTINUE 

•••••• •• •• ••• average concn. over whole particle •••••••• 
XCOUNT=O.O 
count=O.O 
DO 63 J=177,3.-1 

P(J)=F(J)·(eta(j»·*2+F(J-l)·(eta(j-l»··2 
XP(J)=X(J)·(eta(j»··2+X(J-l)·(eta(j-l»··2 
COUNT=COUNT+P(J)/2 
XCOUNT=XCOUNT+XP(J)/2 

53 CONTINUE 
AREA=COUNT·H(3)·3 
XAREA=XCOUNT·H(3)·3 

•••••••••••• ••••• calc rate of rxn •••••••••••••••••• 

rate=ALPHA·(xarea-psr)/deltat 
psr=xarea 

•••••••••••• •• ·.convert to frac. wei9ht change ••••••••• 
Sx=ALPHA·xarea 
K CONCENTRATION ON SURFACE 
SURFAC=ALPHA·X(N+2) 

• K CONCENTRATION AT AN INNER POINT, 10 POINTS INSIDE 
SURFAC1=ALPHA·X(N-8) 

••••••••• •• write soln. * ••• * •••• 
IF(ABS(TIME/(TTG·60)-lTR).~T.0.00001) THEN 
WRITE(40.·)TIME/50,SX,RATE.SURFAC,SURFACI 

• WRITE(5.·)TIME,Sx,RATE 

ITR=ITR.' 
else 

endif 
··········increment in time ••••••••••••••••••••••••••••• 

TIME=TIME+OELTAT 
IF(TIME.GE.(TF»THEN 
GO TO 150 
ELSE 
ENDIF 

··············conv calculates the solid conversion •••••••••••••• 
CA~L CONV(TIME.CAB,F,U,X.NCC.RK,DELTAT) 

GO TO 100 

150 WRITE (40 •• ) TIME/60,SX.RATE 
WRITE(5.·)'ITS ALL DONE! RESU~TS IN FOR040.DAT' 
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STOP 
END 

SUBROUTINE OIFF(NCC,X,ETA,OE,S,O,PORIN) 
•••••••••• diff evaluates effective d1ffusivity ••••••••••••••• 

OIMENSION X(200),ETA(200),OE(200),pcr(200) 

DO 50 J=2,NCC 
IF(ETA(J).LT.O.Ol) THEN 
OE(J)=O*3 
ELSE 
POR(J)=PORIN-S*(1-PORIN)*(X(J» 
OE(J)=d*«POR(J)/PORIN)*·2) 
END IF 

50 CONTINUE 

RETURN 
END 

SUBROUTINE DERDIF(NCC,X,DE,ETA,DERR) 
DIMENSION X(200),DE(200),ETA(200),DERR(200) 

DO 51 J=2,NCC-l 
IF(ETA(J).LT.O.Ol) THEN 
DERR(J)=O.O 
ELSE 

OERR(J)=2*DE(J)/ETA(J) 
+(DE(J+l)-DE(J»/(ETA(J+l)-ETA(J» 

ENDIF 
51 CONTINUE 

RETURN 
END 

SUBROUTINE TRDIAG(NUM,A,B,C,F,G) 
DIMENSION A(200),B(200),C(200),F(200),G(200) 

DO 19 I=2,NUM 
TD=A(I)/B(I-l) 
B(I)=B(I)-C(i-l)*TD 
G(I)=G(I)-G(I-l)*TD 

19 CONTINUE 
F(NUM)=G(NUM)/B(NUM) 
DO 20 I=I,NUM-l 

J=NUM-i 
F(J)=(G(J)-C(J)*F(J+l»/B(J) 

20 CONTINUE 
do 195 i= 1 ,num 

* write(70,*)'trdi',f(i) 
195 continue 
• write(6,*)f(num) 

RETURN 
END 

SUBROUTINE UMP(NCC,X,ETA,rad,U.RK,CSF,PORIN) 
DIMENSION X(200),U(200),ETA(200) 
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DO 39 J=2.NCC 
U(J)=RK·CSF·el-XeJ»·eRAO··2)·el-PORIN) 

39 CONTINUE 

RETURN 
END 

SUBROUTINE CONVCTIME,CAB,F.U.X. NCC.RK,DELTAT) 
DIMENSION X(2DO),F(200) 
00 40 J=2.NCC 
XeJ)=X(J)+feJ)·CAB·(1-X(J»·OELTAT·RK 

40 CONTI NUE 
RETURN 
ENO 
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APPENDIX B 

NUMERICAL SOLUTION FOR CONDENSATION MODEL 

A theoretical model was developed to simulate the chemical reaction and 

physical condensation of metal vapors in porous solids in the presence of inter phase 

and intra phase diffusional resistances. This model is applicable under conditions 

where physical condensation of metal vapors occurs inside the sorbent pores. A 

complete description of the equations is provided in Chapter 6 under mathematical 

modelling. The main equations are listed below. 

In C*(rp) = -uv cos 8 
Ctlat rpTk 

(B.!) 

(B.2) 

(B.3) 

at r = r* (B.6) 

at r = r* (B.7) 
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at r = ro (B.B) 

at r=O (B.9) 

BCa k ( Ca ) -- = gCAg I--
at Cal 

for 0< r ~ r* (B.lO) 

and 

BCa = ke(l _ Ca ) 
at Csf 

for r* < r:5 To (B.1l) 

(B.12) 

m-mo a lV' 
( )reaction = v. C C sdV 

mo 8 8f 0 

(B.13) 

m - mo T* . P 
( )pore conden8ation = (1- (-)')-McE Il 

mo To Pb 
(B.14) 

j = 1, for flake geometry 

j = 3, for spherical geometry 

m-mo m-mo m-mo 
( )total = ( )reaction + ( )poreeonden8ation 

mo mo mo 
(B.15) 

Numerical Solution 

The reaction and diffusion equation for a Hake geometry can be written for 

the inner region as 



D {PC Ag ( )k C ( C6 ) 
eg !:I 2 = 1 - Em - Ep 9 Ag 1 - -C 

Ur 6/ 

and for the outer region as 

for 0< r :5 r* 

for r* < r :5 rO 

Expressing the distance in dimensionless form, the equations become 

for 0< r :5 r* 

and 

8
2
CAc = cPc2(1- X) 

8z2 
for r* < r :5 ro 

where z = rlro, X is the local loading, CsICs! and 

200 

(B.16) 

(B.17) 

(B.18) 

(B.19) 

(B.20) 

(B.21) 

The derivatives in Equation B.16 and B.17 are then expressed in central 

finite difference form (Ferziger, 1981): 

(B.22) 

(B.23) 
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where Az is the dimensionless distanc~ between grid points on the ith interval. The 

particle is divided into N intervals, from i = 2 (z = 0) to i = N + 2 (z = I). At 

the interface between the two regimes (r = r*), i = p. 

Substituting the equations for the derivatives into Equations B.IS and B.19, 

after rearrangement gives 

Cj-l - Cj (2 + (t/Jg Az)2(1- X) + Cj+l = 0 i = 2, p-l (B.24) 

i=p+l, N+2 (B.25) 

Next, Equations are formulated that satisfy the boundary and interface con

tinuity conditions. From the first interface continuity condition, given in Equation 

B.6, at j = p, C Ag = C Ac. This is satisfied by the nature of formulation. 

The second interface flux continuity Equation (B. 7) after finite differencing and 

rearrangement results in: 

(B.26) 

The boundary condition at the surface (Equation B.S) can be expressed as 

(B.27) 

and the boundary condition at the center (Equation B.9) becomes 

(B.28) 



" 
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Equations B.24 - B.28 constitute a set of simultaneous equations that can 

be solved for the unknown concnetrations at the grid points. A tridiagnol matrix 

can be formed by using Equations B.27, B.28 and the diffusion Equation B.24 at 

j = 2 and Equation B.25 at j = N + 2 to eliminate 0 1 and 0 3 • This results in the 

following two equations instead of four original equations: 

(B.29) 

and 

(B.30) 

Equations B.29 and B.30 and the set of Equations B.24 and B.25 were 

solved to give the set of OJ's (the concentration profile), using a tridiagnol matrix 

solver. Since the position of the interphase is not known a priori, it was obtained by 

an iteration scheme in which a value was guessed and the finite difference equations 

were subsequently solved to obtain the concentration profile for metal vapor. If the 

concentration at the interface of the two regions was found to be higher than 0* ( r p.) 

a smaller value of r = r* was chosen and if the concentration was lower, a larger 

value was used and the solution procedure was repeated until the desired conver

gence to satisfy Equation B.12 was obtained. Under quasi-steady state assumption, 

while iterating on the gas phase concentration the solid conversion obtained from 

the previous time step was used. 

After solving for the concentration profile, an increment of time is chosen 

and Equations B.10 and B.ll are solved to yield a set of 0$. The overall loading 

and mass gain due to saturation is obtained by integrating the Cs over the sorbent 
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volume (Equation B.13) to obtain the amount of metal vapor captured by chem

ical reaction. The amount captured by physical condensation is determined from 

Equation B.14 

Under conditions in which no pore condensation occurs, or if the whole 

particle is filled with condensed compound, the model equations are appropriately 

modified to solve for diffusion and reaction in a single zone. IT this occurs, the 

equations become: 

(B.31) 

(B.32) 

(B.33) 

(B.34) 

i = c, if particle completely filled with condensed material 

= g, if no condensation occurs inside the particle 

U sing the finite difference scheme discussed previously, these equations can 

be written as simultaneous equations which are solved in a manner similar to that 

used for the first generation model. The program listing for the numerical solution 

of this complete model is attached. 



C··· 
C 
C 
C 
C 
C 
C 
C 
C C··· 
C C··· 

C··· 

C··· 

c •• * 

C .;<** 

c *** 

c *.* 

c *** 

c *** 

c··· 
c **. 

c· .. • 

THIS PROGRAM IS USED FOR COMPUTATION OF CONCENTRATION PROFILES 
FROM THE CONDENSATION MODEL SOLVED NUMERICALLV FOR FLAKE GEOMETRV. 
THE PARTICLE IS DIVIDED INTO TWO PARTS. THE RATE 
IS FIRST ORDER IN THE GAS-SOLID PART AND IS INDEPENDENT 
OF THE GAS CONCENTRATION IN THE CONDENSED REGION. 
A FINITE DIFFERENCE APPROACH IS USED TO SOLVE 
FOR THE CONCENTRATION OF METAL VAPOR IN THE GAS PHASE. 
AN ITERATION SCHEME IS USED TO COMPUTE THE POSITION 
OF THE INTERFACE BETWEEN THE TWO REGIONS. 

INTEGER K 

DEFINE STORAGE SPACE 

DIMENSION ETA(6000),A(6000),B(6000),G(6000),C(6000), 
CONC(6000),F(6000),X(6000) 

INPUT RATE CONSTANT IN GAS PHASE, GK 
WRITE(6,*)'INPUT GK (CC GAS/CC SOLID-SEC)' 
READ(5,·)GK 

INPUT RATE CONSTANT IN CONDENSED PHASE, CK 
WRITE(6,.)'INPUT CK (GMOL/CC SOLID-SEC)' 
READ(S,·)CK 

INPUT GAS PHASE DIFFUSIVITY, DEMG 
WRITE(6,.)'INPUT DEMG (CM.*2/SEC)' 
READ(S,*)DEMG 

INPUT CONDENSED PHASE DIFFUSIVITY, DEMC 
WRITE(6,.)'INPUT DEMC (CM**2/SEC)' 
READ(S,·)DEMC 

WRITE(6,*)'TIME(hr),WREAC,WPOREC,WSURF,wthicl' 

INPUT MACROPORE POROSITY, EPSM 
WRITE(6,*)'INPUT MACROPORE POROSITY' 
READ(S,*)EPSM 

INPUT MICROPORE POROSITY, EPSU 
WRITE(6,*)'INPUT MICROPORE POROSITY' 
READ(S,*)EPSU 

INPUT FLAKE HALF THICKNESS, RAD 
WRITE(6,*)'INPUT FLAKE HALF THICKNESS (CM)' 
READ(S,*)RAD 

PHIG = THEILE MODULUS IN GAS PHASE 
PHIG=(GK*(1-EPSM-EPSU)*(RAD**2)/DEMG)·*(D.5) 

PHIC= THEILE MODULUS IN CONDENSED PHASE 
PHIC=(CK*(1-EPSM-EPSU)*(RAD*·2)/DEMC)**(O.S) 

INPUT INTERPHASE MASS TRANSFER COEFFICIENT, CMK 
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C··· 

C··· 
C .~ .. 

C··· 
C *** 

C *** 

C •• * 

c .*~ 

C··· 

C * ... 

C··· 

C··· 

C .** 

WRITE(S,*)'INPUT KM (CM/SEC)' 
READ(S,*)CMK 

INPUT SOLID DENSITV. DENSITY 
WRITE(S,.)'INPUT DENSITV (GM/CC), 
READ(S,*)OENSITV 

INPUT BULK DENSITY, BULDENS 
WRITE(S,*)'INPUT BULK DENSITV (GM/CC)' 
READ(S.·)BULDENS 

INPUT OUTER SURFACE AREA OF PARTICLE. SURF 
WRITE(f.*)'INPUT SURFACE AREA (CM""2)' 
READ(S.*)SURF 

SH= SHERWOOD NO. 
SH= CMK"RAD/DEMC 

INPUT MOLECULAR WEIGHT OF CONDENSING SPECIES. WM 
WRITE(S.")' INPUT MOL. WT. OF CONDENSING SPECIES' 
READ(S.*)WM 

INPUT INITIAL GUESS FOR POSITION OF INTERFACE, ETAS 
WRITE(S.")' INPUT POSITION OF INTERFACE, NON DIMENSIONALIZEO' 
READ(S.*)ETAS 

INPUT BULK GAS CONCENTRATION OF METAL VAPOR, CAB 
WRITE(S.*)'INPUT CAB GMOL/CC' 
READ(S,")CAB 

INPUT SATURATION CONCENTRATION IN MICROPORES FROM KELVIN EQUATION. CSAT 
WRITE(S,.)'INPUT CSAT (GMOL/CC), 
READ(S.*)CSAT 

INPUT BULK METAL VAPOR SATURATION CONCENTRATION, CSATB 
WRITE(S,*)'INPUT CSATB (GMOL/CC), 
READ(S.*)CSATB 

INPUT MAXIMUM SOLID CAPACITY FOR REACTION. CSF 
WRITE(S.*)'INPUT CSF (GMOL METAL/CC SOLID)' 
READ(S.*)CSF 

INPUT MAXIMUM FRACTIONAL WEIGHT GAIN DUE TO REACTION, ALPHA 
WRITE(S.*)'INPUT ALPHA' 
READ(S,·)ALPHA 

INPUT TIME INCREMENT, DELTAT 
WRITE(S.*)'INPUT DELTAT (SEC)' 
REAO(S.·)DELTAT 

INPUT NO. OF SECTIONS INTO WHICH FLAKE IS DIVIDED, N 
WRITE(S •• )'lNPUT N' 
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C··· 

C··· 

13 

C··· 

C··· 

C··· 
100 

C··· 
C 
C 

READ(5.·)N 

STEPSZ=STEPSIZE IN FINITE DIFFERENCE FORMULATION 
STEPSZ=l/N 
STEPSZ=O.OOl 

EVALUATE ALL POSITIONS AT WHICH SOLUTION DESIRED 
ETA(2)=0.0 
ETA(3)=STEPSZ 

DO 13 J=4.N+3 
ETA(J)=STEPSZ+ETA(J-l) 

DEFINE SOME CONSTANTS IN FINITE DIFFERENCE FORMULATION 
CTTG=(STEPSZ*PHIG)··2 
CTTC=(STEPSZ*PHIC)··2 

K= NUMERICAL POSITION OF INTERFACE 
K=(ETAS/STEPSZ)+2 

CALCULATE ELEMENTS A.B.C FOR TRIDIAGNOL MATRIX 

IF(K.EO.l) THEN 

CONCENTRATION AT CENTER =SATURATION CONCENTRATION FOR 
CONDENSATION. THEREFORE 
THE WHOLE FLAKE REACTS UNDER CONDENSATION REGIME. 

B(1)=-2 
C( 1)=2 . 
G(1)=CTTC·(1-X(2» 

DO 43 J=3, N+l 
B(J-1)=-2 
C(J-1)=1 
A(J-1 )=1 

43 G(J-l)=CTTC.(l-X(J» 

C··· 
C 

C··· 
C 

23 

C··· 

GO TO 56 

ELSE 

CONCENTRATION AT CENTER IS BELOW SATURATION. THEREFORE TWO PHASE 
REGION FOR REACTION AND CONDENSATION 

FOR INSIDE REGION. ONLY REACTION. 
ELIMINATING FIRST POINT IN FINITE DIFFERENCE FORMULATION, 

B(1)=-(2+CTTG·Cl-X(2») 
C(1)=2 

DO 23 J=3.K-1 
B(J-l)=-(2+CTTG·(1-X(J») 
C(J-1)=l 
A(J-1)=1 

AT THE INTERFACE. MATCHING OF BOUNOARY CONDITIONS 
B(K-1)=1+(DEMC/DEMG) 
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C··· 
C 

33 

56 

C··· 

C··· 

C **. 

46 

C··· 
C 

C(K-1)=-(DEMC/OEMG) 
A(K-1)=-1 

FOR THE OUTER REGION WHERE CONDENSATION AND REACTION TAKES PLACE, 
REACTION IS ZERO ORDER 

00 33 J=K+1,N+1 
B(J-1)=-2 
C(J-1 )=1 
A(J-1 )=1 

G(J-1)=CTTC*(1-X(J» 

ENDIF 

IF (JIN.EQ.1) THEN 
CONTINUe 

IF NO INTERPHASE PRESENT, WHEN SURFACE CONDENSATION STARTS 

BeN+1)=1 
G(N+1 )"'CSATB 
A(N+1 )=0,0 

ELSE 

IF INTERPHASE IMPORTANT, BEFORE SURFACE CONDENSATION STARTS 

B(N+1)=-2*(1+SH*STEPSZ) 
A(N+1)=2 
G(N+1)=CTTC*(1-X(N+2»-2*SH*STEPSZ*CAB 

ENDIF 

NMB=N+1 

SOLVE TRIADIAGNOL MATRIX 
CALL TRDIAG(NMB,A,B,C,F,G) 

ASSIGN SOLUTION TO THE RESPECTIVE GRID POINTS 

DO 46 I=N+2,2,-1 
CONC(I)=F(I-1) 

IF (JC.EO.1) THEN 
GO TO 995 
ENDIF 

CHECK TO SEE IF CONCN. AT INTERFACE IS SATURATION CONCENTRATION 
PREDICTED BV THE KELVIN EFFECT. 

IF (ABS«CONC(K)-CSAT)/CSAT).GT .. Ol) THEN 
K=K-l 

IF (K.EO.2) THEN 
WRITE (6,.) 'CONCN AT CENTER 

JC=l 
K=l 

ENDIF 

SATURATION CONCN.· ,CONC(K),CSAT 
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C··· 
C 

C··· 
C 

995 

C··· 

C··· 
C··· 

C··· C··· 

C· .. • 

C· .. • C··· 

C * .. * 

C *.* 

C *** 

IF CONCN IS NOT THE SATURATION CONCN., GO BACK AND RE SOLVE 
WITH A NF.W VALUE OF ETAS 

GO TO 100 

ELSE 

~M~~~ TO S~E IF SURFACE CONCN IS SATURATION CONCENTRATION 
AT THAT TEMP 

IF (ABS((CONC(N+2)-CSATB)/CSATB).LT •• Ol) THEN 

JIN=l, CHANGES BOUNDARV CONDITION, TO ELIMINATE INTERPHASE 

JIN=1 

ENDIF 

CALL SUBROUTINE TO SOLVE FOR THE SOLID CONVERSION 
CALL CONV(DELTAT,EPSU,CK,GK,K,N,CSF,CONC,X,STEPSZ,SZX.ALPHA) 

ADVANCE IN TIME 
TIME=TIME+DELTAT 

RATE=SZX·3600/TIME 

TABULATING WEIGHT CHANGES 
WREAC=WEIGHT CHANGE DUE TO REACtION 

WREAC=SZX 

RWREAC=RATE OF REACTION 
RWREAC=(WMRR-WREAC)/DELTAT 
WMRR=WREAC 

IF(JC.EO.1) THEN 
ETA(K)=O 

ENDIF 

WPOREC=WEIGHT CHANGE DUE TO PORE CONDENSATION 
RWPOREC=RATE OF PORE CONDENSATION 

WPOREC=(1-ETA(K»·EPSU·(DENSITV/BULDENS) 
RWPOREC=(WMMM-WPOREC)/DELTAT 
WMMM=WPOREC 

SURF/VOL=1/RAD=SV 
SV=1/(2*P.AD) 

WSURF=WEIGHT GAIN DUE TO SURFACE CONDENSATION 

TWSURF1=(CAB-CSATB)~WM·CMK·(SV/BULDENS) 
TWSURF=TWSURF1·DELTAT 

IF(JIN.EO.l) THEN 
WSURF=TWSURF+WSURF 

THICK1=THICKNESS OF THE SURFACE FILM 
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THICK1=DELTAT*CTWSURF1-ABSCRWREAC)-ABS(RWPOREC» 
l*(BULDENS*RAD)/(DENSITV) 

IF(THICK1.LE.O.0) THEN 
THICKl = 0.0 
ELSE 
ENDIF 
WTHICK1=WTHICKl + THICKl 

ELSE 
THICK1=O.0 
WSURF=O.O 

ENDIF 

WRITE(6,*)TIME/3600,WREAC,WPOREC,WSURF,WTHICKl 

IF(TIME.GT.1BOOO) THEN 
GO TO 99 
ELSE 

ENDIF 
GO TO 100 
ENDIF 

99 STOP 
END 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

SUBROUTINE TRDIAG(NUM.A.B,C,F.G) 
C TRIDIAGNOL MATRIX SOLVER 

DIMENSION A(200).B(200).C(200).F(200).G(200) 
DO 19 I=2.NUM 

TD=A(I)/B(I-l) 
B(I)=B(I)-C(I-l)*TD 

19 G(I)=G(I)-G(I-l)*TD 
F(NUM)=G(NUM)/B(NUM) 
DO 20 I = 1 • NUM- 1 

J=NUM-I 
20 F(J)=(G(J)-C(J)*F(J+l»/B(J) 

RETURN 
END 

•••••••••••••••••• * •••••••••••••••••••••••••••• ** •••••••••• ** ••••••••••• 

C··· SUBROUTINE CONV(DELTAT,EPSU.CK.GK.K,N.CSF.CONC.X.STEPS2.SZX.ALPHA) 
CONV SOLVES FOR THE SOLID CONVERSION 

DIMENSION CONC(6000).X(6000).XP(6000) 

DO 34 J=2.N+2 

IF(J.GE.K) THEN 
X(J)=OELTAT*CK*(1-X(J»/(CSF)+X(J) 
ELSE 
X(J)=DELTAT*GK·CONC(J)·(l-X(J»/(CSF)+X(J) 
ENOIF 

34 CONTINUE 

-- ----------------- -------
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C··· 

134 

C··· 

XCOUNT=O.O 

CALCULATE AVERAGE SOLID CONVERSION 

DO 134 J=N+2.3,-1 
XP(J)=X(J)+X(J-l) 
XCOUNT=XCOUNT+XP(J)/2 

CONTINUE 

SOLCON=XCOUNT·STEPSZ 

CONVERT SOLID CONVERSION TO WEIGHT GAIN BASIS 
SZX=SOLCON·ALPHA 

RETURN 
END 

- -- --------------
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APPENDIX C 

PARAMETER ESTIMATION 
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The methods used in the estimation of important parameters used in the 

modelling of metal-sorbent interactions are given in this Appendix. In the first 

part of this section, the methods used for estimating the physical properties of the 

various sorbents used are presented. This is followed by estimation of parameters 

for specific metal-sorbent system. 

Physical Properties of Sorbents 

The initial sorbent porosity was determined from mercury porosimetry 

data. Each sorbent was devolatilized for two hours at 900 C and tested in a Micro

metrics Model 9310 Pore Sizer, described previously in Chapter 2 under mercury 

porosimetry. The surface area of the sorbents was determined by Quantasorb Model 

QS 10 using single point BET analysis. From the Pore Sizer, data was obtained 

for bulk density, solid density! surface area and pore size distribution. This data is 

presented in Tables C.1 - CA. The surface area was also obtained from the BET 

analysis (Table CA). The BET values were higher than those obtained from the 

Porosimeter. This could be due to the fact that the Porosimeter can only mea

sure pores down to 60 angstroms in diameter under the best conditions. Therefore 

the surface area associated with smaller pores may not be accounted in porosime

tery experiments. The surface area obtained from BET analysis was used for all 

calculations in this study. 

Transport Coefficients 

The effective diffusivity, De was calculated from the molecular and Knudsen 

diffusivity: 
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Table C.l: Metakaolinite Data 

Cum. 
Cum. Pore Diff. 

Pore Intr. Surface Intr. 
Pressure Diameter Volume Area Volume 

(psia) Cum) (cc/g) (m2/g) (cc/g-um) 
----------------------------------------------------.----

1.7 105. 0.00 0.00 0.00 
3.5 51.0 0.00 0.00 0.00 
5.7 31.7 0.00 0.00 0.00 
9.5 19.0 0.00 0.00 ,0.00 

12:9 14.0 0.00 0.00 iO.OO 
19.7 9.19 0.00 0.00 0.00 
24.7 7.33 0.00 0.00 0.00 
29.7 6.10 0.00 0.00 0.00 
35.7 5.07 0.00 0.00 0.00 
45.7 3.96 0.00 0.00 0.00 
59.7 3.03 0.00 0.00 0.00 
74.7 2.42 0.00 o.oe 0.00 
87.7 2.06 0.00 0.00 0.00 

114 1.59 0.00 0.00 0.00 
140 1.30 0.00 0.00 0.00 
178 1.02 0.00 0.00 0.00 
225 0.805 0.00 0.00 0.00 
292 0.620 0.00 0.00 0.00 
369 0.491 0.00 0.00 0.00 
483 0.375 0.00 0.00 0.00 
602 0.301 0.00 0.00 0.00 
761 0.238 0.00 0.00 0.00 
971 0.186 0.00 0.00 0.00 

1230 0.147 0.00 0.00 0.00 
1590 0.114 0.00 0.00 0.00 
2020 0.0895 0.167 6.56 6.84 
2590 0.0699 0.229 9.70 3.19 
3290 0.0549 0.271 12.4 2.78 
4200 0.0430 0.334 17.5 5.25 
5370 0.0337 0.334 17.5 0.00 
6880 0.0263 0.354 20.3 2.82 
8810 0.0205 0.375 23.8 3.59 

11300 0.0160 0.396. 28.4 4.64 
14400 0.0125 0.438 40.1 11.91 
18400 0.0098 0.438 40.1 0.00 
23500 0.0077 0.459 49.6 9.90 
25900 0.0070 0.500 72.3 59.6 
27400 0.0066 0:521 84.6 52.0 

---------------------------------------------------------
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Table C.2: Bauxite Data 

Cum. 
Cum. Pore Diff. 

Pore Intr. Surface Intr. 
Pressure Diameter Volume Area Volume 

(psia) (um) (cc/g) (m2/g) (cc/g-um) 
---------------------------------------------------------

20.7 8.75 0.00 0.00 0.00 
24.7 7.33 0.0125 0.0062 0.0087 
29.7 6.09 0.0125 0.0062 0.00 
37.7 4.80 0.0125 0.0062 0.00 
48.7 3.72 0.0249 0.0178 0.0115 
57.7 3.14 0.0249 0.0178 0.00 
70.7 2.56 0.0249 0.0178 0.00 
108 1.68 0.0249 0.0178 0.00 
112 1.62 0.0249 0.0178 0.00 
143 1.27 0.0249 0.0178 0.00 
177 1.02 0.0249 0.0178 0.00 
226 0.801 0.0249 0.01"78 0.00 
289 0.626 0.0249 0.0178 0.00 
364 0.497 0.0373 0.106 0.0961 
469 0.386 0.0373 0.106 0.00 
607 0.298 0.0373 0.106 0.00 
764 0.237 0.0497 0.292 0.202 
967 0.187 0.0621 0.526 0.249 

1250 0.145 0.0746 0.825 0.294 
1590 0.114 0.0746 0.825 0.00 
2010 0.0899 0.112 2.29 1.55 
2590 0.0699 0.137 3.53 1.24 
3290 0.0549 0.186 6.71 3.32 
4210 0.0429 0.224 9.76 3.10 
5380 0.0336 0.647 14.9 5.33 
6880 0.0263 0.323 21.6 6.76 
8820 0.0205 0.323 21.6 0.00 

11300 0.0161 0.360 29.7 8.38 
14400 0.0125 0,360 29.7 0.00 
18400 0.0098 0.385 38.6 9.29 
23500 0.0077 0.410 49.9 11.5 
25900 0.0070 0.422 56.7 17.6 

'27400 0.0066 0.422 56.7 0.00 
-----_.--------------------------------------------------
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Table C.3: Emathlite Data 

Cum. 
Cum. Pore Diff. 

Pore Intr. Surface Intr. 
Pressure Dia!!!eter Volume Area Volume 

(psia) Cum) (cc/g) (m2/g) (cc/g-um) 
~----------------------------------------------------- ---20.7 8.75 0.00 0.00 0.00 

23.7 7.64 0.0075 0.0037 0.0068 
29.7 6.09 0.0075 0.0037 0.00 
36.7 4.93 0.0075 0.0037 0.00 
45.7 3.96 0.0075 0.0037 0.00 
56.7 3.19 0.0075 0.0037 0.00 
70.7 2.56 0.0075 0.0037 0.00 
91. 7 1.97 0.0075 0.0037 0.00 

116 1.56 0.0151 0.0207 0.0184 
140 1.29 0.0151 0.0207 0.00 
179 1.01 0.0151 0.0207 0.00 
228 0.794 0.0226 0.0540 0.0346 
295 0.614 0.0301 0.0968 0.0417 
370 0.489 0.0301 0.0968 0.00 
473 0.383 0.0301 0.0968 0.00 
597 0.303 0.03'01 0.0968 0.00 
760 0.238 0.0376 0.208 0.116 
971 0.186 0.0452 0.350 0.145 

1240 0.145 0.0452 0.350 0.00 
1590 0.114 0.0452 0.350 0.00 
2020 0.0895 0.0452 0.350 0.00 
2580 0.0701 0.0602 1.105 0.775 
3300 0.0548 0.0602 1.105 0.00 
4210 0.0429 0.0678 1.721 0.635 
5370 0.0337 0.0979 4.87 3.25 
6880 0.0263 0.120 7.88 3.05 
8820 0.0205 0.151 13.03 5.22 

11300 0.0160 0.181 19.6 6.73 
14400 0.0125 0.196 23.8 4.29 
18400 0.0098 0.218 31.9 8.42 
23500 0.0077 0.226 35.4 3.51 
25900 0.0070 0.241 43.6 21.2 
27400 0.0066 0.241 43.6 0.00 

---------------------------------------------------------

------ ._--------------------
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1 1 1 
De = Die + DM 

(C.1) 

where Die is the Knudsen diffusivity and DM is the molecular diffusivity. The 

molecular diffusivity was estimated from the Chapman-Enskog relation (Reid et 

aI, 1977) for diffusion of metal vapor through air. For some metal species such 

as PbC12, data was not available for all the parameters needed. In this case data 

available for similar species (like H gC 12 ) was used. 

Table C.4: Physical properties of sorbents 

Parameter 

Porosity 

Bulk Density (g/cm3 ) 

Skeletal Density (g/cm3 ) 

Surface Areal (m2 /g) 

Surface Area2 (m2 /g) 

1 Mercury Porosimetry 

2 BET Surface Analysis 

Bauxite 

0.62 

1.47 

3.88 

57 

120 

The Knudsen diffusivity is given as 

Kaolinite 

0.58 

1.11 

2.64 

85 

131 

3 (T )1/2 
Die = 9.7 x 10 Tp JvI,A 

Emathlite 

0.47 

1.94 

3.66 

44 

106 

(C.2) 

where Tp is the average pore radius in centimeters, MA is the molecular weight of 

the particular metal vapor being considered, and T is the temperature in degrees 
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Kelvin. The average pore radius was calculated from the mercury porosimetry data 

using the following expression: 
VT 
JrdV 

r = ...;:0:..--_ 
VT 

(C.3) 

where VT is the volume over which the averaging is done. For calculating the 

average ma.cropore radius, it is the macropore volume, for average micropore radius 

it is the micropore volume, and for the average pore radius of the sorbent, it is 

the total volume. Since the sorbent pores are very small, Knudsen diffusion is 

the dominant transport mechanism and hence the error involved in using data for 

other closely related species in calculating the molecular diffusivity does not affect 

the diffusional properties. A sample calculation for calculating the diffusivities of 
...... ~ 

PbC12 in kaolinite at 70QoC is presented below: 

Molecular Diffusivity 

For PbC12 (A) - Air (B) system: 

(j A = 4.550 Angstroms 

(jB = 3.711 Angstroms 

MA = 278.2 gm/gmole 

AlB = 29.0 gm/gmole 

fA/k = 750.0 

fB/k = 78.6 

(C.4) 

Using these values combined with other required relationships given in Reid 

et al., DM = 0.8 cm2 /s 
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The Knudsen difFusivity for PbCh - kaolinite, can be determined from 

Equation C.2. The average pore radius is calculated from the mercury porosimetry 

data presented in Tabie C.l using Equation C.3. 

r = 90 X 10-8 cm 

At 700°C, D" = 0.0163 cm2 Is. 
The Effective diffusivity for this sysiem calculated from Equation C.1, De= 

0.016 cm2 Is. This calculation also confirms an earlier statement that Knudsen 

diffusion is the dominant transport mechanism through the sorbent pores. 

Int~rphase Mass Transfer Coefficient 

The interphase mass transfer coefficient was calculated by assuming flow 

through a channel in which both convection and diffusion are important. This 

expression was derived by Punjak (1989). The final expression obtained is: 

k
m 

= DM ~ 2/(Pe + Rn)]Gn((o) + (o.,pn((o) 
6 ~ 1- [(Pe + Rn)/(Pe - Rn)] exp(Rn) 

(C.5) 

where 

G (~ ) _ (Pe + Rn) [(Pe + Rn)(o] 
n ':.0 - exp 2 - exp 2 + 

( Pe + Rn] 2 [ (R Pe - Rn .. ) (R Pe - Rn)] 
n R- exp n + 2 ':.0 - exp n + 2 .re- It 

(C.B) 

and Pe = Lnvx/DM, LN = length of sorbent flake, Vx is the velocity. Other pa

rameters used for making the equations non dimensional are defined in the Nomen

clature section and a detailed description can be found in a previous publication 

(Punjak, 1989). 

Maximum Sorption Capacity of Solid 
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The maximum capacity of the sorbents for capturing metal vapors was 

found by conducting experiments for long duration. The sorbent flakes were exposed 

to the metal vapor and their weight was monitored continuously. The experiment 

was continued till no further weight change was observed. The sorbent weight at this 

time was recorded ml and Q, the maximum weight gain at completion of reaction 

was calculated as: 

(C.7) 

The metal vapor capturing capacity of the sorbent based on the volume of 

solid, Cal is given by: 

(C.8) 

where PB is the solid density and MA is the molecular weight of the reacted species. 

For sorption of PbCh by kaolinite, from Figure 3. 1 it can be ca!culted 

that Q = 0.92. From Figure 3. ,it was determined that PbO is the species that is 

incorporated into the aluminosilicate matrix. The molecular weight of this species 

is 223.2. Using these values and the density of kaolinite from Table CA, it can be 

calculated that Cal = 0.01172 grnol/cc solid. 

Saturation Metal Vapor Concentration 

The saturation metal vapor concentration is required to determine whether 

the metal vapor was below or above saturation in the particular experiments being 

conducted. This value is also a parameter in the second generation model presented 

in Chapter 6. The saturation concentration was determined from a free energy min-

imization technique developed by Cortez - Chavez (1976). The program contains a 

thermochemical package providing information for 98 basic chemical components. 

Species not present in the package had to be added as part of the input data. The 
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program is able to handle mixtw-e of ideal gases and of ideal gases with pure con

densed phases. The program was used under isothermal condition. Thermochemical 

data for species not present in the database was obtained from the JANAF ther

mochemical data Tables. The required thermochemical properties are 

1. the coefficients A, B, C, D of the heat capacity function having the form 

Cp(T) = A + BlnT + CT + DT2 (C.9) 

where Cp is in cal/gr-mole K. 

2. The standard heat of formation of component i at 298 K given in kcall gr

mole. 

3. The absolute (reference temperaure - zero absolute) standard entropy at 

298 K, in call gr-mole K. 

As an example of the computation procedure involved, a sample calculation 

for saturation concnetrations of various species present in a system consisting of 

K 2S04 and the simulated flue gas mixture used in our experiments is presented. The 

initial species present are 0.2 , N2 , C0.2 , H2O. and K 2S0.4 • The initial temperature 

is 1205°C and the initial pressure is 0.91 atm. A sample input sheet is given 

in Table C.5. First we list the species that are to be used in the free energy 

minimization. A condensed potassium sulfate phase was used as the solid phase. 

Then thermochemical data for species not present in the database are listed. This 

is followed by the number of phases present and the temperature and pressure of 

the system. The data file is called CHEMEQ.DAT. Then the CHEMEQ.EXE file 

is used for executing the program and the results are printed in CHEMEQ.RES. 

A sample output for the input data shown in Table C.5 is presented in Table C.6. 

The final output consists of the moles and mole fractions of all the species that were 

considered in the free energy minimization. 



SPECIE. C02.1.23e-OS. 

SPECIE. H20.1.64e-06. 

SPECIE. SOl. 

SPECIE. 02.2.46e-06. 

SPECIE. N2.6 . .56e-OS. 

SPECIE. co. 
SPECIE. H. 

SPECIE. HNO. 

SPECIE. HN03. 

SPECIE. H02. 

SPECIE. H2. 

SPECIE. H202. 

SPECIE. NO. 

SPECIE. N02. 

SPECIE. N20. 

SPECIE. OH. 

SPECIE. !'I2S04. 

SPECIE. K. 

SPECIE. K202H2. 

SPECIE. KOH. 

SPECIE. K2S04. 

SPECIE. K2S04.L..02223. 

Table C.5: Sample data for CHEMEQ.DAT 

Et-"T1-IAL. K.21.310.4.902..013596S.-4.S02~S.I.664le-08 

ENTHAL. K202H2.-1 56.5.-12.87 .S.607.1.42Ie-03.-S.345e-07 

ENTHAL. KOH.-SS.6.-2.696.2. 723.-4.397~3.1.35e-06 

EN11iAL. K2S04.-261.S.-69.406.17.SI.-.02IS3.3.67e-06 

EN11iAL. K2S04.L.-333.09S.-3S.S5.11.269 .. 0226 7.-I.~S 
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ENTiiAL KOH.L.-98.644.19. 937.-.01485.4 . 06e-{)5.-1.218~8 

ENTiiAL K2C03.C.-274.9.-18.43.7.567.7.9986e-03.3.327e-06 

ENTiiAL K2C03.L-270.22.151.83.-28.86 .. 14845.-5 .11 ~5 

ENTiiAL K2S04 .C.-340 .402.2 7.5 189.-3 . 8117~2.1 . 954e-02.-4e-08 

ENrROP. K. l8.297 

ENTROP. K202H2.78.366 

ENTROP. KOH.56 .469 

ENrROP. K2S04.87 .846 

ENTROP. K2S04 .L31.386 

ENTROP. KOH.L.23 .085 

ENrROP. K2C03 .C.37. 17 

ENTROP. K2C03. L.40 719 

ENTROP. K2S04 .C.45 956 

!PHASE 2. 

TEMPFD. 1408.0. 

PRESSO. 0.9 1. 

EXECUTE 
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Table C.6: Sample data for CHEMEQ.RES 

• • •••• • • •••• • •• ••••• •• •• ••• A PROGRA M FOR THE COMPUT AT I ON OF (QWPLf_:,; CHEMIC AL EQUILIBRIA ''' ' ' '' ' ' '' ' ' ' ' ' '' ' ' ''' ' '' ............. ...................................................................................................... 
' • • ' •'' • • ' ' • '' ' ' ' ' ''' ' ' '' ' ' ' ' ' ''' ' '' ' '' '•• ' •' ' • ' ' C A SE NUMEIER 1 ' ' ''' ' '''' ''' ' '''' '' '' ' '' ''' ' '' '' ' '' '' ' '' '' ''' ''' 
• • • • •• • •• • •• • ••• ••• • • • •••• STANDARD STATE PHYSICAL PROPERTIES AT 1 A TM . AND 1408.00 OEG - .-. •••••• • ••• • ••••••••••• •• • 

NO . SP t:C lE. ~ MOLES FED fOR MULA- MATRJ.W. C./RT H(CAl../ MOL) S( CA L/ IIIOL - K) 
H c 0 N s • 

CO > 0 12 JOE-04 0 2 0 0 0 
. 634964E•02 -. 80585 0 E • OS 0 . 689463 E•02 

H 20 0 1&4 0 E-0 5 0 
. 466844E•02 - . ... 7J255E•05 0.591595 E+02 

S02 0 . OOOOE+OO 0 
-. 59536JE+02 -. ~72803f+05 0 . 776285 E+02 

02 U . 2460 E-0 5 
. 275749b(J2 0 89 0 2 13b· 0 4 0.6 1 1194E+02 

N } 0 . 6 ~ f> O E - 04 
258116E+01 841143E•04 a . 57166BE•02 

((J 0. OOOO E • 0 0 
360U36b01 179080 E+05 0 . 588275E+01 

0 OOO OE ~ 00 
0 . 292517f~01 0 S76145E•05 0 . 351 065E • 02 

Hf, (J G OOO OE •00 
.11737 4 b01 0 . 357021E+OS 0 . 68~531£-.02 

ni'< Cr J u . uOOO E~ OO 

.501Jb9b01 1004 1bf-.05 0 . 924993E+02 
1 0 HQ2 0 OOO OE.• 00 

. 293123b02 0 . 168899E•OS 0 702451 E•02 
H} 0 . OOOO E• OO 

lf:I40(J4f•02 0 796881E•04 0 422250E • 02 
1 < n202 ().GOOG E • 00 

4452l l b02 lb8 3 36E• OS 0 . 765167b02 
1.> r~ G u . OtJOOt • 00 

. 204948E•02 0 3 0 2874f-.05 0 . 62 2 382E•02 
14 NG2 0 OOOO E • 00 

. J 0 09 3 3E-.02 0 . 208743b05 0 . 746269f•02 
15 h;: u 0 . GOOU E • lJ O 

. 23 7 169E-.0 2 0 . 3328 0 7£• 0 5 0 7 0 7671 E•02 
1 t OM 0 VOUUE • 00 

.2 14514E•02 0 . 175188E•05 0 . 5507 0 6E•02 
17 n~·S,JA 0 . OOOOE • 00 

107940E+03 
1 b lJ . OOOO E• OO 

- . 144445f•06 0 . 1119 10 E+03 

.350237f+Ol 0 . 168245E•05 0 . 2601 t 4E+ 02 
19 I< :?U2 H :' 0 GUOO E • 00 

104141 E•03 1287 17E+06 0 . 115531 E• 03 

'" • OM 0 . ODOO E • 00 

.530536E•02 . 41360 9E•OS 0 . 760525E•02 ,, .... 2::,0 4 0 OOO UbOO 

7: 
149753b03 . 2 2 3 7 4 7 b06 0 . 138678E•03 

~<2504 L 0 . 2223f-Ol 

150117E+03 28 3 711f•06 0 968137E•02 

••••••• • • •• • • • • •• •• • COM~ul ATI QN OF fQUILIBRJ UW COMPQS JTJ ON S 6'f' THE METHQ(J OF STEEPE ST DE SC ENT • • • ••••••• ••• •••••• 
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SVST EM PARAMETEF!S 
( ~ ~ E NUI.1b(R 
TOT AL PRESSuRE lN A l MOS ~HERES 

FEED lE.MPER.t.T URE IN DEGREES II.EL VI N 
D..JT TEM~fRATURE I N DEGR EES l(.fLVIN ... •· •· • • • .. 
GIBB~ t;NE.Rt:. v A l f (JUll iBRIUM lG / Rl) 
GI BBS ENE RGY Rt:.LATI 'vf ERROR .. ..... ... .. . . . . 
1'-jUMBEk Of llERAllUNS F-ERFOR MED 

1 

0 . 91 
14 08 00 
1408 . 00 

.JJJ99 1f• O I 
0 713848£ - 07 

29 

•••••••••••••••••••••••••••••••••••••••••••• E.Ou1L 1BR1UM COMPOSJTJONS •••••••••••••••••••••••••••••••••••••••••••• 

GAS iJMASE 

N U COMPON EN T MOL E S FED MOL ES MOLE FRA CTION 
1 l 02 0. 123000E.-04 0. 122993E- 0 4 0 .352371£-0 1 
2 H2 0 0 164000 £ -05 0.137890£-05 0 39 50 48£ ·02 
3 502 0 000000£ .. 00 0.260463£·06 0 . 74 6216£-03 

02 0 246000£- OS 0. 2576 79£-05 0 . 738:t'J9E-0 2 

' N2 D. 656000 £ .04 0 . 6558 70£-04 0 187 904£• 00 
6 co 0 000000 £ • DO 0 . 167500£-09 0 47988 0£-06 
7 0 DOOOODb·OO 0 309731£-12 0 887368£-09 
6 HN Q 0 . 000000£. .. 00 0. 137777 E- 14 0 . 3947:27 £ - 11 

" HI~Q) 0 . 000000£ .. 00 0 . :207660 £ - 16 0 . 595509£ - 13 
10 H U;.< 0 . OOOOOOE • 00 0 . 219 41 8 £ -12 0 628623£-09 
11 H2 0 OOOOOO E • 00 0 85 1 I 3BE- 11 0 . 2 4 3847 E-07 
12 H2 02 0. OOOOOOE • 00 0 . 125164£-13 0 . 358591£ - 10 
I J NO 0 . OOO OOOE.-.00 0 264246 £ -07 0 . 757054£ -0 4 
14 r~ Ol 0 . OO OQ(JO E•OO 0. 328394£-10 0 .940835£-07 
15 N 20 0 . OOOO OO E• OO 0 680673£- I 2 0 . 195010E. - 08 
16 0" 0. 000000£.00 0 100787£-0 8 0. 288750£-05 
17 H2S U4 0 . OOOOOOE:...-00 0.435428£-15 0 .1 24746£-11 
I B . 0 000000 £ .. 00 0 . 123829E-12 0 . 35 4 765£ -09 
19 t1. ;?(..2H2 0 OO OO OOE•OO 0 . 990761E-10 0. 2838 49E- 06 
;o • OH 0 OODOOOf ... OO 0. 5 209 94E-06 0. 149263£ - 02 
2 1 K2SJ 4 0 OOOOOOE • 00 0 . 266 394£-03 0 76 320 8£•0 0 

CONOEI.S!:. .J PH.A SE S 
I K2S 0 4 .L 0 222300£-01 0 ::19633£-01 0 IO OOOO E•Ol 

..................................................................................................................... 
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APPENDIX D 

CHAPTER 3 DATA 
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The Data for figures and tables in Chapter 3 is presented in this appendix. 

The various symbols used in this section and their units are as follows: 

m = Initial sorbent mass (mg). 

F = Volumetric fiowrate (ml/min at STP) 

C = Average alkali concentration in carrier gas (ppmv). 

z = Sorbent Flake thickness (mm). 

T = Temperature (0 C). 

VM = Amount of PbCh vaporized and transported to the sorbent (mg). 

VPb = Amount of Pb vaporized (mg). 

CPb = Amount of Pb captured (mg). 

EP = Percentage of Ph captured (CPb/VPb x 100) 
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Table D.I: Data for Figure 3.3 

Temperature = 700°C 

Run m F VM VPb CPb WPb 

3.1S 100 120 15.3 11.4 8.1 0.04 

3.2A 100 127 15.9 11.9 6.0 1.50 

3.3K 100 116 15.6 11.6 9.8 0.40 

3.4B 100 121 16.2 12.1 9.7 1.31 

3.5E 100 125 15.5 11.5 5.4 1.84 

3.6L 100 118< 15.7 11.7 2.5 2.40 

3.7K 100 120 15.3 11.4 9.1 0.53 

3.8B 100 124 16.0 11.9 9.5 1.53 

3.9L 100 116 15.1 11.2 2.0 1.94 

Table D.2: Data for Figure 3.5 

--

Run m F C z T 

3.lOB 15.1 215 610 0.64 700 

3.11K 26.4 227 680 1.26 700 
.. ,- -

Table D.3: Data for Figure 3.6 

Run m F C z T 

3.11 26.4 227 680 1.26 700 

3.12 27.2 241 430 1.36 700 

3.13 26.8 234 250 1.32 700 

------------~-~-~-.~----
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Table D.4: Data for Figure 3.'1 

Run m F C z T 

3.10 15.1 215 610 0.64 700 

3.14 14.7 205 347 0.76 700 

I 3.15 15.6 201 144 0.70 700 

Table D.S: Data for Figure 3.8 

Run m F C z T 

3.11 26.4 227 680 1.26 700 

3.16 25.7 217 410 1.38 800 

3.17 27.6 207 210 1.42 600 

Table D.6: Data for Figure 3.8 

Run m F C z T 

3.10 15.1 215 610 0.64 700 

3.18 16.2 200 373 0.76 800 

3.19 15.3 213 242 0.64 600 
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Table D.7: Data for Figure 3.9 

Parameter Value 
~ 

Power 50KVP 

Current 20ma 

Target eu 

Scale Linear 

CPS 2000 

Scan rate 2° /min 

Counter tube ) 
Prop 

Beam Slit 3°MR 

Detector slit 0.2 

Filter Ni 

Time Constant 4 sec 



APPENDIX E 

CHAPTER 4 DATA 
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The Data for figures and tables in Chapter 4 is presented in this appendix. 

The various symbols used in this section and their units are as follows: 

m = Initial sorbent mass (mg). 

F = Volumetric fiowrate (ml/min at STP). 

C = Average cadmium concentration in carrier gas (ppmv). 

z = Sorbent Flake thickness (mm). 

T = Temperature (oG). 

VM = Amount of CdCl2 vaporized and transported to the sorbent (mg). 

VCd = Amount of Cd vaporized (mg). 

CCd = Amount of Cd captured (mg). 

EP = Percentage of Cd captured (CCd/VCd x 100). 

Run m 

4.1S 100 

4.2A 100 

4.3K 100 

4.4B 100 

4.5E 100 

4.6L 100 

4.7K 100 

4.8B 100 

Table E.1: Data for Figure 4.1 

Temperature = 800°C 

F VM VCd 

116 11.0 6.74 

120 10.0 6.14 

115 10.2 6.26 

124 9.0 5.53 

113 10.0 6.14 

123 10.8 6.63 

119 10.5 6.45 

116 10.1 6.20 

CCd 

0.17 

3.28 

0.63 

4.10 

0.64 

1.37 

0.97 

4.90 

WCd 

0.06 

2.66 

0.30 

1.23 

0.45 

0.53 

0.46 

1.71 

------- -----------------------------------------
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Table E.2: Data for Figure 4.2 

Run m F C z T 

4.9B 15.1 198 401 0.71 800 

4.10K 20.4 220 375 1.13 800 

Table E.3: Data for Fignres 4.3 and 4.1 

Para...-neter Value 

Power 50 KVP 

Current 20ma 

Target Cu 

Scale Linear 

CPS 2000 

Scan rate 4° /min 

Counter tube Prop 

Beam Slit 3°MR 

Detector slit 0.2 .• 
Filter Ni 

Time Constant 2 sec 
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CHAPTER 5 DATA 
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The Data for figures and tables in Chapter 5 is presented in this appendix. 

The various symbols used in this section and their units are as follows: 

m = Initial sorbent mass (mg). 

F = Volumetric fiowrate (ml/min at STP) 

C = Average alkali concentration in carrier gas (ppmv). 

z = Sorbent Flake thickness (mm). 

T = Temperature (OC). 

Table F .1: Data for Figure 5.3 

Run m F c 
u .... .... 1 ."' .... ?~o -... 
5.2 8.8 188 180 

5.3 8.9 202 150 

Table F .2: Data for Figure 5.4 

Run m F C 

5.4 21.7 153 230 

5.5 22.1 151 190 

5.6 28.6 150 130 

z 

08 l • 

0.4 

0.4 

z 

0.8 

0.7 

0.8 

T 

800 

800 

800 

T 

800 

800 

800 
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Table F .3: Data for Figure 5.5 

Run m F C z T 

5.7 8.8 188 180 0.4 800 

5.8 10.8 198 120 0.4 800 

5.9 11.0 193 63 0.4 800 

Table F .4: Data for Figure 5.6 

Run m F C 

I 
z T 

5.10 9.9 198 54 0.4 800 

5.11 8.2 201 80 

I 
0.4 800 

5.12 11.3 196 66 0.4 800 

Table F .5: Data for Figure 5.7 

Parameter Value 
-

Beam Voltage 5.0kV 

Beam Current 6nA 

Sample Tilt 30° 

Objective lens aperture 4 mils 

r-v1agnification 225X 

Scan Area 0.46 mm2 

Data acquisition time 45 mill 

Volts/step 1.00 V 

Time/step 50 msec 

Analyzer Resolution 0.6% 

Spectrum differentiation 9 point 
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Table F .6: Data for Figures 5.8 and 5.9 

Parameter Value 

Beam Voltage 5.0kV 

Beam Cw.-r€nt 6nA 

Sample Tilt 30° 

Objective lens aperture 4 mils 

Magnification 225X 

. Scan Area 0.46 mm2 

Data acquisition time 30 min 

Volts/step 1.00 V 

Time/step 50 msec 

Analyzer Resoiution I 0.6% 

Spectrum differentiation 9 point 

Table F.7: Data for Figures 5.10, 5.11 and 5.12 

Parameter Value 

Power 50 KVP 

Current 20ma 

Target Cu 

Scale Linear 

CPS 2000 

Scan rate .10 'nUn . ,-
Counter tube Prop 

Beam Slit 3°MR 

Detector slit 0.1 

Filter Ni 

Time Constant 4 sec 
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Table F .8: Data for Figure 5.13 

Parameter Value 

Power 50KVP 

Current l8ma 

Target Cu 

Scale Linear 

CPS 2000 

Scan rate 2° fmin 

Counter tube Prop 

Beam Slit 3°MR 

Detector slit 0.2 

Filter Ni 

I Time Constant 4 sec 

Table F .9: Data for Figure 5.14 

Parameter Current 

Beam Voltage 5.0kV 

Beam Current 6nA 

Sample Tilt 30° 

Objective lens aperture 4 mils 

Magnification 225X 

Scan Area 0.46 mm'2 

Dat£. acquisition time 60 min 

Volts/step 1.00 V 

Time/step 50 msec 

Analyzer Resolution 0.6% 

I 
Spectrum diiferentiation 9 point 

--------- ----~.-------.-- - ---.-.-.-.--~.-----------------
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Table F.10: Data for Table 5.1 (Kaolinite) 

Run m F C z T 

5.13 8.5 155 55 0.54 750 

5.14 7.0 148 127 0.44 800 

5.15 8.0 162 482 0.50 850 
<. 

Table F.Il: Data for Table 5.1 (Bauxite) 

Run m F c z T ... 
I 

5.16 10.3 160 50 0.4 750 

5.17 10.9 150 132 0.4 800 

5.18 10.5 138 500 0.4 850 
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The Data for figures and tables in Chapter 6 is presented in this appendix. 

The various symbols used in this section and their units are as follows: 

m = Initial sorbent mass (mg). 

F = Volumetric flowrate (ml/min at STP) 

C = Average alkali concentration in carrier gas (ppmv). 

z = Sorbent Flake thickness (mm). 

T = Temperature (oG). 

Table G.l: Data for Figure 6.2 

Run m F C 

6.1 21.7 153 230 

6.2 20.3 168 450 

z 

0.8 

0.8 

T 

800 

800 
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Table G.2: Data for Figure 6.4 

Parameter Value 

Beam Voltage 5.0kV 

Beam Current 6nA 

Sample Tilt 30° 

Objective lens aperture 4 mils 

Magnification 225X 

Scan Area 0.46 mm2 

Data acquisition time 45 min 

Volts/step 1.00 V 

Time/step 50 msec 

Analyzer Resolution 0.6% 

Spectrum differentiation 9 point 

Table G.3: Data for Figure 6.5 

Parameter Value 

Power 50 KVP 

Current 20ma 

Target eu 

Scale Linear 

CPS 2000 

Scan rate 4°/min 

Counter tube Prop 

Beam Slit 3°MR 

Detector slit 0.1 

Filter Ni 

Time Constant 4 sec 
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Table G.4: Data for Figure 6.8 

=, 

Run m F C z T 

6.3 22.7 161 140 0.7 750 

6.4 23.1 164 450 0.7 800 

6.5 24.5 I 160 I 1900 
I 

0.7 
I 

875 
I 

Table G.5: Data for Figure 6.13 

Run m F C z T 

6.6 9.2 168 140 0.4 750 

6.7 10.3 158 450 0.4 800 

6.8 10.7 163 1900 0.4 875 

Table G.6: Data for Figure 6.14 

Run m F C z T 

6.9 21.3 171 6 0.7 985 

6.10 23.4 168 25 0.7 1060 

6.11 22.7 159 270 0.7 1135 
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Table G.T: Data for Figure 6.15 

Run m F C z T 

6.12 9.9 172 5 0.37 985 

6.13 10.2 161 25 0.40 1060 

6.14 10.8 156 270 0.38 1135 

---------- --- ------------------



NOMENCLATURE 

A" = outer surface area of solid particles, cm2 

C A = metal vapor concentration in porous solid, gmol/ cc gas 

CAb = bulk metal vapor concentration, gmol/cc gas 
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CAe = local vapor concentration of metal vapor in region r* < r!5 ra , grnol/cc gas 

C Ag = local vapor concentration of metal vapor in region 0 < r !5 r*, gmol/ cc gas 

C* = saturation concentration of metal vapor in pore of radius r, gmoljcc gas 

csat = saturation concentration of metal vapor at temperature T, gmoljcc gas 

Cs = metal compound loading in solid, gmol/cc solid 

Csl = the maximum value of C" at full solid conversion 

Cp = specific heat capacity, cal/gmole K 

De = effective diffusivity of metal vapor in porous solid, cm2/hr 

Dec = vapor phase diffusivity when micropores are liquid fiiied, cm.2 /hr 

Deg = vapor phase diffusivity when all pores are open, cm2 /hr 

Dea = initial effective diffusivity of metal vapor in porous solid, cm2/hr 

Dk = Knudsen diffusivity of metal vapor, cm2/hr 

D M = molecular diffusivity of metal vapor, cm2/hr 

E = activation energy, kcal/mole 

k" = Boltzmann constant 

k = coefficient for reaction of metal vapor with solid, cm3 gas/cm3 solid-hr 

ks = surface coefficient for reaction of metal with solid, cm3 gas/cm2 solid-hr 

kc = coefficient for reaction of condensed alkali with solid, gmol /cm3 solid-hr 

kg = rate coefficient for reaction of metal vapor with solid, cm3 gas/cm3 solid-hr 

k m = interphase mass transfer coefficient, cm/hr 

~. Ln = length of flake 



Me = molecular weight of condensed material, g/gmole 

Mi = molecular weight of species i, g/ gmole 

m = mass of sorbent at time t, mg 

m I = final mass at saturation, without condensation, mg 

mo = initial mass of sorbent, mg 

P = pressure, atm 

Pe = Peclet no. (Ln v z /D M 

RA = local rate of metal vapor reaction, gmol alkali/cm3 sorbent bulk-hr 
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RAe = local rate of condensed metal reaction, gmol alkali/ cm3 sorbent bulk-hr 

RAg = local rate of reaction of metal vapor, gmol alkali/cm3 sorbent bulk-hr 

Re = overall rate of pore condensation of metal vapor in solid, gmol/hr 

Ra = rate of surface condensation of metal vapor, gmol/hr 

Rr = overall rate of reaction of metal vapor in particle, gmol/hr 

r = radial position in particle, cm 

r Po = micropore radius, cm 

..... .!'p = pore radius, cm 

r* = position of interface, cm 

ro = particle radius (half thickness for flake), cm 

T = temperature, K 

t = time, hr 

t* = time of onset of s'ilr-~a.ce condensation, hr 

v = molar volume of condensed metal compound, cc/molecule 

V. = volume of particle, cc 

Z = volume of product/volume of reactant 

Greek letters 



Q = (ml- mo)/mo 

8 = thickness of the external condensed layer, cm 

Em = macropore porosity 

E = sorbent porosity at time, t 

Eo = iflJtial sorbent porosity 

Ep = micropore porosity 

p = molar density of condensed compound, gmol/ cc 

Pb = bulk density of sorbent, gm/ cc 

ps = solid density of sorbent, gm/cc 

(7 = surface tension of condensed compound, dynes/em 

() = contact angle 
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